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CORONAVIRUS

Core mitochondrial genes are down-regulated during
SARS-CoV-2 infection of rodent and human hosts
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral proteins bind to host mitochondrial pro-
teins, likely inhibiting oxidative phosphorylation (OXPHOS) and stimulating glycolysis. We analyzed mitochon-
drial gene expression in nasopharyngeal and autopsy tissues from patients with coronavirus disease 2019
(COVID-19). In nasopharyngeal samples with declining viral titers, the virus blocked the transcription of a
subset of nuclear DNA (nDNA)-encoded mitochondrial OXPHOS genes, induced the expression of microRNA
2392, activated HIF-1a to induce glycolysis, and activated host immune defenses including the integrated
stress response. In autopsy tissues from patients with COVID-19, SARS-CoV-2 was no longer present, and mito-
chondrial gene transcription had recovered in the lungs. However, nDNA mitochondrial gene expression re-
mained suppressed in autopsy tissue from the heart and, to a lesser extent, kidney, and liver, whereas
mitochondrial DNA transcription was induced and host-immune defense pathways were activated. During
early SARS-CoV-2 infection of hamsters with peak lung viral load, mitochondrial gene expression in the lung
was minimally perturbed but was down-regulated in the cerebellum and up-regulated in the striatum even
though no SARS-CoV-2 was detected in the brain. During the mid-phase SARS-CoV-2 infection of mice, mito-
chondrial gene expression was starting to recover in mouse lungs. These data suggest that when the viral titer
first peaks, there is a systemic host response followed by viral suppression of mitochondrial gene transcription
and induction of glycolysis leading to the deployment of antiviral immune defenses. Even when the virus was
cleared and lung mitochondrial function had recovered, mitochondrial function in the heart, kidney, liver, and
lymph nodes remained impaired, potentially leading to severe COVID-19 pathology.

INTRODUCTION The mitochondrion generates energy by OXPHOS, which en-

The coronavirus disease 2019 (COVID-19) pandemic has been re-
sponsible for more than 6.9 million deaths worldwide and has in-
fected more than 677 million people as of 25 June 2023. COVID-19
is caused by the single-stranded RNA virus, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), whose 30-kDa genome
encodes four structural proteins (S, M, E, and N), 16 nonstructural
proteins (NSPs), and nine additional open reading frames (ORFs).
Whereas COVID-19 is primarily considered an inflammatory
disease, recent evidence suggests that SARS-CoV-2 inhibits mito-
chondrial function (1-4), consistent with a central role for mito-
chondria in cellular metabolism and innate immune regulation
(5, 6). SARS-CoV-2 infection markedly alters mitochondrial mor-
phology, with matrix condensation and swollen cristae. This is as-
sociated with decreased oxidative phosphorylation (OXPHOS)
polypeptides, decreased mitochondrial inner membrane protein
import systems, and increased production of mitochondrial reactive
oxygen species (mROS) (7-9).
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compasses about 160 polypeptides, most dispersed across the chro-
mosomes, but with 13 critical polypeptides encoded by the
maternally inherited mitochondrial DNA (mtDNA). These
mtDNA polypeptides are translated on mitochondrial ribosomes
using mtDNA-encoded ribosomal RNAs (rRNAs) and the tRNAs
that punctuate the polypeptide genes. Nuclear DNA (nDNA)
encodes more than one thousand mitochondrial genes whose pro-
teins are synthesized on cytosolic ribosomes and imported into the
mitochondrion through the translocase of the outer mitochondrial
membrane (TOMM) and inner mitochondrial membrane (TIMM)
import complexes.

OXPHOS encompasses four electron transport chain enzyme
complexes (I, II, 111, and IV) plus the adenosine 5 -triphosphate
(ATP) synthase (complex V). Complexes L, III, IV, and V are assem-
bled from both nDNA- and mtDNA-encoded proteins, and all of
the multi-subunit OXPHOS complexes are assembled via interme-
diate-stage subassembly modules, often requiring specific assembly
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factors (10-12). Complex I incorporates seven mtDNA (MT-ND],
MT-ND2, MT-ND3, MT-ND4L, MT-ND4, MT-ND5, and MT-ND6)
subunits and is assembled in six subassembly modules. Four
modules nucleate around mtDNA-coded polypeptides, MT-NDI,
MT-ND2, MT-ND4, and MT-ND5, plus the Q and N modules.
Complex II is assembled exclusively from four nDNA-coded sub-
units. Complex III encompasses one mtDNA subunit, MT-CYB,
and 10 nDNA structural subunits and is assembled in stages.
Complex IV incorporates three mtDNA subunits, MT-CO1, MT-
CO2, and MT-CO3, each of which nucleates one of the three sub-
assembly modules, using multiple assembly factors including SCO2.
Complex V encompasses two mtDNA polypeptides, MT-ATP6 and
MT-ATPS, and is assembled from five subassembly modules.

SARS-CoV-2 viral polypeptides bind to multiple host polypep-
tides, up to 16% of which are mitochondrial proteins (13—15). For
example, the SARS-CoV-2 M protein interacts with the mitochon-
drial leucyl-tRNA (TARS2) and asparaginyl-tRNA (NARS2) syn-
thases and the coenzyme Q (CoQ) synthesis protein COQ8B. The
SARS-CoV-2 N protein binds to the import peptidases PMPCA
plus PMPCB and several complex I subunits. The SARS-CoV-2
nonstructural protein, NSP6, binds to complex V subunits. SARS-
CoV-2 open reading frame ORF10 binds to TIMMS, and ORF9b
binds to TOMM?70 (13-17).

SARS-CoV-2-infected mice expressing the human angiotensin-
converting enzyme 2 receptor (K18-hACE2 mice) have reduced
nDNA- and mtDNA-encoded mitochondrial OXPHOS proteins
in the heart, lung, kidney, and spleen (18). SARS-CoV-2-infected
human cells and tissues exhibit decreased proteins and transcripts
of OXPHOS genes in association with increased expression of gly-
colytic proteins (7, 19, 20). In human blood cells, SARS-CoV-2 in-
fection is associated with down-regulation of mtDNA transcripts,
mitochondrial function, and increased glycolysis (21), together
with suppression of OXPHOS, increased mROS production, in-
creased mRNAs of inflammation factors, and increased hypoxia in-
ducing factor-1a (HIF-1a) and HIF-1a target genes (22). In other
human cells and tissues, SARS-CoV-2 infection also increased the
transcription of both HIF-1a and HIF-1a glycolytic target genes
(15, 20, 23, 24); HIF-1a inhibitors, chetomin or BAY 87-2243,
reduced HIF-1a induction of glycolytic gene expression and inhib-
ited viral replication (22, 24, 25). SARS-CoV-2 inhibition of
OXPHOS results in increased mROS, which activates HIF-1a,
leading to impaired OXPHOS and increased glycolysis (26).

Shifting cell substrates from glucose to galactose or treatment
with the glycolysis inhibitor 2-deoxy-p-glucose reduced SARS-
CoV-2 replication (19, 23, 27). In contrast, treatment with the

OXPHOS complex V inhibitor, oligomycin, increased viral load
and cytokine and interferon production. Moreover, treatment
with the ROS scavengers N-acetyl cysteine (NAC) and MitoQ
reduced HIF-1a, glycolytic proteins, pro-inflammatory cytokine
mRNAs, and viral load (22). The mammalian target of rapamycin
complex 1 (mTORC]1) stimulated nutrient uptake favoring glycolyt-
ic metabolism by activating c-Myc, stabilizing HIF-1a, and impair-
ing mitochondrial biogenesis (28, 29). SARS-CoV-2-infected lung
tissue and cell lines have increased mTORC1, and treatment with an
mTORCI1 inhibitor, rapamycin, decreased viral replication (30).

Impairment of mitochondrial protein synthesis can result in an
imbalance in the ratio of nDNA- and mtDNA-coded mitochondrial
proteins, which can activate the mitochondrial (UPRMT) and the
cytosolic (UPR®Y) unfolded protein responses (31), which will, in
turn, trigger the integrated stress response (ISR). The ISR can be
activated by single-strand viral RNA binding to the RNA-activated
protein kinase (PKR) or by UPRM" activation of the mitochondrial
protease OMAL to cleave DELEI, activating the ISR heme regulated
initiation factor 2 alpha (HRI) kinase (32-34). When activated,
these kinases phosphorylate the mitochondrial initiation factor
elF2a, which impairs general cytosolic protein synthesis while facil-
itating the translation of activating transcription factors 4/5 (ATF4/
5) (35, 36). Activation of ATP4/5 induces GADD34, CHOP, and the
mitokines fibroblast growth factor 21 (FGF21) and growth and dif-
ferentiation factor 15 (GDF15) (37, 38), as well as inducing
OXPHOS supercomplex assembly factor SCAF1 (39). SARS-CoV-
2 infection activates the ISR and is associated with elevated FGF21
(40) and GDF15 (41).

