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Lethal COVID-19 outcomes are attributed to classic cytokine storm. We revisit this using RNA
sequencing of nasopharyngeal and 40 autopsy samples from patients dying of SARS-CoV-2.
Subsets of the 100 top-upregulated genes in nasal swabs are upregulated in the heart, lung,
kidney, and liver, but not mediastinal lymph nodes. Twenty-two of these are “noncanonical”
immune genes, which we link to components of the renin-angiotensin-activation-system that
manifest as increased fibrin deposition, leaky vessels, thrombotic tendency, PANoptosis, and
mitochondrial dysfunction. Inmunohistochemistry of mediastinal lymph nodes reveals altered
architecture, excess collagen deposition, and pathogenic fibroblast infiltration. Many of the
above findings are paralleled in animal models of SARS-CoV-2 infection and human peripheral
blood mononuclear and whole blood samples from individuals with early and later SARS-CoV-2
variants. We then redefine cytokine storm in lethal COVID-19 as driven by upstream immune
gene and mitochondrial signaling producing downstream RAAS (renin-angiotensin-aldosterone
system) overactivation and organ damage, including compromised mediastinal lymph node
function.

COVID-19 | fibrosis | renin angiotensin aldosterone system

COVID-19, caused by the single-stranded RNA virus, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), is responsible for extensive global morbidity and mortality (1). Various
studies have probed the molecular underpinnings of patient responses to the virus for the most
severe consequences. These studies employed RNA sequencing (RNAseq) analyses of nasal swabs
and blood cells but less often visceral tissues (2, 3). Initial RNAseq analysis of nasal swabs and
cell models showed that a deficit in responses of classic interferon (IFN) driven viral defense genes
might account for overactive innate immune responses in infected patients. However, subsequent
analyses indicated IFN genes are robustly upregulated, especially in the nasopharynx (2, 4).
RNAseq and metabolomic analysis of bronchoalveolar lavage fluid (BALF), whole blood, and
serum collected from severe COVID-19 patients displayed excessive cytokine levels correlating
with COVID-19 severity (3, 5, 6). However, no studies have investigated the effect of COVID-19
on the immune system in a full spectrum of autopsy organs, which is imperative to understanding
how deficits in innate and adaptive immune responses can result in tissue damage leading to lethal
outcomes (7).

Many critically ill patients with COVID-19 and post-acute sequelae of COVID-19 (PASC) have
shown damage to multiple organ systems, including severe lung, kidney, and cardiac injury, liver
dysfuction (8), and lymphedema (9). One possible explanation for this widespread organ damage
might be a chronic overactivation of RAAS (10, 11). RAAS normally regulates blood pressure but,
when chronically overactivated, triggers a cascade of inflammatory tissue-damaging events, which
are prominent in hereditary angioedema (HAE), an organ dysfunction disorder with similarity to
severe COVID-19 (10). Proper regulation of RAAS activity is controlled by ACE2, the receptor for
cellular entry of SARS-CoV-2, and a key upstream event for RAAS overactivation is the reduction
of ACE2 (10). Indeed, one BALF RNAseq study of severe COVID-19 patients reported altered
levels of two RAAS components, bradykinin and hyaluronic acid (HA), and decreased levels of
SERPING], which normally inhibits RAAS signaling to balance complement activity levels. Our
data suggest that severe COVID-19 reflects a disease driven by a “bradykinin storm”, wherein a
vascular leak syndrome results in severe pulmonary inflammation with respiratory compromise and
risk of thrombosis (12).

Previous studies have reported mitochondrial dysfunction in COVID-19, revealing that mito-
chondrial defects activate the innate immune system by disrupting mitochondrial oxidative phos-
phorylation (OXPHOS) and elevating mitochondrial reactive oxygen species (mROS) (7). The
result is a release of mitochondrial DNA (mtDNA) and mitochondrial double-stranded RNA
(mtdsRNA) into the cytosol (13, 14). Cytosolic mtDNA and mtdsRNA can be detected by innate
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immune sensors, resulting in the activation of an innate immune response
and initiation of cell death pathways (6, 13—17). Hence, viral inhibition
of mitochondrial bioenergetics may play an essential role in the activation
and intensity of SARS-CoV-2-induced inflammation.

We now rigorously probe how damage to multiple organs may occur in
patients with lethal outcomes from COVID-19 by comparing transcriptomic
changes in nasopharyngeal samples and autopsy tissues and performing his-
topathology measurements to validate immune defects correlated with RAAS
activation as suggested by our transcriptomic findings. We link transcrip-
tional changes to the critical role of mitochondrial damage, which induces
this organelle to act as a gateway to activation of the innate immune response
and integrated stress response (ISR). Further, we validate our findings in
murine models of SARS-CoV-2 infection and through examination of
peripheral blood mononuclear cells (PBMCs) and whole blood samples from
individuals infected with both early and later SARS-CoV-2 variants.

A significant finding is that in nasopharyngeal samples, the top-
upregulated innate and adaptive immune genes are linked as upstream
signals to extensive gene alterations corresponding to RAAS-overactivation.
Our results reveal a complex interplay between upstream immune gene
signaling and downstream RAAS activation to induce lethal damage to
multiple organ systems and an expanded view of the cytokine storm concept
in COVID-19 (18). While others have suggested this RAAS paradigm (11),
detailed primary data for the full spectrum of events have been lacking in
the COVID-19 literature. Our present work now indicates the involvement
of many genes not previously focused upon, highlighting components of
overactive RAAS signaling, such as PANoptosis, a process mediating mul-
tiple modes of cell death. A seminal finding, which we document with
laboratory studies, is how the RAAS component of excess fibrin deposition
and associated collagen deposition is associated with fibroblast infiltration
of the mediastinal lymph nodes, correlating with altered lymph node archi-
tecture, histological indicators of fibrosis, and immune cell abnormalities,
which may all contribute to a reduced immune response integral to
COVID-19 patient mortality.

Results

Sample Collection for RNAseq Analysis and SARS-CoV-2 Viral
Load. We quantified the relative expression level of human and SARS-
CoV-2 transcripts from RNAseq data collected from 735 nasopharyngeal
and in 40 lung, heart, kidney, liver, and mediastinal lymph node
autopsy samples SARS-CoV-2 positive and negative individuals. Our
analysis revealed high levels of SARS-CoV-2 transcripts in the human
nasopharyngeal samples, but virtually undetectable SARS-CoV-2
transcripts in the human autopsy samples (SI Appendix, Table S1).

As we could not correlate analyses with precise time points after
COVID-19 diagnosis, we analyzed expression levels of host genes and
SARS-CoV-2 genes in RNAseq data from SARS-CoV-2 infected Syrian
hamsters and C57BL/6 and BALB/c mouse models, where sample collection
timing is controlled. Samples were collected when viral titers had peaked in
the lung. In the mice, lung samples were also collected after peak viral titers
(SI Appendix, Table S1). SARS-CoV-2 gene transcripts were highest in the
hamster lungs, followed by the BALB/c and C57BL/6 mouse lungs, while
no significant levels of SARS-CoV-2 transcripts were detected in the hamster
heart, kidney, or brain (striatum, cerebellum, olfactory bulb). Together, these
analyses enabled us to assess COVID-19 progression early in infection in
the nasopharyngeal and hamster samples, mid-infection in the mice, and
after the virus had been cleared in the human autopsy tissues.

Early-Stage Transcript Changes in Human Nasopharyngeal
Samples.

Individual responses to SARS-CoV-2 infection. To survey individual gene
expression responses to SARS-CoV-2, a z-score vector of gene expression for
positive samples versus PCR “None” group was generated per nasopharyngeal
sample, and the ranked z-score vector was used for gene enrichment analysis
versus selected gene sets (S/ Appendix, Table S2). Fig. 14 shows the normalized
enrichment score (NES) results within the Hallmark IFNa gene set and reveals
that for most immune-related gene sets, the group effects were significantly
linear for the amount of PCR-detected SARS-CoV-2 between groups.
Upregulated, canonical innate immune genes. We next determined
relative gene expression levels from RNAseq data in SARS-CoV-2 positive
and negative nasopharyngeal samples (Fig. 1 B—E) fitted for viral load
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using curated gene lists to characterize the highest up- and down-regulated
genes in samples from COVID-19 infected versus negative patients to
guide subsequent analyses.