Although there is considerable evidence indicating that SARS-
CoV-2 polypeptides bind to mitochondrial proteins, there is
limited information on the effects of the virus on mitochondrial
gene transcription, which has resulted in apparent inconsistencies
(20). We, therefore, investigated the effects of SARS-CoV-2 infec-
tion on transcription of host genes for mitochondrial OXPHOS,
glycolysis, nutrient sensing, and the stress response in nasopharyn-
geal specimens from individuals with early SARS-CoV-2 infection
and in autopsy tissue samples from individuals with late-stage infec-
tion, collected during the pandemic in New York City (42). We also
used SARS-CoV-2—-infected hamsters and SARS-CoV-2—infected
BALB/c and C57BL/6 mice to analyze changes in host bioenergetic
gene expression at the early and mid-stages of virus infection.
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RESULTS

Changes in OXPHOS gene transcription in COVID-19 human
nasopharyngeal samples

First, we determined the effects of SARS-CoV-2 early-stage infec-
tion in human hosts. We compared the gene expression profiles
of about 700 nasopharyngeal samples, including SARS-CoV-2-in-
fected cases versus uninfected control cases collected in New York
City from 2018 to 2020. The COVID-19 cases were subdivided into
high, medium, and low SARS-CoV-2 viral loads (fig. S1). Analysis
of transcription in the infected nasopharyngeal samples revealed
that SARS-CoV-2 inhibited the gene expression of all five
OXPHOS complexes (complexes I to V). This was evident for the
high and medium viral load samples but not for the lowest viral load
samples (Fig. 1A).

To determine the mechanism by which SARS-CoV-2 inhibited
each of the OXPHOS complexes, we examined the mRNAs of indi-
vidual mitochondrial and bioenergetic polypeptide genes (table S1).
This revealed that SARS-CoV-2 infection suppressed the expression
of groups of human genes associated with specific OXPHOS subas-
sembly modules. This contrasted with the up-regulation of host mi-
tochondrial genes not inhibited by the virus that frequently
included either structural or assembly genes of subassembly
modules not blocked by infection (Fig. 1, B and C). This suggested
that groups of subassembly module structural and assembly gene
mRNAs may be coordinately regulated and that these coordinately
regulated genes could be modulated by SARS-CoV-2 (Fig. 1C), with

the degree of SARS-CoV-2 perturbation proportional to viral
load (Fig. 1B).

For complex I, the nDNA subunit genes were incorporated into
six subassembly modules, four of which were nucleated around
mtDNA coded polypeptides (MT-ND1, MT-ND2, MT-ND4, and
MT-ND5) (table S1). SARS-CoV-2 down-regulated four of the
five structural genes of the MT-ND2 module, whereas five of the
six assembly factors were up-regulated. All six structural subunit
genes of the MT-ND4 module were down-regulated, but assembly
factor gene DMAC2 was up-regulated. All of the MT-ND5 module’s
nDNA-coded genes were down-regulated, as were 7 of the 11 N
module nDNA genes. By contrast, two of the six nDNA genes of
the MT-ND1 module were strongly up-regulated, whereas half of
the nDNA genes of the Q module were up-regulated and half
were down-regulated (Fig. 1B). These coordinate changes in struc-
tural and assembly genes were found to be significant by QLattice
analysis with P < 0.05 (Fig. 1C).

For complex II, the structural subunit genes SDHC and SDHD
were strongly down-regulated, whereas SDHA and SDHB subunits
were not. Assembly factors SDHAF3 and SDHAF4 were down-reg-
ulated, whereas assembly factors SDHAF1 and SDHAF2 were not
(Fig. 1, B and C, and table S1). For complex III, all nDNA structural
genes were down-regulated except the CYCI gene, which was up-
regulated. The central assembly factors UQCCI, UQCC2, and
UQCC3 were up-regulated, whereas assembly factors LYRM?,
BCSIL, and TTCI19 were down-regulated (Fig. 1, B and C, and
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Fig. 1. Mitochondrial OXPHOS complex gene expression in nasopharyngeal samples from patients with COVID-19. (A) Lollipop plots of custom-curated mito-
chondria gene sets were determined by fGSEA for nasopharyngeal samples from patients with COVID-19 and were ranked by nominal enrichment score (NES). The size of
the symbols represents the FDR. (B) Heatmaps of t-score statistics for specific mitochondrial complex gene expression are shown. (C) Coordinate changes in clusters of
OXPHOS structural and assembly genes by QLattice analysis show the directional changes of the specific OXPHOS modules by Pearson’s correlation and the statistical

significance by —log, (P value).
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table S1). For complex IV, all four nDNA genes of the MT-CO3
module were down-regulated. A cluster of six genes of the MT-
CO2 module was strongly down-regulated, whereas assembly
factor SCO2 was strongly up-regulated. Genes of the MT-CO1
module were minimally affected (Fig. 1, B and C, and table S1).
For complex V, nearly all of the nDNA genes in modules
ATP5MCI1, ATP5PB, and MT-ATP6/8, as well as the assembly
factors DMAC2L and TMEM?70, were down-regulated, with the
ATP5PB gene being strongly suppressed. Last, four of the five struc-
tural genes of the ATP5F1A module were down-regulated, whereas
two of the three assembly factors were up-regulated (Fig. 1, B and C,
and table S1).

We further analyzed human nasopharyngeal samples for the
effects of SARS-CoV-2 infection on mRNAs for all known mito-
chondrial genes (table S2) (43, 44). The resulting volcano plots dem-
onstrated the effects of decreasing viral copy number on host
mitochondrial gene expression (fig. S2). At high viral load, the
most notable changes in mitochondrial gene expression were the
strong suppression of ALAS2, one of the 5'-aminolevulinate synthe-
tases involved in heme synthesis; strong induction of the complex
IV assembly factor, SCO2; and up-regulation of the mitochondrial
genes thought to be important in the mitochondrial induction of
the innate immune response (fig. S2A). These virally induced mito-
chondrial innate immune regulatory genes included PNPT1 (poly-
ribonucleotide nucleotidyltransferase 1), which may release
mitochondrial double-stranded RNA to engage melanoma differen-
tiation-associated protein 5 (IFIH1) and trigger the type I interferon
response (fig. S2) (45); CMPK2 (cytosine monophosphate kinase 2),
which is the rate-limiting step for the induction of mtDNA replica-
tion creating oxidized mtDNA (Ox-mtDNA), which is released
from mitochondria and binds to the inflammasome (6); ACODI
(aconitate decarboxylase 1 or IRG1), which regulates itaconate pro-
duction and modulates inflammatory myeloid cells (46); and IFI27
(interferon alpha inducible protein 27), which activates interferon
expression and is a diagnostic blood marker for SARS-CoV-2 infec-
tion (fig. S2) (47). Hence, SARS-CoV-2 not only inhibited
OXPHOS but also activated mitochondrial innate immunity signal-
ing genes (CMPK2, PNPTI, IF127, and IRGI) (fig. S2B). The acute
transcriptional changes observed in SARS-CoV-2 human nasopha-
ryngeal infection were also reflected in the transcripts/proteins of
acutely infected CaCo-2 cells (fig. S3, A and B) (47) and blood
samples from patients with COVID-19 (fig. $3, C and D).

Changes in OXPHOS gene transcription in COVID-19 human
autopsy samples

We next analyzed mitochondrial bioenergetic gene expression in
autopsy samples of the hearts, kidneys, livers, lungs, and lymph
nodes from 35 deceased individuals who had COVID-19 compared
with five uninfected control individuals. The patients with COVID-
19 had either high or low SARS-CoV-2 infection rates upon hospital
admission (fig. S1). Monocyte data from patients with COVID-19
were also included in the analysis (Fig. 2) (48).

OXPHOS mRNAs were down-regulated in the COVID-19
autopsy samples of the heart, liver, kidney, and lymph nodes,
with the heart exhibiting the most coordinated down-regulation
of OXPHOS gene expression. In contrast, the autopsy lung
samples showed an equally large up-regulation of OXPHOS gene
expression (Fig. 2A). Analysis of individual OXPHOS complex sub-
assembly module structural and assembly genes (Fig. 2B and table

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

S1) confirmed that virtually all OXPHOS mRNAs of the heart were
shut down (Fig. 2B). This was not simply the product of terminal
destruction of heart cells because mtDNA transcripts and the COX
assembly gene mRNAs, COX16, COX19, and COX20, were up-reg-
ulated and PET100 and SCO2 were normally expressed (Fig. 2B).
The OXPHOS mRNA profiles in the COVID-19 autopsy samples
of the kidney and liver (Fig. 2, B and C) were similar. Both
showed down-regulation of selected complex I structural genes in
the MT-ND1, MT-ND2, MT-ND4, MT-ND5, N, and Q modules,
complex II SDHA, and complex III structural and assembly genes
CYCI, UQCRCI, BCS1L, and TTCI9 (Fig. 2, B and C). This shared
transcriptional profile suggests the possibility that transcriptional
regulatory elements coordinately regulate groups of OXPHOS
genes. The lymph nodes also showed down-regulation of subsets
of modular mRNAs (Fig. 2, B and C) including those in complex
I modules NDUFS2, MT-ND1, and MT-ND2; SDHC and SDHD
in complex II; and CMCI and COX20 in complex IV modules
MT-CO1 and MTCO?2 (Fig. 2B). OXPHOS gene expression was
strongly up-regulated in COVID-19 autopsy lung samples (Fig. 2,
B and C) (20) in apposition to nasopharyngeal samples and other
autopsy tissues. Complex I, II, and IIT genes were particularly ro-
bustly up-regulated in COVID-19 autopsy lung samples (Fig. 2, B
and C), including SDHB, SDHD, SDHAF3, and SDHAF4 of
complex II, and most of the structural genes of complex III as
well as the UQCC2 and UQCC3 assembly genes (Fig. 2, B and C).
The structural genes of the complex IV MT-CO2 and MT-CO3
modules and the SCO2 assembly gene were up-regulated, as were
the structural genes of the ATP5PB, MT-ATP6/8, and ATP5MC1
and the structural and assembly genes of the ATP5F1A modules
of complex V (Fig. 2, B and C).