Twenty-nine of the most differentially upregulated genes, which we

term “canonical” innate immune genes, are the well-known IFN-driven
and sensitive (ISG) genes for proteins processing viral dsRNA, including
IFIH]I, IFIT2, OASI-3, STAT2, ISG20, DDX60, and ISG15 among others
(Fig. 1 B-D). These canonical genes again stratify with increasing viral
load (Fig. 1D) and with induction of the IFNa gene set enrichment anal-
ysis (GSEA) pathway (Fig. 1A4). All canonical genes were upregulated
except for IL1A, which was down-regulated (Fig. 1D). Importantly, IL1A
is released from infected cells to signal immune clearance (19); thus, its
downregulation could prevent these cells from being cleared. Additionally,
several genes for protein assembly factors for surface expression of the
histocompatibility complex (MHC) 1 allow complex antigen recognition
and NF-kB and TNF-related genes were upregulated.
Noncanonical innate immune genes. Among the most differentially
upregulated genes are 22 ISGs, not generally noted in COVID-19
papers but designated in literature as IFN, ISG genes. We termed these
“noncanonical” innate immune genes (Fig. 1 B-D). These genes were
stratified with increasing viral load in nasal swab samples and were all
significantly upregulated except for CMTM4, whose downregulation may
contribute to a heightened inflammatory state through reduced membrane
retention of PD-L1 (20). Importantly, these genes encode proteins that play
important roles throughout our narrative, and some key aspects include:
1) SERPINGI, crucial for controlling complement pathway activation,
a key event in severe tissue-damaging inflammation (10, 21); 2) PLVAD,
an endothelial cell-specific membrane protein required for controlling
microvascular permeability and barrier function of gut endothelium (22);
when deleted in mice triggers fluid and protein leakage into surrounding
tissues and premature death (23). 3) RNF213, a C3HC4-type RING-finger
domain that facilitates Class I MHC antigen processing and presentation
and Wnt-signaling inhibition (24, 25). 4) HERC5/6, both of which act
as antiviral IFN proteins interacting with ISG15, an ISGylation ligase-
type enzyme that targets viral-RNA/proteins for degradation (26-28).
5) Five poly (ADP-Ribose) polymerase (PARP) genes are upregulated
(Fig. 1D), which respond to cellular stressors, including oxidative stress,
DNA damage, and pathogen infection (29). Most PARPs are ribosylases
and MARylases, blocking the translation of viral RNAs and targeting viral
proteins for degradation (29). Notably, several upregulated noncanonical
genes, encoding ZNFX1, ZBP1, GSDMB, XAF1, and CMPK2, utilize
mitochondria to facilitate activation of the innate immune system. Among
these, the top one, ZNFX1, encodes a zinc finger helicase, which, upon viral
infection, recognizes viral dsRNA and shucttles to the outer mitochondrial
membrane to restrict viral replication (30, 31). ZBP1 has the potential
to induce multiple modes of cell death, including apoptosis, pyroptosis,
necroptosis, and PANoptosis (32-35) (Fig. 1D). GSDMB is an integral
member of the gasdermin (GDSM) family of death mediators (36); XAF1
mediates TNFa-induced apoptosis (37); CMPK2 stimulates mtDNA
synthesis, a key dynamic for inducing inflammasome signaling (13, 38).
Down-regulated IL-1 family and antimicrobial response-associated
genes. Eighty-three genes displayed a significant negative association with
viral load in the nasopharyngeal samples (Fig. 1 B and E). These genes
encompass seven functional categories including 1) four sulfonation-
associated genes (SULT2BI1, SULTIEI, SULT1BI, PAPSS2); 2) seven
selenoamino acid metabolism (RPL4/5/6/7, RPS3A/4X/S6) genes; 3)
twenty-five cornification and keratinization-associated genes; 4) eight
antimicrobial peptide/degranulation genes; and 5) eight IL-1 family genes.
The latter two categories have been previously suggested to be cytokine
storm components during SARS-CoV-2 infection (39), and sulfonation
and selenoamino acid metabolism gene upregulation indicate the
potential involvement of keratinocytes in SARS-CoV-2 nasopharyngeal
pathogenesis.

Later-Stage Transcript Changes in Human Autopsy Tissues and
Rodent Antecedents. To better understand inflammation processes
that underlie severe COVID-19, we compared transcription in the
nasopharyngeal samples to a multitude of autopsy tissues and further
validated key findings in SARS-CoV-2 infected-hamster and -C57BL/6
and -BALB/c mice.

Comparison of canonical, inflammation, and antigen presentation
genes. Despite the absence of SARS-CoV-2 transcripts, activation
of immune and inflammatory genes is seen in all assessed tissues
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except for liver and lymph nodes. In total, 25 canonical immune
genes highly expressed in nasopharyngeal samples retain significant
upregulation across the heart (17 genes), kidney (17 genes), and lung
(14 genes) (Fig. 2). In sharp contrast, in both liver and lymph nodes,
only 2 genes are upregulated, and 7 are down-regulated, including
those encoding Type 1 (HLA) associated genes (Fig. 24). In lung,
heart, and kidney as compared to a lesser extent in the nasopharyngeal
samples, there is robust upregulation of death-associated TNF-
superfamily (TNFSFs) genes that accompany IFN-signaling (40)
(Fig. 24) including 7NSF10 in heart, and TNSF1/5/9 and TNFAIPG
in the lung. Additionally, CXCL10/11 are upregulated in lung, heart,
kidney, and nasopharyngeal samples (Fig. 24). CXCL10 is a potent
inflammatory cell chemotactic chemokine known to be increased in
the serum of severe COVID-19 patients (41) and mouse lungs infected
with SARS-CoV-2 (42).

Noncanonical genes in autopsy tissues. The genes, introduced in
the preceding section and all highly expressed in nasopharyngeal swab
samples, present a more heterogenous expression in autopsy tissue samples
(Fig. 2A). These include: 1) GBP1, IFNy, and cytokine signaling genes
(43), retaining high expression levels in the lung, heart, and kidney
(Fig. 2A); 2) HERC5/6 associate with canonical immune gene /SG15
the former of which retains high expression in lung, heart, and kidney
(Fig. 24); 3) the ISR initiating genes EIF2AK2 and MXI (44) are
upregulated in the nasopharyngeal samples, but this augmentation is
only retained in the kidney with significant downregulation noted the
in mediastinal lymph nodes. PARP9/12/14, highly upregulated in the
nasopharyngeal samples, remained upregulated in the autopsy lung, heart,
and kidney (Fig. 24). Additionally, ZBPI1, GSDMB, XAFI, and CMPK2
upregulated in the nasopharyngeal samples, retain their high expression
in the lung, heart, and kidney and, to a lesser extent, in the liver.
Particular implications of innate immune gene expression in
mediastinal lymph nodes. Only 5 of 36 robustly upregulated innate
immune genes in nasopharyngeal samples retain upregulation in
mediastinal lymph nodes, while 15 are down-regulated. Upregulated
canonical IFN genes are JFITM3, ISG15, and STAT2; noncanonical genes
are RNF213 (45) and DNA damage sensing genes CGAS and STINGI.
The 15 reduced genes include 5 MHC1-related genes and also ZIVFX1,
SERPING1, and PVLAR for which reduced expression can contribute to
cell death/inflammation (21, 22, 46), and HERC5/6, which upregulates
ISG15 (27) (Fig. 2A). The critical implications of these expression patterns
for compromised mediastinal lymph node immune function is addressed
in more detail later.

PNAS 2024 Vol.121 No.49 2401968121

Downregulated genes of interest in the autopsy tissues. Expanding our
assessment of downregulated genes identified in the nasopharyngeal samples
to human autopsy and animal model tissues revealed that these gene patterns
were primarily relegated to nasopharyngeal samples (S/ Appendix, Fig. S1)
with several notable exceptions. Antimicrobial peptide/degranulation genes
were downregulated in the lymph nodes and across both human and mouse
lung samples, and IL-1 family genes were downregulated in the hamster
lung and heart samples (S/ Appendix, Fig. S1B). In total, our data showed
that SARS-CoV-2 viral load has a negative association with genes in the
broad classes of the IL-1 family, sulfonation/selenoamino acid metabolism,
antimicrobial, and cornification/keratinization. The association of viral load
and tissue site with IL-1 and degranulation highlights the importance of
tissue-level specificity when assessing host responses to viral infection.
Gene expression in SARS-CoV-2 infected rodents. Like our human
tissues, the lung, heart, and kidney of hamsters and lung of C57BL/6
and BALB/c mice show significant upregulation of most canonical and
noncanonical innate immune genes. In the hamster brain, innate immune
gene pathways were upregulated in the olfactory bulb and, to a lesser
extent, in the cerebellum and striatum (Fig. 2 A and B and S/ Appendix,
Figs. S2 and S3). Treatment of C57BL/6 and BALB/c mice with baricitinib
or tofacitinib, which act as Janus kinase inhibitors, decreased activation of
innate immune gene pathways (SI Appendix, Figs. S4 and S5). Together,
these results demonstrate that innate immune genes are upregulated in
the presence of replicating virus in early- and mid-infection in the human
nasopharyngeal and rodent tissues and maintained despite the evidence of
viral infection in other tissues.

Germline mutations in innate immune genes produce symptoms
widely overlapping with those in severe COVID-19 patients.
Considering syndromes induced by germline mutations in canonical and
noncanonical genes (S/ Appendix, Fig. S6 and Table S3) provides critical
clues to the importance of their dysregulation for lethal, inflammatory
consequences in COVID-19. Such mutations of canonical immune genes
produce Aicardi-Goutitres syndromes (AGS) wherein overexpression
of IFN-=signaling genes results in constitutive cytokine-storm and often
lethal outcomes in children (47) (SI Appendix, Fig. S6 and Table S3). In
rare families, loss-of-function germline mutations in ZNFXI, our top
upregulated noncanonical gene in nasopharyngeal samples, produce often-
lethal overaction of IFN-signaling only when affected individuals encounter
pathogens (30). ZNFX1 is highly expressed in nasal swab samples but has
litle to no expression in all autopsy samples (Fig. 24 and SI Appendix,
Fig. S6 and Table S3). As outlined in S/ Appendix, Table S3, germline
mutations in other genes, including: 1) 14429G>A (p.Arg4810Lys)
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polymorphisms in the microvascular permeability regulator, RNF213 lead
to MOYA-MOYA disease generating intracranial artery atherosclerosis,
systemic vascular diseases (45). This gene, upregulated in nasopharyngeal
samples, trends downward in the heart, kidney, and liver (Fig. 24); 2)
germline loss-of-function mutations in the litde-studied PLVAP gene,
required for routine maintenance of microvascular permeability and gut
barrier function, can cause death from severe diarrhea in infants (22).
PLVAP, while upregulated in nasopharyngeal samples, is downregulated
in heart, lung, liver, and kidney (Fig. 24); 3) germline loss and gain of
mutations in, respectively, two noncanonical innate immune genes,
SERPINGI and FI2, which generate excess complement signaling, are
leading causes of HAE, a disorder associated with RAAS-overactivation
(10). Further importance of RAAS activation in our data is outlined
later below. Patients with HAE have vascular and intestinal leakage and a
propensity for thrombotic events (10, 48) as seen in lethal COVID-19 (10,
21). Notably, SERPING1, while upregulated in nasopharyngeal samples,
is downregulated in the lung, liver, and, to a lesser extent, kidney, while
F12 expression is increased in mediastinal lymph nodes (Figs. 1 and 2).

SARS-CoV-2 Infection Alters Extracellular-Mediated Immunity-
Associated Genes. In addition to the above transcriptional changes in
innate and intracellular-mediated immunity genes, we also define the
effects of SARS-CoV-2 infection on the dysregulation of extracellular-
mediated immunity-associated genes. These queries include the categories
of cell surface marker and surface receptor signaling, interleukins,
cytokines, and class II antigen processing and presentation-related
machinery (SI Appendix, Table S2).