Thus, nDNA-coded OXPHOS gene transcripts were down-reg-
ulated in autopsy tissues with heart > > kidney = liver > lymph node,
but, in autopsy lung samples, OXPHOS genes were strongly
induced (Fig. 2, A to C). In the nasopharyngeal samples, the
high-titer virus samples experienced strong OXPHOS gene inhibi-
tion (Fig. 1, B and C, and fig. S2A), but this inhibition was lifted in
the lung autopsy tissue as the virus was cleared (Fig. 2, B and C, and
fig. S1B). In contrast, in the human autopsy heart, kidney, liver, and
lymph nodes, OXPHOS gene suppression continued even though
the virus had been eliminated (Fig. 2, B and C, and fig. S1B).

The coordinated regulation of the structural and assembly genes
of the OXPHOS modules was supported by their opposite direc-
tional transcriptional expression in several OXPHOS complex sub-
modules (Fig. 2C). This was seen for the complex I modules: Q
module in human lymph nodes; MT-ND1 module in the human
kidney, liver, and lung; MT-ND2 module in the human lymph
nodes; MT-ND5 module in the human kidney; and N module in
the human lymph nodes. Similar opposing structural and assembly
gene bidirectional transcriptional changes were seen for complexes
I1, 111, and IV, with the differences significant by QLattice analysis
(with P < 0.05, indicated by the vertical dashed lines in Fig. 2C). The
SARS-CoV-2-induced changes in OXPHOS genes in autopsy
tissues from patients with COVID-19 were sufficiently robust that
specific pairs of genes proved sufficient to discriminate between in-
fected and uninfected tissues (fig. S4, A and B). For example,
SLC25A16 versus LDHB could differentiate infected from uninfect-
ed heart tissue, and MUCB versus ALAS2 could differentiate infect-
ed from uninfected kidney tissue (fig. S4B).
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Fig. 2. Mitochondrial OXPHOS complex gene expression in nasopharyngeal samples and autopsy tissues from patients with COVID-19. (A) Lollipop plots for
statistically significant changes in custom mitochondria and MitoPathway gene sets were determined by fGSEA for nasopharyngeal samples and autopsy tissues from
patients with COVID-19 and were ranked by NES. The size of the symbols represents the FDR. (B) Heatmaps display the t-score statistics for specific mitochondrial OXPHOS
complex genes when comparing autopsy tissue and nasopharyngeal samples from COVID-19—positive and COVID-19-negative patients. (C) Coordinate changes in clus-
ters of OXPHOS structural and assembly genes by QLattice analysis show the directional changes in gene expression by Pearson’s correlation and the statistical signifi-

cance by —log, (P value).

We next analyzed the changes in mRNAs in COVID-19 human
autopsy samples for all known mitochondrial genes (43, 44) using
volcano plots (fig. S5, A and B). Mitochondrial gene expression was
reduced in autopsy tissues from patients admitted to the hospital
with high compared with low viral loads, which confirmed that
the extent of altered mitochondrial gene expression may be regulat-
ed by viral load (fig. S5). Down-regulation of mitochondrial path-
ways in response to virus in human autopsy samples was most
extensive in hearts followed in decreasing order by the kidneys,
livers, and lymph nodes (fig. S5). This inhibition of mitochondrial
gene expression in visceral autopsy tissues parallels that seen in the
nasopharyngeal samples with high viral titer but in the absence of a
detectable virus. The lung exhibited increased mitochondrial gene
expression profiles consistent with the release of inhibition of mito-
chondrial gene expression upon clearance of the virus (fig. S6).

In relation to viral activation of mitochondrial innate immunity,
the CI50rf48 mRNA was up-regulated in the human heart autopsy
tissue from patients with COVID-19. C150rf48 is a complex IV
protein that upon viral infection displaces NDUFA4 and induces
expression of microRNA 147b (miR-147b), which inhibits
NDUFA4 translation and enhances RIG-1/MDA-5-mediated anti-
viral immunity (49). This antiviral response parallels the induction
of antiviral genes in the human COVID-19 nasopharyngeal
samples. The mitochondrial calcium uniporter MCUB and

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

vitamin D metabolism were up-regulated in the heart, folate metab-
olism was up-regulated in the lung, and the heme synthesis ALAS2
gene was strongly up-regulated in the heart, kidney, liver, and lung
autopsy samples (fig. S5).

SARS-CoV-2 modulation of mitochondrial and glycolytic
pathways in human nasopharyngeal and autopsy samples
We next focused on transcriptional changes in processes that com-
plement mitochondrial OXPHOS, including mitochondrial ATP/
ADP-Pi exchange, tricarboxylic acid (TCA) cycle, CoQ biosynthe-
sis, mitochondrial fatty acid synthesis (mtFASII), fatty acid oxida-
tion, and the cytosolic protein import system (Fig. 3A). Overall,
autopsy heart tissue from patients with SARS-CoV-2 infection
showed a systematic down-regulation of genes involved in multiple
mitochondrial functions; this was also found, to a lesser extent, in
kidneys and livers and, to the least extent, in nasopharyngeal
samples and lymph node autopsy samples. The lung autopsy
samples showed down-regulation of CoQ synthesis and mtFASII
but up-regulation of genes involved in the TCA cycle and cytosolic
protein import (Fig. 3A).

At the individual gene level (Fig. 3B and fig. S6), key mitochon-
drial inner membrane solute carrier genes were down-regulated in
the heart, including the phosphate carrier (SLC25A3), the adenine
nucleotide translocases (SLC25A4 and SLC25A6), the citrate carrier
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Fig. 3. Mitochondrial and cytosolic bioenergetic pathway gene expression in nasopharyngeal and autopsy samples from patients with COVID-19. (A) Lollipop
plots for statistically significant custom mitochondria and MitoPathway bioenergetic gene sets were determined by fGSEA for nasopharyngeal samples and autopsy
tissues (lung, heart, kidney, liver, and lymph node) from patients with COVID-19 and were ranked by NES. (B) The circular heatmap displays the t-score statistics for
mitochondrial metabolic pathway genes when comparing nasopharyngeal and autopsy samples from patients with and without COVID-19. (C) Lollipop plots for statisti-
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and without COVID-19.

(SLC25A1), and the Ca'"-binding aspartate-glutamate carrier
(SLC25A12), which are critical for mitochondrial energy produc-
tion and ATP export. In contrast, the ATP-Mg""/Pi transporters
(SLC25A24 and SLC25A25), which import ATP into the mitochon-
dria without energetic benefit, were up-regulated in human heart
autopsy samples from patients with COVID-19. Similarly, human
nasopharyngeal samples from patients with COVID-19 manifested
the down-regulation of the phosphate carrier (SLC25A3) as well as
ANT3 (SLC25A6) and the up-regulation of the ATP-Mg"**/Pi trans-
porter (SLC25A25). Thus, as the virus inhibited mitochondrial en-
ergetics, host cells attempted to compensate by importing ATP. In
contrast to the heart, kidney, and liver, ATP generation—-associated
genes were not perturbed in the autopsy lung samples where
OXPHOS gene expression was restored (Fig. 3B and fig. S6). Simi-
larly, the mRNAs of CoQ synthesis, the TCA cycle, fatty acid oxida-
tion, mtFASII, and cytosolic protein import were consistently
down-regulated in the heart and, to a lesser extent, in the kidneys,
livers, lymph nodes, and nasopharyngeal samples, but not in the
lung (Fig. 3B and fig. S6).

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

Expression analysis of genes associated with cytosolic bioener-
getic pathways (Fig. 3, C and D) revealed that glycolysis and fatty
acid synthesis transcripts were significantly down-regulated [with
a false discovery rate (FDR) < 0.25] in hearts and kidneys, and
fatty acid synthesis was down-regulated in livers. Folate metabolism,
gluconeogenesis, and glutathione metabolism transcripts were also
down-regulated in hearts and kidneys and partially in the livers
(Fig. 3D). In the nasopharyngeal samples, glutathione metabolism
was down-regulated, whereas, in the human autopsy lung samples,
glycolysis and folate metabolism were up-regulated (Fig. 3, C
and D).

Changes in mRNAs of glycolysis and pentose phosphate
pathway genes were reduced in the human heart and nasopharyn-
geal tissues but were minimally altered in the other tissues (Fig. 3D).
Among cardiac glycolytic genes in the human heart autopsy tissue,
there was a normal expression of lactate dehydrogenase A (LDHA),
which converts pyruvate to lactate and favors glycolysis, but a down-
regulation of lactate dehydrogenase B (LDHB), which converts
lactate to pyruvate and favors OXPHOS, a pattern also reported
in peripheral blood (2I). The glucose carriers SLC2A1 and
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SLC2A4 were down-regulated in the heart, as was the monocarbox-
ylate carrier 1 (SLC16A1), which transports lactate across the mito-
chondrial inner membrane. However, monocarboxylate carrier 5
(SLC16A4) was up-regulated in the human heart in response to
HIF-1a activation after the SARS-CoV-2 infection (Fig. 3D) (50).
In the human nasopharyngeal samples, down-regulation of down-
stream glycolysis genes, GAPDH and PGKI (Fig. 3D), may have
favored the retention of substrates in the earlier steps of glycolysis,
which would fuel fatty acid and NADPH (reduced form of nicotin-
amide adenine dinucleotide phosphate) synthesis and promote viral
biogenesis. Expression of single-carbon metabolism genes, which
metabolically interconnect the mitochondrion with the nucleus-
cytosol, revealed that, with the exception of dihydrofolate reductase
2, the mitochondrial folate enzyme genes were up-regulated in
hearts, kidneys, livers, and lymph nodes. In contrast, the cytosolic
and nuclear folate enzyme genes were down-regulated in hearts and
less so in kidneys and livers, with lung tissue being more vari-
able (Fig. 3D).

SARS-CoV-2 modulation of HIF-1a, mTOR, and ISR
pathways in human nasopharyngeal and autopsy samples
In contrast to the down-regulation of mitochondrial gene expres-
sion in human nasopharyngeal samples and autopsy tissues from
patients with COVID-19, HIF-1a target genes, glycolysis genes,
mTOR signaling genes, and genes of the ISR were up-regulated
(Fig. 4). The majority of HIF-1a target genes were up-regulated in
the lung, heart, kidney, and liver autopsy samples, although less so
in the nasopharyngeal samples (Fig. 4A). Activation of HIF-1a not
only up-regulates glycolysis but also optimizes complex IV for low
oxygen tension conditions by down-regulating COX4il, inducing
LON protease to degrade COX4il and inducing COX4i2 (26).
This was seen in both the human heart and nasopharyngeal
samples (Fig. 4B). Expression of mTOR genes, which are essential
for nutrient uptake (39, 51), was up-regulated in the lung and lymph
node autopsy samples and, to a lesser extent, in the nasopharyngeal
samples but was markedly down-regulated in the heart autopsy
samples and, to a lesser extent, in the kidney and liver autopsy
samples (Fig. 4, A and C). In the nasopharyngeal, lung, and
lymph node tissues, mTOR gene induction correlated with
STK11, AKTI, and AKT2 kinase genes but not with the AMP-acti-
vated protein kinase genes (PRKAA2, PRKABI, and PRKAGI). By
contrast, in the human heart, kidney, and liver autopsy samples,
mTOR gene induction correlated with the up-regulation of AKT3
(Fig. 4C). Whereas the up-regulation of mTOR in the nasopharyn-
geal and lung tissues would favor glycolysis, mMTOR down-regula-
tion in hearts, kidneys, and livers may reflect the global down-
regulation of bioenergetic genes.

SARS-CoV-2 infection created an imbalance between cytosolic
(fig. S3A) and mitochondrial (fig. S7) ribosomal gene expression,
which could lead to the activation of the mitochondrial (UPR™?)
and cytosolic (UPR®T) unfolded protein responses. This activation
would inhibit OXPHOS and increase mROS production (52). Both
the elevated mROS production and imbalance between cytosolic
and mitochondrial ribosomal gene expression could activate the
ISR pathway via the endoplasmic reticulum (ER) kinases HRI
(EIF2AK1), PKR (EIF2AK2), PERK (EIF2AK3), and GCN2
(EIK2AK4) (Fig. 4A). The resulting phosphorylation of elF2a
would impair cytosolic protein synthesis and activate ATF4 and
ATFS5 to induce their GDF15, GADD34, CHOP (37, 38), SCAFI

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

(39), and FGF21 (51) target genes. As predicted, the ISR was up-reg-
ulated in the nasopharyngeal samples and all of the human autopsy
samples (Fig. 4, A and D), in association with GDFI5 mRNA being
up-regulated in nasopharyngeal, lung, and heart tissues (Fig. 4D).

In the human nasopharyngeal samples, when viral titer was high,
the PKR mRNA, which binds to double-stranded RNA, was strongly
up-regulated along with ATF3, ATF4, ATF5, CHOP, GADD34, and
GDF15, whereas eIF2a was strongly down-regulated. For the heart,
kidney, liver, lymph node, and lung autopsy samples where the virus
had been cleared, the ISR was less induced and elF2« was not down-
regulated. Last, the HRI kinase, which is activated by DELEI in re-
sponse to the UPRM?, was down-regulated in the nasopharyngeal
and heart samples, perhaps reflecting the early stage of infection
in the former and the inactivation of mitochondrial function in
the latter (Fig. 4, A and D).

miR-2392 induced by SARS-CoV-2 regulates mitochondrial
mRNA function in human nasopharyngeal and

autopsy samples

SARS-CoV-2 infection is associated with an increase in miR-2392,
with the seed sequence of the induced miRNA matching the host
miRNA sequence (fig. S8) (53, 54). miR-2392 has been reported
to enter the mitochondrion and bind to ACO2, and this complex
then binds to the mtDNA tRNAS™ gene (MT-TQ) (55). This
binding blocks the progression of the mitochondrial RNA polymer-
ase as it transcribes the mtDNA genes of the mtDNA G-rich H
strand into a polycistronic RNA (55).

Consistent with the proposed action of miR-2392, mtDNA tran-
script analysis of the human nasopharyngeal samples with high and
medium viral loads revealed that the MT-NDI gene upstream of
MT-TQ was up-regulated, whereas the genes downstream of MT-
TQ were down-regulated. Moreover, the MT-ND6 gene located on
the opposite strand and transcribed from a different promoter was
up-regulated (Fig. 5A). By contrast, in the human autopsy tissues in
which the virus had been cleared, all of the mtDNA mRNAs were
induced (Fig. 5A). miR-2392 induced by SARS-CoV-2 may also in-
teract with the mRNAs of the nDNA mitochondrial genes. Analysis
of miR-2392 seed sites among the about 1000 known nDNA mito-
chondrial genes (43, 44) revealed that 362 mitochondrial mRNAs
harbored miR-2392 binding sites (table S3). The enrichment of
nDNA mitochondrial transcripts that harbored miR-2392 seeds
was 3.9 x 10* in OXPHOS genes, 1.2 x 107> in mitochondrial bio-
genesis genes, and 1.2 x 10"*® in mitochondrial metabolism genes
(Fig. 5B, fig. S10, and table S3).

Two nDNA mitochondrial mRNAs harbored four miR-2392
binding sites: the complex I and IV assembly factor genes, COAI,
and the fatty acid activation acyl-CoA thioesterase gene, ACOT11.
The complex I MT-ND4 module assembly factor gene DMAC2
had three sites. Furthermore, genes encoding OXPHOS complexes
I to V, mitochondrial biogenesis, mitochondrial fusion, mitophagy,
and antioxidant proteins had one or two miR-2392 sites, including
the mitochondrial antiviral protein mRNA MAVS (fig. S9B). Some
of the same OXPHOS transcripts that were up-regulated in response
to SARS-CoV-2 infection harbored miR-2392 seed sites. Examples
of up-regulated genes with miR-2392 sites included the complex III
assembly factor UQCCI mRNA harboring three miR-2392 sites and
UQCC2 and UQCC3 mRNAs with two sites (Fig. 1B).

To confirm that miR-2392 influenced mitochondrial nDNA
mRNA, we transfected the cells of a three-dimensional (3D)
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Fig. 4. HIF-1a, mTOR, and ISR pathway gene expression in nasopharyngeal and autopsy samples from patients with COVID-19. (A) Lollipop plots for statistically
significant HIF-1a, mTOR, and integrated stress response (ISR) pathway gene sets determined by fGSEA for nasopharyngeal and autopsy (lung, heart, kidney, liver, and
lymph node) samples from patients with COVID-19 were ranked by NES. (B) The circular heatmap displays the t-score statistics for HIF-1a and HIF-1a target genes in
nasopharyngeal and autopsy samples that did or did not contain SARS-CoV-2 viral loads. (C) Heatmap displays the t-score statistics for mTOR genes in nasopharyngeal
and autopsy samples that did or did not contain SARS-CoV-2 viral loads. (D) Heatmap displays the t-score statistics for ISR pathway genes in nasopharyngeal and autopsy

samples that did or did not contain SARS-CoV-2 viral loads.

human umbilical vein endothelial cell-tissue microvascular model
(HUVEC-MT) and a human neuroblastoma cell line (SH-SY5Y)
with an miR-2392 mimic in vitro (Fig. 5C). In the 3D HUVEC-
MT model, the miR-2392 mimic resulted in general down-regula-
tion of OXPHOS mRNAs, up-regulation of HIF pathway genes, ac-
tivation of ISR genes, and induction of CMPK2 indicative of
induction of inflammation (Fig. 5, C to E, and fig. S10, A and B).
In the SH-SY5Y cells, the miR-2392 mimic strongly down-regulated
specific complex I genes and induced the LONPI protease, the latter
consistent with HIF-1a activation, although most of the ISR genes
were decreased (Fig. 5, C to E, and fig. S10, A and B). The difference
between the 3D HUVEC-MT cells and SH-SY5Y cells may be
because of 3D HUVEC-MT cells being primarily oxidative,

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

whereas the SH-SY5Y cells are cancerous and glycolytic (Fig. 5, F
to J).