COVID-19 nasopharyngeal samples are enriched for upregulated innate
(CSFIR, CCRI, CD80/86) and adaptive (CD3E/4/8/247) immune genes
(Fig. 3 Aand B). In contrast, mediastinal lymph nodes, a central draining
lymph node for the thoracic compartment, show a marked downregulation
of CD4- and CD8-associated genes inclusive of cell surface molecules,
CD2/3E/4/8A/247 and T cell receptor signaling (FYNV, ITK, LCK). Several
innate and adaptive genes have differential expression across most tissue sites.
MICB (NKG2D ligand), which functions as a stress-induced “kill-me” anti-
gen, targeting expressing cells for clearance by natural killer cells (49) is upreg-
ulated in most autopsy tissues. CSFIR and CD3E/4 have conserved
downregulation across most tissue sites (Fig. 34). CSFIR is the receptor for
both CSF and IL-34 and is critical for directing differentiation and prolifer-
ation of mononuclear phagocytes, an essential class of highly professional
antigen-presenting cells (50), while CD3E/4, T lymphocyte helper T cell
genes play key roles in adaptive immune responses (51). Importantly, expres-
sion of class II MHC antigen processing- and presentation-related genes are
altered with their global upregulation in nasopharyngeal samples contrasting
with downregulation in lymph nodes and a mixed expression pattern in other
organ sites (Fig. 34). Within these antigen-presentation-associated genes,
CD74 warrants special mention for both its conserved downregulation across
the autopsy tissues (Fig. 34) and because of its functional importance in load-
ing and chaperoning peptides for antigen presentation (52).

Given the tissue-specific expression of immune cellular markers and
antigen-presentation-associated genes (Figs. 24 and 34), we sought to define
the expression profile of cytokine and interleukin genes, which are critical
regulators of immune cell localization and activation (53, 54). As anticipated,
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inflammatory interleukins and cytokine genes are upregulated in naso-
pharyngeal samples (Fig. 3B). The autopsy tissues also show a broad pattern
of interleukin and cytokine augmentation, most manifest for CXCL9/10/11,
CCL2/8, and ILI5RA (Fig. 34). CXCL9/10/11 are 3 major Thl-type
chemokines, which impart cellular chemotaxis through the CXCR3 receptor
on both lymphocytic and monocytic populations. CCL2/8 are potent aug-
menters of monocytic cell type chemotaxis, with CCL2 having a role in
severe SARS-CoV-2 (55). In contrast to the cytokines, which are critical for
cellular motility, ILI5RA acts as a potent lymphoid and myeloid cell activa-
tion inducer with the potential to facilitate an inflammatory milieu (56).
Together, these interleukin and cytokine patterns reveal a conserved poten-
tiation of chemotactic gradients in human samples, which are known to
attract both lymphocytic and monocytic populations in response to inter-
feron and inflammartory stimuli.

GSEA for the above-conserved patterns of gene perturbation suggests
significant directionality in human samples with a striking induction of extra-
cellular mediated immunity gene sets for nasopharyngeal samples (Fig. 3B).
Interestingly, in the kidney, all gene sets except antigen processing and pres-
entation are enriched, while lung and heart show augmentation of cytokine/
interleukin or interleukin alone, respectively (Fig. 3B). Both liver and medi-
astinal lymph nodes show a conserved downregulation of extracellular medi-
ated immunity, which is manifest for all gene sets in mediastinal lymph nodes,
while liver has downregulated expression for all above gene sets, except
cytokines (Fig. 3B).

‘The above data reveal divergent transcriptional responses in lymphocyte-
associated genes and class II antigen processing/presentation in SARS-CoV-2.
Additionally, lymphoid organs from patients with severe SARS-CoV-2 pres-
ent with transcriptional downregulation of adaptive immune-associated
genes. These data are validated in our animal models of SARS-CoV-2 infec-
tion wherein extracellular mediated immunity genes are increased across all
tissue sites in both Syrian hamster and mouse models of SARS-CoV-2 (Fig. 3
Aand B); further, the mouse model lung samples have a pattern more similar
to human nasopharyngeal samples, while the Syrian hamster model demon-
strates similarity to the human cytokine response (CCL2/8/10) across all
assayed tissue sites.

RAAS Overactivation by Upstream Immune Genes Tracks with
Severe Lethal COVID-19. RAAS signaling normally fluctuates to
maintain blood pressure, but overactivation induces severe inflammation,
as observed in HAE, to trigger its overlapping features with lethal
COVID-19 (10). As others have stressed, no single gene expression
alteration causes pathogenic RAAS but rather the imbalanced patterns
seen in our data below.

Imbalanced angiotensin axis. Chronic diminution of ACE2 or ACE levels
and imbalanced angjotensin (AGT) regulatory axis induce overactivated
RAAS and tissue-damaging events. This results from alterations of AGT2
binding to AGTR1/2 receptors producing vasoconstriction, inflammation,
fibrosis, tissue damage, edema, and activation of NADPH oxidase, which
elevates intracellular ROS levelsmetabolism (S Appendix, Fig. S6 and
Table S2). Mechanisms include activating renin (REN) renal secretion to
generate AGT1 and cleavage of the latter by ACE1, or in the heart by CMAL1
and to act through the MAS] receptor to trigger the above inflammation
consequences (10) Fig. 44 and ST Appendix, Fig. S6 and Table S2). In our
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autopsy samples, gene expression changes would favor AGTR1 activation over
AGTR2/MAS], resulting in RAAS-activation as reflected by downregulation
of ACE2 and AGTR?2 in the lung, CSTA in the heart, and MASI and, to a
lesser extent, AGTR2 in the lymph nodes (Fig. 4B).