Metabolic flux in host cells in response to SARS-CoV-2
infection

To verify the metabolic effects of SARS-CoV-2 infection, we used
alterations in host mRNAs to estimate the flux rates of metabolites
through bioenergetics pathways in human nasopharyngeal samples
and autopsy tissues from patients with COVID-19 (Fig. 6, A to D)
(56). This analysis confirmed that the functions of the mitochondri-
al bioenergetics pathways and antioxidant defense pathways were
suppressed in the nasopharyngeal samples and in the heart,
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gene transcripts displays the t-score statistics for miR-2392 mimic—treated 3D HUVEC-MT tissue and SH-SY5Y cells. (E) Correlation plot of OXPHOS complex gene expres-
sion shows a close association between OXPHOS gene expression in miR-2392 mimic—treated 3D HUVEC-MT tissue and SH-SY5Y cells and that in nasopharyngeal samples
from patients with COVID-19. (F to J) Heatmaps display t-score statistics for miR-2392 mimic—treated 3D HUVEC-MT tissue and SH-SY5Y cells for HIF-1a pathway genes (F),
mitochondrial metabolic pathway genes (G), cytosolic metabolic genes (H), ISR pathway genes (1), and mTOR pathway genes (J).

kidney, liver, and lymph node autopsy tissues but were enhanced in
autopsy lung samples (Fig. 6, A to D, and fig. S11).

Changes in mitochondrial gene expression during SARS-
CoV-2 infection in hamsters and mice

To assess the effects of SARS-CoV-2 during the earliest stages of in-
fection, we analyzed the transcriptional profiles of SARS-CoV-2—-in-
fected hamsters 3 days post infection (dpi) when viral RNA was at a
maximum (fig. S12A). To further characterize the host transcrip-
tional response as viral loads continued to decline, we analyzed
wild-type BALB/c mice (fig. S12B) and C57BL/6 mice (fig. S12C)
infected with the SARS-CoV-2 MA10 strain at 4 dpi.

In hamsters infected with SARS-CoV-2 WA strain (57), RNA
was evaluated in the lungs, hearts, kidneys, cerebella, striata, and ol-
factory bulbs (Fig. 7A and fig. S13, A and B). SARS-CoV-2 viral
RNA was only detected in the lungs and not in the hearts,

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

kidneys, or brains (fig. S14). OXPHOS gene expression was mini-
mally affected in the lungs, which suggests that this time point in
hamster infection was earlier than the time point when human na-
sopharyngeal samples were collected. The viral RNA binding
protein gene, PKR, was up-regulated in all hamster tissues as were
the HIF-1a target genes, although variably in the striata (Fig. 7B).
Individual OXPHOS mRNAs were not markedly perturbed in the
hearts, lungs, kidneys, and olfactory bulbs of hamsters and neither
was expression of genes for mtFASII, CoQ synthesis, protein
import, TCA cycle, fatty acid oxidation, glutathione synthesis, and
fatty acid synthesis. However, a subset of mitochondrial ribosomal
genes was induced in the hamster hearts, lungs, and kidneys, and
mild increases in expression were seen in the hearts and lungs for
genes associated with folate metabolism, NADP synthesis, nucleo-
tide metabolism, HIF-1a target genes, and ISR (Fig. 7B). In contrast
to the minimal effects of acute SARS-CoV-2 infection on the
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Fig. 6. Metabolic flux in nasopharyngeal and autopsy samples from patients with COVID-19. RNA-seq analysis revealed metabolic flux in nasopharyngeal and
autopsy samples from patients with COVID-19. (A) Shown is an upset plot of the overlapping up-regulated and down-regulated metabolic fluxes from RNA-seq of na-
sopharyngeal and autopsy samples from patients with COVID-19. Dark red dots represent the up-regulated metabolic fluxes and dark blue dots represent the down-
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indicating down-regulation (low but significant values may not be apparent).

hamster lungs, viscera, and olfactory bulbs, the cerebella manifested
the down-regulation of OXPHOS genes, whereas the striata showed
induction of OXPHOS genes (Fig. 7B). Extending this analysis (fig.
S13B), the mitochondrial superoxide dismutase gene (Sod2) was
up-regulated in the lungs, and the antioxidant Mpv171 gene was
down-regulated. In the cerebella and striata, the citrate carrier
(Slc25a1) was down-regulated along with CoQ synthesis genes
and folate metabolism genes. Consistent with early phase SARS-
CoV-2 infection, the innate immune mtDNA replication gene,
Cmpk2, was mildly up-regulated in the hearts 2.2-fold, in the
lungs 2.1-fold, and in the olfactory bulbs 2.0-fold but was down-reg-
ulated in the cerebella 0.65-fold and in the striata 0.50-fold (fig.
S$13). Thus, early during viral infection, when SARS-CoV-2 RNA
was at a peak in hamster lungs (fig. S12A) and viral polypeptides

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

were binding to mitochondrial proteins, the virus had not yet mod-
ulated host lung or visceral mitochondrial gene transcription
(Fig. 7, A and B). Although there was almost no detectable virus
in the brain (fig. S14), there was differential expression of brain bio-
energetic genes (Fig. 7, A and B).

The lungs of wild-type BALB/c and C57BL/6 mice infected with
SARS-CoV2 MAI0 and analyzed at 4 dpi showed a decline in viral
titer indicative of an intermediate phase of infection (fig. S12) (58).
Both mouse strains shared 180 up-regulated and 89 down-regulated
mitochondrial genes (Fig. 8A). However, C57BL/6 mice showed
variable OXPHOS gene expression (Fig. 8B) reminiscent of the
human nasopharyngeal gene expression profile, whereas BALB/c
mice showed robust induction of OXPHOS genes characteristic of
human autopsy lung tissue (Fig. 8B), with other bioenergetic
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including the hearts, lungs, kidneys, olfactory bulbs, cerebella, and striata.

pathways showing similar differential pathway gene expression pro-
files (Fig. 8B). The mitochondrial inflammation genes, Cmpk2 and
Acodl, were among the top induced genes in both strains, with
Cmpk2 being induced 2.3-fold in C57BL/6 mouse lungs and 5.1-
fold in BALB/c mouse lung (Fig. 8B and fig. S15) indicating
robust mitochondrial activation of the innate immune response.
Therefore, SARS-CoV-2 MA10 viral titers in the lungs of C57BL/
6 and BALB/c mice at 4 dpi fall between the SARS-CoV-2 viral
titers of human nasopharyngeal samples and human lung autopsy
samples. Specifically, the BALB/c lung viral titers declined further
than those of C57BL/6 mice, placing the order of progressive viral
loss as hamster lungs with peak viral titer, human nasopharyngeal
samples with high viral titers, C57BL/6 mouse lungs with partially
reduced viral titers and BALB/c mouse lungs with a further reduc-
tion in viral titer, and, lastly, human autopsy lung tissue with no
detectable virus.

DISCUSSION

Upon SARS-CoV-2 infection of host cells, the viral copy number
increases unchecked until the innate immune system is engaged,
after which the viral copies progressively decline until the virus is
eliminated. By quantifying SARS-CoV-2 RNA copies, we ordered
multiple human and rodent SARS-CoV-2 datasets to encompass
the entire course of COVID-19 progression (figs. S16 and S17).
Given that SARS-CoV-2 viral RNA is evaluated by RNA-cDNA

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

sequencing of cellular cDNA, we were able to correlate changes in
SARS-CoV-2 RNA with changes in the expression of host bioener-
getic genes, with special emphasis on the genes of the mitochondri-
on, glycolysis, and allied processes. In this way, we were able to
define the host bioenergetic changes across the full course of
COVID-19 progression. The initial peak viral copy number in
hamster lung represents the earliest stage of SARS-CoV-2 infection.
This was followed by human nasopharyngeal samples from patients
with high, medium, or low viral RNA, which represented the pro-
gression of viral decline associated with the activation of host anti-
viral immune defenses. The effects of declining viral load were
further evaluated in SARS-CoV-2 MA10-infected C57BL/6 mice
and BALB/c mice, with C57BL/6 mouse viral load having declined
proportionally less than that of BALB/c mice. Last, human autopsy
tissue samples from patients who had died from COVID-19 were
placed at the end of COVID-19 progression because the entire
autopsy tissues were devoid of viral RNA.

At the earliest stage of SARS-CoV-2 infection, when viral RNA
first peaked in hamster lungs and viral RNA was absent in the
hearts, kidneys, and brains, ISR PKR mRNA was beginning to in-
crease as was Cmpk2 mRNA, indicating the activation of inflamma-
somes with stimulation of mtDNA replication. At this stage,
bioenergetic gene expression was minimally affected in the lungs
and viscera. Unexpectedly, however, mitochondrial gene expression
was down-regulated in the cerebella and strongly induced in the
striata of the hamster brains. The absence of viral effects on lung
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Fig. 8. Mitochondrial transcripts in SARS-CoV-2-infected mouse lung tissues. (.
from SARS-CoV-2-infected wild-type BALB/c mice and C57BL/6 mice. (B) Heatmaps
BALB/c and C57BL/6 mouse lungs.

mitochondrial gene expression where viral RNA was high compared
with robust changes in mitochondrial gene expression in the brain
where viral RNA was absent raised the possibility that modulation
of energy metabolism in distant tissues might be because of ISR ac-
tivation producing diffusible factors such as GDF15, which could
potentially modulate mitochondrial function in tissues far from
the initial site of infection.

Whereas pulmonary mitochondrial gene transcription was not
affected at the initial stage of hamster infection, SARS-CoV-2 was
actively synthesizing viral proteins that bind to a wide array of mi-
tochondrial proteins, leading to the inhibition of mitochondrial
function (13-15). OXPHOS inhibition is critical for viral propaga-
tion because it shifts carbon substrates away from terminal oxida-
tion to glycolysis, where the substrates can be used to generate lipids
and nucleic acids for viral propagation. Stimulation of glycolysis is
achieved by viral inhibition of OXPHOS and elaboration of Nsp5 to
bind to glutathione peroxidase 1, both of which stimulate mROS
production. Increased mROS then stabilizes HIF-1a, which up-reg-
ulates glycolytic gene expression.

In the human nasopharyngeal samples, the three different
amounts of SARS-CoV-2 RNA may reflect the progression of
COVID-19 from earlier pulmonary infection with high viral titers
to later pulmonary infection with low viral titers. At the highest na-
sopharyngeal viral RNA load, the expression of mitochondrial
OXPHOS genes and associated bioenergetic genes was markedly
down-regulated, but the inhibition of OXPHOS genes progressively

Guarnieri et al., Sci. Transl. Med. 15, eabq1533 (2023) 9 August 2023

I
A) Shown is an upset plot of the overlapping MitoCarta genes when comparing lungs
display the t-score statistics for mitochondrial-specific genes in SARS-CoV-2—infected

declined as the viral load declined. The host cells compensated for
the viral inhibition of host mitochondrial function caused by viral
protein binding to mitochondrial proteins, by up-regulating mito-
chondrial biogenesis. To sustain OXPHOS inhibition and glycolysis
stimulation, the virus next inhibited host mitochondrial gene tran-
scription. Thus, in the human nasopharyngeal samples with high
and medium viral loads, we observed marked down-regulation of
the mitochondrial transcripts of specific clusters of structural or as-
sembly genes required for the biogenesis of individual OXPHOS
complex subassembly modules. The virus only needs to block the
synthesis of one or more subassembly modules to inactivate the
entire OXPHOS complex. The host attempts to compensate by
up-regulating mitochondrial gene transcription, but only those
structural and assembly genes not specifically blocked by the
virus can be induced.

To inhibit nDNA-encoded mitochondrial gene transcripts, the
virus produces a number of polypeptides that interfere with
nuclear functions, such as Nsp12, which binds to CREB (cyclic
adenosine 3',5'-monophosphate response element-binding
protein); Nsp5, which binds to HDAC2; and Orf8, which is
located at the nuclear envelope (13, 59, 60). The virus also
induces miR-2392 (53) which, in the high and medium viral load
nasopharyngeal samples, inhibited mtDNA H-strand transcription,
blocking the synthesis of 11 of the 13 mtDNA polypeptides. miR-
2392 also binds to more than 360 nDNA-encoded mitochondrial
mRNAs, potentially blocking their translation and further
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inhibiting OXPHOS biogenesis. Thus, SARS-CoV-2 maintained
OXPHOS inhibition and glycolytic induction by inhibition of mi-
tochondrial protein functions, selective disruption of OXPHOS
module transcription, miRNA-mediated inhibition of mtDNA
transcription, and miRNA-mediated inhibition of nDNA mito-
chondria mRNA translation.

The host innate immune response becomes fully activated upon
induction of the ISR and CMPK2-mediated mtDNA activation of
the inflammasome. Impaired mitochondrial protein synthesis
creates an imbalance in nDNA and mtDNA proteins, activating
UPRMT and UPR®", which activate the ISR. The ISR shuts down
cytosolic protein synthesis, activates mitochondrial single-carbon
metabolism, and elaborates mitokine production including
GDF15. SARS-CoV-2 viroporins E and Orf3a permit the influx of
Ca"" into host cells, which is taken up by the mitochondrion to ac-
tivate the TCA cycle. This generates excess NADH, which overloads
the electron transport chain increasing mROS production. In-
creased mROS together with the CMPK2 activation of mtDNA syn-
thesis generates Ox-mtDNA, which is released through the
mitochondrial permeability transition pore and binds to the inflam-
masome to generate interleukin-1p. Unoxidized mtDNA released
into the cytoplasm likely binds to cyclic GMP-AMP synthase to
drive the interferon response (IF127, ACOD1/IRGI, and MAVS)
(61). The continued activation of the ISR and the production of
GDF15 or other mitokines may affect changes in mitochondrial
gene expression in brain cells not infected with SARS-CoV-2.

Relative to peak viral load, the viral RNA copy number in the
SARS-CoV-2 MA10-infected C57BL/6 and BALB/c mouse lungs
had declined at the time we chose for bioenergetic gene transcrip-
tion analysis. The action of the host innate immune system to
induce decreases in viral RNA was reflected by the induction of
the Cmpk2 mRNA in the lungs of both mouse strains. The
C57BL/6 mouse viral load had decreased less than that of BALB/c
mice, and so we predicted that these infected mice represented an
earlier stage in COVID-19 progression. Consequently, the variable
OXPHOS gene expression observed in the infected C57BL/6 mice
may reflect a slow reactivation of mitochondrial gene expression as
was noted in the human nasopharyngeal samples as viral propaga-
tion declined. In the BALB/c mouse lungs, the viral copy number
had declined to a greater extent than in the C57BL/6 mouse lungs,
further mitigating the viral inhibition of mitochondrial gene tran-
scription. The loss of viral inhibition resulted in the robust up-reg-
ulation of OXPHOS genes in the BALB/c mouse lungs.

Last, in the human autopsy tissues, the viral RNA had been elim-
inated, which was consistent with the systemic activation of the ISR
and the induction of CMPK2 in the heart. In the autopsy lung
samples, the absence of the virus was associated with the robust
up-regulation of nDNA mitochondrial OXPHOS gene expression.
In all autopsy tissues, mtDNA transcription was strongly induced,
presumably reflecting the decline in miR-2392 as the virus was
cleared. However, the strong inhibition of nDNA transcription in
the hearts was not reversed nor was the partial inhibition of
OXPHOS in the kidneys, livers, and lymph nodes. It is unclear
why the removal of the virus did not reverse the OXPHOS inhibi-
tion in the viscera, but the continued inhibition of mitochondrial
gene expression in the hearts, kidneys, and livers likely contributed
to lethality in these COVID-19 cases. For individuals in whom vis-
ceral nDNA mitochondrial gene transcription was partially reacti-
vated and who survived severe COVID-19, the sustained partial
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inhibition of OXPHOS potentially could be a contributor to long
COVID, with chronic inhibition of mitochondrial bioenergetics
contributing to the chronic malaise associated with COVID-19.
ISR activation and Cmpk2-mediated inflammasome activation
could contribute to systemic inflammatory symptoms and
perhaps cytokine storm. The irreversible inhibition of visceral mi-
tochondrial transcription could also contribute to the multisystem
symptoms of long COVID.

This study has a number of limitations. First, some of the clinical
components of the study were designed retrospectively; thus,
COVID-19 groups and control groups were not matched for demo-
graphic variables, comorbidities, or in-hospital treatments. In addi-
tion, there was limited availability of human samples from all organs
across the entire course of SARS-CoV-2 infection. This necessitated
the inclusion of rodent data from which the requisite organs could
be collected and analyzed, with disease progression determined by
relative changes in viral RNA throughout the course of human and
rodent infections.

Therapies that enhance mitochondrial function, minimize
mROS, and block mtDNA release potentially could reduce the
more severe symptoms of acute SARS-CoV-2 infection and mitigate
the symptoms of long COVID. In support of this hypothesis, treat-
ment of SARS-CoV-2—infected monocytes with the antioxidants
NAC and MitoQ reduced mROS production, HIF-1a protein,
pro-inflammatory mRNA, and viral loads (22). Treatment with
the mTOR inhibitor, rapamycin, also impairs SARS-CoV-2 propa-
gation (30). Activation of mitochondrial biogenesis with bezafibrate
(62) or neutralization of miR-2392 (53) might impair the shift from
OXPHOS to glycolysis and impede SARS-CoV-2 replication and
propagation. Thus, knowledge of the effects of SARS-CoV-2 on
host bioenergetics suggests alternative approaches to treating both
acute and chronic COVID-19.

MATERIALS AND METHODS

Study design

We set out to determine the effects of SARS-CoV-2 infection on
mitochondrial function in tissue samples from patients with
COVID-19 compared with uninfected individuals. We calculated
the relative expression of host genes in RNA sequencing (RNA-
seq) data from 216 COVID-19—positive and 519 COVID-19-nega-
tive human nasopharyngeal samples, and from heart, lung, liver,
kidney, and lymph node autopsy tissues from 35 or 36 COVID-
19-positive and 5 to 8 COVID-19-negative patients. We then com-
pared host gene expression in tissue samples from SARS-CoV-2-in-
fected and uninfected control individuals using our curated set of
cellular bioenergetics genes (table S2) plus the MitoCarta and Mi-
toPathway gene lists (43, 44).

We also conducted studies in 6- to 7-week-old male golden
Syrian hamsters (Mesocricetus auratus; Charles River Laboratories)
infected with the USA-WA1/2020 strain of SARS-CoV-2 (57) and
16-week-old female C57BL/6 mice and 10- to 12-week-old female
BALB/c mice infected with the mouse-adapted MA10 strain of
SARS-CoV-2 (58). All animal experiments were conducted using
approved standard operating procedures and safety conditions for
SARS-CoV-2 in BSL3 facilities following the safety requirements
outlined in the Biosafety in Microbiological and Biomedical Labo-
ratories, sixth edition. Protocols were approved by the Institutional
Animal Care and Use Committee at Icahn School of Medicine,
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Mount Sinai, NY (57) and University of North Carolina (UNC),
Chapel Hill (58).