Overactivation of complement signaling. This key ACE component
of RAAS can be induced by the leading HAE germline loss and gain of
function mutations, respectively, for two noncanonical innate immune
genes, SERPINGI and F12 (10, 21). SERPINGI inhibits and F12 facilitates
complement activation with accompanying altered downstream regulation
of C1QA, CIR, and CI1S genes (10, 57, 58). Both SERPING1 and F12 are
upregulated in nasopharyngeal samples, but SERPING is downregulated in
the lung, liver, and to a lesser extent in the kidney, while 772 is upregulated in
the lymph nodes and somewhat in the heart (Fig. 4B). C1QA is upregulated
in the nasopharyngeal, lung, heart, and lymph nodes, and CIR in the heart
and lymph nodes while downregulated in the liver, and C5ARI is upregulated
in the lung, heart, and lymph nodes (Fig. 4B). Additional germline mutations
also induce HAE (59), including KNG (60, 61), PLG (62, 63), ANGPTI
(64), MYOF (64) (increased in lung and lymph nodes), and HS376 (64)
(Fig. 4B and SI Appendix, Fig. S6 and Table S3). As outlined below, the
above gene changes can induce vascular disruption and collaborate with
excess fibrosis damage.

PANoptosis. PANoptosis is driven by one of our noncanonical
immune genes, ZBPI, to mediate multiple modes of cell death (32, 54).
ZBP1 is upregulated in nasopharyngeal samples (Figs. 1 and 4B) and retains
high expression in the lung, heart, and kidney and, to a lesser extent, in the
liver (Figs. 24 and 4B). ZBP1 induces different PANoptosis death outcomes
through differential binding to RIPK1, RIPK3, and MLKL (32, 54) as follows:
1) binding to RIPK1 induces NF-kB-signaling and subsequent TNF and
IL6 signaling (32, 54) and 7NE ZBPI, and IL6 expression are coordinately
increased in nasopharyngeal samples and to a lesser extent lung, heart, and
kidney (Fig. 4B). Notably, IL-6, in conjunction with TGE, can also trigger
the development of Th17 inflammatory cells. 2) interaction with RIPK3
encoded by RIPK3, upregulated in heart and lymph nodes (Fig. 4 A and B),
can activate IFN and NF-kB, cGAS-STING, and mitochondrially-bound-
NLRP3 inflammasome signaling, all driving DNA damage to induce dsRNA
and dsDNA release into the cell cytosol which drives inflammasome signaling
(32). The RIPK3-ZBP1 interaction induces necroptosis through pyroptosis, a
process mediated by GSDMs, which function with NLRP3, PYCARD, and
caspases to induce swelling and rupture of cell and mitochondrial membranes
(32, 54). NLRP3 is highly expressed in the lung, kidney, and liver, PYCARD
in the lung and kidney, and CASPI in the nasopharyngeal, heart, kidney,
and to a lesser extent in the lung and liver (Fig. 4 A and B). 3) GSDM/B/C/D
are all significantly upregulated in nasopharyngeal samples and lymph nodes,
GSDMB/Cin the lung, kidney, and heart, and GSDMD in the lung and heart
(Fig. 4B). MLKL-ZBP3 interactions are also central to necroptosis (32, 54).
MLKL is significantly upregulated in nasopharyngeal, heart, kidney, liver, and
lymph node samples (Fig. 4B). ZBP1-RIPK3 interaction with FAAD rather
than MLKL switches cell death toward apoptosis associated with caspases
31718 (32, 54). FAAD, while highly expressed in nasopharyngeal samples,
is significantly downregulated in the liver and lymph nodes, while CASP3
is significantly upregulated in the kidney and highly expressed in all other
sites except the lymph nodes. CASP7/8 is significantly upregulated in the
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nasopharyngeal, heart, and kidney and to a lesser degree in the lung and liver
samples (Fig. 4B). Thus, our overall data suggest ZBP1- RIPK3 interactions
may drive necroptosis and some apoptosis-inducing PANoptosis in lethal
COVID-19.