For all experiments, the preprocessing steps were blinded until
the higher-order analysis. No outliers or data were excluded from
any of the analyses.

Human nasopharyngeal swab sample collection for RNA-
seq analysis

Nasopharyngeal specimens were collected from 216 COVID-19-
positive and 519 COVID-19-negative patients. We also included
17 positive (Vero E6 cells) and 33 negative (buffer) controls using
BD Universal Vial Transport Media System (Becton Dickinson and
Company). Total nucleic acid was extracted using the automated
QIAsymphony and the DSP Virus/Pathogen Mini Kit (Qiagen) as
described (42). DESeq2 (63) was used to generate the differential
gene expression data.

Human autopsy tissue collection for RNA-seq analysis
Autopsy heart, kidney, liver, lymph node, and lung samples were
collected from 35 to 36 patients and five to eight controls with
the consent of the next of kin and permission for retention and re-
search use. Samples were placed directly into TRIzol, homogenized,
and then snap-frozen in liquid nitrogen (64).

The subdivision of autopsy cases into "high viral load” and “"low
viral load” on “admission” was determined from the nasopharyn-
geal swab samples from patients with COVID-19 at the time of in-
fection and hospital visit. The viral loads were assessed with a
quantitative reverse transcription polymerase chain reaction
(qQRT-PCR) cycle threshold (Ct) value of SARS-CoV-2 primers,
with Ct of less than or equal to 18 being assigned to high viral
load and Ct between 18 and 40 being assigned to low viral load.
Ct values above 40 were classified as negative.

RNA sequencing and analysis

Autopsy and nasopharyngeal samples were placed in TRIzol, ho-
mogenized, and frozen. RNA-seq libraries were prepared by the
New York Genome Center using the KAPA Hyper Library Prepa-
ration Kit + RiboErase, HMR (Roche). rRNA-depleted samples un-
derwent first- and second-strand cDNA synthesis followed by
adenylation and ligation of unique dual-indexed adapters. Libraries
were amplified using 12 cycles of PCR and cleaned up by magnetic
bead purification, quantified using PicoGreen (Life Technologies)
or Qubit Fluorometer (Invitrogen) and Fragment Analyzer (Ad-
vanced Analytics), and sequenced on a NovaSeq 6000 sequencer
(v1 chemistry) with 2 x 150 base pairs (bp) targeting 60 M reads
per sample. RNA-seq data were processed as described by Butler
et al. (42) and Park et al. (64).

SARS-CoV-2 MA10 infection of mice and RNA-seq on mouse
lung tissues

The mice were housed in the UNC ABSL3 facility on a 12:12 light
cycle using autoclaved cages (Tecniplast, EM500), irradiated Bed-o-
Cob (ScottPharma, Bed-0-Cob 4RB), ad libitum irradiated chow
(LabDiet, PicoLab Select Rodent 50 IF/6F 5V5R), and autoclaved
water bottles. Animals used in this study included 16-week-old
female C57BL/6 ] (B6) (Jackson Laboratory, stock 000664) or 10-
to 12-week-old BALB/cAnNHsd (BALB/c) (Envigo order code
047) mice, purchased directly from vendors.
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Mice were infected after light sedation, using ketamine (50 mg/
kg) and xylazine (15 mg/kg), by intranasal inoculation with 10* pfu
SARS-CoV-2 MA10 (52) diluted in 50 pl of phosphate-buffered
saline (PBS) or PBS alone (mock infection). Blinded treatment
groups for mice were used throughout the study to limit investigator
subjectivity. Mice were euthanized by an overdose of isoflurane an-
esthetic, and lung tissues were collected for subsequent processing.

RNA from inferior mouse lung lobes was extracted using TRIzol
reagent (Thermo Fisher Scientific), followed by overnight precipi-
tation at —20°C, and quantified using a NanoDrop spectrophotom-
eter (Thermo Fisher Scientific). rRNA from 1000 ng of total
extracted RNA was depleted using a NEBNext rRNA Depletion
Kit (Human/Mouse/Rat; New England Biolabs Inc.). The remain-
ing RNA was used to produce the sequencing libraries using the
NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
(New England Biolabs Inc.) with AMPure XP (Beckman Coulter
Life Sciences) for all bead cleanup steps. The libraries were se-
quenced on a NovaSeq 6000 System, using a NovaSeq 6000 SP
Reagent Kit v1.5 (Illumina).

Analysis of RNA-seq data from SARS-CoV-2-infected

mouse tissues

The RNA-seq reads were aligned to the Mus musculus BALB/c or
C57Bl/6 genome (v1.100) and the SARS-CoV-2 MA10 genome
(MT952602) using the CLC Genomics Workbench v20.0 (https://
digitalinsights.qiagen.com/) with the RNA-seq and small RNA
analysis pipeline and the RNA-seq analysis module with all stan-
dard settings; the read counts were then calculated. The fold
change and adjusted P values were calculated and used for all down-
stream analyses in a similar manner to those for the human
autopsy data.

SARS-CoV-2 WA infection of hamsters and RNA-seq on
hamster tissues

The generation and processing of hamster tissues and RNA samples
were performed as described in (57).

Transfection of 3D HUVEC tissue with miR-2392 mimics
Mature human 3D microvascular tissues were grown by seeding
HUVECs (Lonza, catalog no. CC-2519) into a collagen/Matrigel
mixture as described previously (53). Briefly, HUVECs were first
grown in EGM endothelial cell growth medium (catalog no. CC-
3124), then cells (1 x 10%/ml) were embedded into a collagen/Ma-
trigel mixture (catalog nos. 354236 and 356230). Microvessels were
grown in EGM-2 endothelial cell growth medium (catalog no. CC-
3162) plus 50 nM phorbol 12-myristate 13-acetate (catalog no.
524400) for 7 days to form tubular microvessels before irradiation.
These tissue models were used to study vascular changes associ-
ated with miR-2392 mimics. The 3D HUVEC tissues were incubat-
ed according to the manufacturer's instructions with the miR-2392
mimics or control lentivirus particles (multiplicity of infection 1)
for 48 hours. Specifically, we used the shMIMIC Lentiviral micro-
RNA hsa-miR-2392 hCMV-TurboGFP UHT kit with the SMART-
vector Non-targeting hCMV-TurboGFP Control Particles for the
control vehicle transfection (Horizon Discovery Biosciences
Limited, catalog nos. VSH7357 and VSC10236). The tissue con-
structs used for miR-2392 mimics were dissolved in TRIzol
(Thermo Fisher Scientific, catalog no. 15596026) 48 hours after
transfection, without any fixation or homogenization. Cell
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culture, RNA analysis, and data processing of miR-2392 mimic ex-
periments in SH-SY5Y cells and RNA-seq were conducted as de-
scribed previously (60).

RNA-seq of 3D HUVEC-MT tissue transfected with miR-
2392 mimics

RNA was extracted using the RNeasy Universal kit (Qiagen, Valen-
cia, CA). Gel matrix cryotubes containing the cells of interest were
taken out of —80°C, and 1 ml of QIAzol reagent was added to the
tubes. Each sample contained 300 to 800 pl of gel matrix and about
500,000 cells. Whereas the gel matrix was thawed in QIAzol, the sol-
ution was pipetted and vortexed until fully dissolved. The lysate was
passed through a QIAshredder column (Qiagen, Valencia, CA) to
further homogenize the cells. One hundred microliters of
genomic DNA eliminator solution was added. The resulting lysate
from each sample was then used to isolate and purify RNA following
the manufacturer’s protocol. RNA was eluted in 30 to 50 pl of ribo-
nuclease-free H,O. The concentration of all RNA samples was mea-
sured using Qubit 3.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA) with Qubit RNA BR kit after SOP 4.1-RNA/
DNA/miRNA/cDNA quantification using a Qubit Fluorimeter.
RNA quality was assessed using the Agilent 4200 TapeStation
with the Agilent RNA ScreenTape (Agilent Technologies, Santa
Clara, CA).

Ribosomal RNA depletion and library preparation were done
with Illumina TruSeq Stranded Total RNA Library Prep Gold (Illu-
mina Inc., San Diego, CA). Input RNA was about 500 ng with RNA
integrity number (RIN) > 6.5 (average RIN of 8.7). Index adapters
used were at 1.5 pM (IDT, 384-well xGen Dual Index UMI Adapt-
ers). Fifteen cycles of PCR were performed. Library fragment size
was assessed using an Agilent 4200 TapeStation System with
D1000 DNA ScreenTape (Agilent Technologies, Santa Clara, CA)
after GeneLab SOP 6.3 quality analysis of sequencing libraries
using a 4200 TapeStation System with D1000 reagent kit. Pooled
library concentration was measured by a Qubit 4 Fluorometer
(Thermo Fisher Scientific, Waltham, MA) after SOP 4.1-RNA/
DNA/miRNA/cDNA quantification using a Qubit Fluorimeter.
Library quality assessment was performed on an iSeq100 (Illumina,
San Diego, CA).