Fibrin Deposition. Excess fibrin deposition is a vital component of RAAS
overactivation interacting with PANoptosis (10, 57, 58, 65, 66). Despite
no detectable expression in nasopharyngeal samples, three genes encoding
fibrin synthesis enzymes, FGA/B/G, are all significantly upregulated in heart
and lymph nodes and, to a lesser extent, in lungs (Fig. 4B). Serpin protease
family gene expression can initiate cycles of excess fibrin deposition turnover
and another highly expressed, noncanonical immune gene in nasopharyngeal
samples, SERPINE1, which encodes a tissue urokinase inhibits fibrinolysis
(12, 67-69). This gene retains high expression in lung, heart, and lymph
nodes, while SERPINs CI and F2, encoding plasma thrombin inhibitors
(12), while lacking expression in nasopharyngeal samples are significantly
upregulated in lymph nodes and, to a lesser extent, lung and heart (Fig. 4B).
Two other key RAAS over activation components, HA, and bradykinin
(BDK), interact with fibrin excess to cause vascular leakiness. HA binds to
the HMMR receptor, and increased HA in human plasma correlates with
severe COVID-19 while blocking elevated HA in SARS-CoV-2 infected
mice decreases mortality (12, 70). Three hyaluronan synthase isoenzyme
genes, FHAS1/2/3, HAS2, are increased in the lung, liver, and kidney, and
HAS3 in lymph nodes. HYAL2, which degrades HA (71, 72), while having
low expression in nasopharyngeal samples, is significantly decreased in lung,
kidney, and liver, while FMMR is increased substantially across lung, heart,
and liver samples (Fig. 4B). BDK production is facilitated by F12 to mediate
the conversion of prekallikreins KLK1-15 to kallikreins and their conversion
to bradykinin by KNG1, KLKB1, and CPN1, which bind to BDKRB1/2
(73). SPINKS is a serine protease that inhibits KLKS5/7/14. More nuanced
changes in these genes occur in our data, but while having little or no
expression in nasal swab samples; KLK10 is significantly upregulated in
the kidney; KLK11 trends upward in the heart, liver, and kidney, KLK74
is upregulated in the kidney, liver, and lymph nodes; and SPINK5 is
significantly downregulated in nasopharyngeal samples (Fig. 4B).

In conclusion, our data suggest that changes in the expression of upstream
essential immune genes are downstream drivers for RAAS overactivation
contributing to PANoptosis, excess complement, fibrin, and HA deposition,
which induce vascular and other tissue-damaging events in lethal
COVID-19. Importantly, these changes suggest severe damage to medias-
tinal lymph nodes in lethal COVID-19, as explored more deeply below.

Severe SARS-CoV-2 Disrupts Lymphoid Organ Architecture with
an Associated Accumulation of Pathogenic Fibroblasts. Immuno-
histochemistry (IHC) studies validate the above transcriptomic changes and
further define severe damage to mediastinal lymph nodes. First, as compared
to autopsy controls, there is a small reduction in CD3" cells (Fig. 5A4), which
is consistent with the downregulation of lymphocyte markers (CD4, CD8A)
(Fig. 34). Second, our transcriptomic findings of increased expression of
complement activation/fibrin deposition-related genes and association with
excess fibrin deposition fit with the known recruitment of proliferative,
collagen-producing fibroblasts to provide long-term remediation of tissue
damage (74). Indeed, there is a striking increase in the prevalence of a cellular
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population with IHC staining for fibroblast surface protein (FSP) (Fig. 5 B reticulin and trichrome staining, there is an overall increase in collagen fiber
and C). Third, in association with the above increase in fibroblasts, there is a width in the lymph node autopsy samples relative to controls (Fig. 5 A and
marked increase in the lymph node samples for both fibrosis percentage (Fig. 5 ). In summary, these IHC data reveal a reduction in CD3" lymphocytes
Dand F) and fiber intensity (Fig. 5 £and F) as assessed by reticulin staining. within the mediastinal lymph node co-occurring with significant increases in
This histopathology stain assesses fiber deposition primarily composed of type  fibrosis-associated markers (reticulin, trichrome, collagen) and recruitment

III collagen and fibronectin and is consistent with fibrotic processes (75-77). of pathogenic fibroblasts.

Notably, reticulin fibrosis of lymph nodes has been previously reported to

have an associated pathophysiology in other disease settings, leading to SARS-CoV-2 Upregulates mtDNA/mtdsRNA-Activated Genes. SARS-
impaired vaccination responses and cellular replenishment (78, 79). Fourth, CoV-2 inhibition of OXPHOS elevates mROS, stabilizing hypoxia-inducible
as an extension to the above reticular fiber assessment, Mason’s trichrome factor 1 alpha (HIF-1a) (6, 80-82). Upon activation, HIF-1a inhibits
staining for fibrosis reveals a pronounced increase relative to controls (Fig. 5 OXPHOS and mitochondrial biogenesis, favoring glycolytic metabolism
G and ). Fifth, consistent with collagen being a significant component of ~ and redirecting carbon molecules away from mitochondrial oxidation toward
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nucleic and fatty acid synthesis, thus favoring SARS-CoV-2 biogenesis
(81). Elevated mROS also leads to the oxidation and release of mtDNA
and mtdsRNA into the cytosol (16, 81-83). Once in the cytosol, these
mitochondrial components mimic viral genomes and are detected by sensors
of immunostimulatory RNA/DNA (Fig. 64). Cytosolic mtDNA binds to the
NLRP3- and AIM2-inflammasomes activating CASP1, which triggers the
secretion of interleukins IL-1f and IL-18 and GSDMD-mediated pyroptosis
(15, 16). mtDNA also binds TLR9-MYD88, while mtdsRNA binds to
EIF2AK2/PKR, TLR3-TRIE and DDX58-IFIH1-MAVS. Both mtDNA
and mtdsRNA bind to ZBP1 and cGAS-STING, leading to the induction
of IFN, IRE NF-kB, and their target genes, activating an innate immune
response (81, 83). The binding of mtDNA and mtdsRNA to ZBP1 also
triggers PANoptosis (35, 84) (Fig. 64).