RNA-seq was performed by GeneLab Sample Processing Lab on
an Illumina NovaSeq 6000. Sequencing was set up as follows: Read
1: 151 bp, Index1: 17 bp (8 bp index + 9 bp UMI), Index 2: 8 bp,
Read 2: 151 bp. PhiX was included as an internal control and to in-
crease library diversity. The protocol followed is SOP 7.1-Setting up
NovaSeq 6000 and iSeq 100 Sequencers.

Raw fastq files were assessed for % rRNA using HTStream
SeqScreener (version 1.3.2) and filtered using Trim Galore!
(version 0.6.7) powered by Cutadapt (version 3.7). Raw and
trimmed FASTq file quality was evaluated with FastQC (version
0.11.9), and MultiQC (version 1.12) was used to generate
MultiQC reports. Homo sapiens STAR and RSEM references were
built using STAR (version 2.7.10a) and RSEM (version 1.3.1), re-
spectively, Ensembl release 101, genome version GRCh38 (Homo_-
sapiens.GRCh38.dna.primary_assembly.fa) concatenated with
ERCC92.fa from Thermo Fisher Scientific (https://assets.
thermofisher.com/TFS-Assets/LSG/manuals/ERCC92.zip), and
the following GTF annotation file: Homo sapiens. GRCh38.101.gtf
concatenated with the ERCC92.gtf file from Thermo Fisher Scien-
tific (https://assets.thermofisher.com/TFS-Assets/LSG/manuals/
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ERCC92.zip). Trimmed reads were aligned to the H. sapiens +
ERCC STAR reference with STAR (version 2.7.10a), aligned reads
were assessed for strandedness using RSeQC Infer Experiment
(version 4.0.0), and then aligned reads from all samples were quan-
tified using RSEM (version 1.3.1), with strandedness set to forward.
Quantification data were imported to R (version 4.1.2) with txim-
port (version 1.22.0) and normalized with DESeq2 (version 1.34.0)
(63) median of ratios method. Differential expression analysis was
performed in R (version 4.1.2) using DESeq2 (version 1.34.0); all
groups were compared using the Wald test, and the likelihood
ratio test was used to generate the F-statistic P value. Gene annota-
tions were assigned using the following Bioconductor and annota-
tion packages: STRINGdb (v2.8.4), PANTHER.db (v1.0.11), and
org.Hs.eg.db (v3.15.0). All other analysis was similar to what is de-
scribed for the other RNA-seq data.

miR-2392 seed distribution in nDNA mitochondrial

gene mRNAs

We obtained all human mitochondrial genes from the Broad Insti-
tute MitoCarta database (www.broadinstitute.org/mitocarta/
mitocarta30-inventory-mammalian-mitochondrial-proteins-and-
pathways) on 17 May 2022 (43, 44). The unique genes were analyzed
using the Target Mining function of the tool miRwalk version 3,
which provided an advanced search option for several miRNAs or
gene targets. For this project, we mined all human mitochondrial
genes and filtered those that were targeted by hsa-miR-239. The re-
sulting human mitochondrial genes were categorized by their func-
tion pathways. The presence of different splicing isoforms
overestimated the number of different miRNA targets over the 3’
untranslated region of the same transcriptional unit; therefore, we
filtered accordingly and visualized the nonredundant target
numbers in a radial hierarchical map.

Proteomic and transcriptomic analysis of human blood and
nasopharyngeal samples, and of CaCo-2 cells

Transcriptomic and proteomic changes in paired blood and naso-
pharyngeal samples from patients with COVID-19 were obtained
from the published data (47). Mass spectrometry—based proteomic
data for CaCo-2 cells 24 hours after infection with SARS-CoV-2
were obtained from the same publication (47). Two-dimensional
annotation enrichment for RNA-seq and proteomics data was per-
formed using Perseus 1.6.14.0 for proteomic and transcriptomic
analysis of mitochondrial genes (65, 66) (www.nature.com/
articles/nmeth.3901; https://bmcbioinformatics.biomedcentral.
com/articles/10.1186/1471-2105-13-S16-S12).

Whole blood transcriptome data and plasma proteome data were
downloaded from the COVIDome Explorer Researcher Portal (66).
The following filters were used for transcriptome data: category,
"Effect of COVID-19 status”; platform, “Blood"; statistical test, “Stu-
dent's t-test”; adjustment method, “none”; sex, “male” and “female”;
age group, "All”. Similar filters were used for proteome data: cate-
gory, “Effect of COVID-19 status”; platform, “SOMAscan”; statisti-
cal test, “Student’s t-test”; adjustment method, “none”; sex, “male”
and “female”; age group, "All." Mitochondrial genes were analyzed
at both transcriptome and proteome levels, and we visualized the
data using RStudio Desktop 1.3.1093, ggplot2 version 3.3.2, and
ggrepel version 0.8.2 ggrepel.
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Analysis of human monocyte RNA-seq data

The monocyte COVID-19 RNA-seq data, published under acces-
sion number GSE159678 (48), were downloaded from the National
Library of Medicine's Sequence Read Archive, and gene expression
was quantified using Salmon'’s selective alignment approach (67).
The RNA-seq processing pipeline was implemented using pyrpipe
(68) (https://github.com/urmi-21/pyrpipe/tree/master/case_
studies/Covid_RNA-Seq). Exploratory data analysis and differential
expression analysis were performed using MetaOmGraph (69).

Analysis combining human autopsy and nasopharyngeal
sample RNA-seq data

To combine the results from the autopsy and nasopharyngeal swab
RNA-seq data, we used the t-score values from the DESeq?2 analysis.
Heatmaps were displayed using pheatmap (version 1.0.12). Circular
heatmaps were produced in R (version 4.1.0), using the Complex
Heatmap (70) (version 2.9.4) and circlize (71) (version 0.4.12)
packages.

Enrichment analysis of miRNA gene targets in human
mitochondrial pathways

To associate miRNA gene targets with human mitochondrial path-
ways, we calculated P values using the Fisher's exact test for each set
of pathway terms in the Human MitoCarta 3.0 hierarchy (44). We
adjusted the P values using the Benjamini-Hochberg method to
keep the overall significance below 0.05. The Human MitoCarta
pathway has three levels in the hierarchy. The first level has seven
pathway categories, the second level has 39, and the third level
has 103.

Metabolic modeling and statistical analyses

We simulated the optimal fluxes of each metabolic reaction for each
RNA-seq sample, using an adjusted version of a context-specific
constraint-based metabolic modeling method (51). We constructed
a context-specific genome-scale metabolic model for each RNA-seq
sample by subsetting metabolic reactions in the Reconl metabolic
model (72) using CORDA and cobrapy (73) based on the RNA-seq
profile expression of genes associated with each metabolic reaction.
When applying CORDA, we assigned a high expression confidence
score of 3 to the top 35% of highest expressed genes, a medium con-
fidence score of 2 to the 35 to 85% of highest expressed genes, and a
low confidence score of 1 to 85 to 100% of highest expressed genes
to minimize the SD of flux levels across samples from each group for
all groups. In addition, we manually activated the following essen-
tial pathways that were considered to be necessary for the model
stability because these essential pathways may not be properly acti-
vated based on RNA-seq data alone: “Oxidative phosphorylation,”
“Citric acid cycle,” "Glycolysis/gluconeogenesis,” “CoA biosynthe-
sis," "CoA catabolism,” "NAD metabolism,” “Fatty acid metabolism,"
“Fatty acid activation,”"Fatty acid elongation,” “Fatty acid oxidation,"
“ROS detoxification,” and “Biomass and maintenance functions.”
On each context-specific genome-scale metabolic model, we
applied flux balance analysis (FBA) with each reaction as the objec-
tive to optimize the flux of the objective reaction. The linear pro-
gramming optimization problems were solved by Gurobi solver
(Gurobi Optimization, LLC, 2020) with the reference manual at
www.gurobi.com. All modeling procedures were implemented
within a Jupyter-Notebook 6.1.5 using Python 3.7.7 (84).
Whereas gene expression was applied to the modeling procedure
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by each RNA-seq sample, all other parameters were maintained
identically for all RNA-seq samples. The modeling procedure re-
ported the outcome as the FBA-generated optimal flux of all avail-
able reactions of each context-specific metabolic model constructed
from each RNA-seq sample, and the optimal flux was analyzed as
variables for comparison between grouped cohorts as discussed in
the text. Given that it is impossible to presume variance or normal-
ity of flux distributions within and between cohort groups, a non-
parametric Van der Waerden (VAW) test was applied to compare
groupwise flux using the R matrixTests package (v. 0.1.9). Some
pathways were chosen on the basis of mitochondria-associated con-
nection or COVID-19-associated peculiarity and selected reactions
with significant P < 0.05.

Gene set enrichment analysis

For pathway analysis, we used fast gene set enrichment analysis
(fGSEA) (67). Pathway analysis was done using custom-made
gene set files from either MitoPathway or the genes that we
curated (available in table S2). Using fGSEA, all samples were com-
pared with controls, and the ranked list of genes was defined by the
t-score statistics. The statistical significance was determined by 1000
permutations of the gene sets (74).

Statistical analysis

The statistics for all the analyses either included the P values or ad-
justed P values (i.e., FDR). For the RNA-seq data, the statistics for
the differential expression analysis were calculated with adjusted P <
0.05. The values for both human and hamster RNA-seq data are
shown as t scores and for mouse RNA-seq data as log, (fold
change). All GSEA analysis statistics are shown as FDR < 0.25,
and all QLattice data are shown as associated P values with Pear-
son’s correlation scores.
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