In our prior study analyzing bioenergetic changes in the same human
and rodent samples, we observed transcriptional inhibition of mitochon-
drial genes associated with OXPHOS and increased expression of
HIF-1la-target genes in COVID-19 nasopharyngeal and heart, kidney,
and liver autopsy samples (Fig. 6B). Similarly, the COVID-19 lung
autopsy samples and infected rodent tissues showed elevated expression
of HIF-1a-target genes. OXPHOS suppression in these tissues, due to
decreased OXPHOS transcripts and increased HIF-1a activation, likely
results in elevated mROS levels and the subsequent release of mtDNA/
mtdsRNA, activating an innate immune response. To determine whether
cytosolic mtDNA/dsRNA contributed to an activated immune response
in these tissues, we examined their presence using our custom gene list
(81 Appendix, Table S2).

In the SARS-CoV-2-positive nasopharyngeal samples, where immune
activation was aided by the presence of viral dsRNAs, we observed the highest
upregulation of both mtDNA- and mtdsRNA-activated immune genes
among the human samples (80) (Fig. 6C). Significantly, in the absence of
SARS-CoV-2 RNAs (S Appendix, Table S1), the COVID-19 lung, heart,
and kidney autopsy tissues exhibited substantial upregulation of all
mtDNA/mtdsRNA-activated innate immune pathways. Consistent with the
innate immune data, the mtDNA/mtdsRNA-activated innate immune path-
ways were only mildly upregulated in the liver, and no significant pathway
upregulation was observed in the lymph nodes (Fig. 6 Cand D).

mtDNA/mtdsRNA-activated pathways were also broadly upregulated
in infected SARS-CoV-2-positive rodent lungs, with mouse lungs showing
a greater extent of upregulation compared to hamster lungs, aligning with
the less severe infection observed in hamsters (Fig. 6C). Comparable to the
human autopsy tissues, the heart and olfactory bulb and to a lesser extent
kidney tissues collected from infected hamsters also displayed a considerable

upregulation of all the mtDNA/mtdsRNA-activated pathways, in the
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absence of SARS-CoV-2 transcripts (S Appendix, Table S1). Since no
SARS-CoV-2 transcripts were present in the COVID-19 autopsy and ham-
ster brain and visceral tissues, the activation of these immunostimulatory
sensors is likely due to the release of mtDNA and mtdsRNA.

At the individual gene level, we observed significant upregulation of the
genes encoding for CMPK2, ZBP1, and c¢GAS, as well as the IRF and
NE-kB genes (Figs. 2B and 6D). Notably, CMPK2, which is the
rate-limiting step for mtDNA replication, increases the creation and release
of oxidized mtDNA from the mitochondrion in the presence of elevated
mROS (13, 38). The upregulation of CMPK2 in COVID-19 nasopharyn-
geal, heart, and kidney samples, as well as in rodent lung and visceral tissues,
could contribute to the release of mtDNA from these tissues. Consistent
with previous reports showing that SARS-CoV-2 ORF10 represses MAVS
to help the virus evade the innate immune response (Figs. 2B and 6D), we
observed a robust downregulation of MAVS in SARS-CoV-2-positive naso-
pharyngeal samples and hamster lungs (85). Additionally, the gene encod-
ing EIF2AK2/PKR, which senses viral and mitochondrial dsRNA, was
upregulated in all tissues except for the lymph nodes, where it was down-
regulated (Fig. 6D and SI Appendix, Figs. S8 and S9A). Since EIF2AK2/
PKR plays a crucial role in the ISR, its consistent upregulation suggests
increased activation of the ISR in these tissues (86, 87).

SARS-CoV-2 Activates the ISR and Unfolded Protein Response (UPR)
in Several Tissues. While acute activation of the UPR and ISR helps cells
adapt to environmental stressors and promotes cell survival, chronic signaling
can lead to inflammation and cell death (S Appendix, Fig. S8). Environmental
stresses initiate the ISR through four speclahzed kinases: EIF2AK1/HRI
detects mitochondrial UPR response (UPRMT) activation signaled through the
cleavage and binding of DELE1, EIF2AK2/PKR detects dsRNA, EIF2AK4/
GCN2 senses amino acid deprivation and oxidative stress, and EIF2AK3/
PERK responds to the accumulation of unfolded/misfolded proteins in the
endoplasmic reticulum (UPR®) (86, 87). Activation of EIF2AK1-4 triggers
the phosphorylation of elF2a, leading to the activation of transcription factors
ATF4/5 and their downstream target genes, 1nclud1ng cytokines and death
factors (87, 88) (SI Appendix, Fig. S8). UPR™ activation also upregulates
genes mvolved in ER-homeostasis and cytokines/death factors (88), while
the UPRM" upregulates antioxidant and mitochondrial maintenance genes
(89, 90).

The ISR was significantly activated in all the COVID-19 autopsy tissues
except the lymph nodes (SI Appendix, Fig. S9 A and B). Activation was
highest in the lung and nasopharyngeal tissues, followed by the heart,
kldney, and, to a lesser extent, the hver The UPRMTER was upregulated
in the human lung, and the UPRMT was downregulated in the heart and
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upregulated in the lymph nodes (S/ Appendix, Fig. S10 A and B). In the
infected rodents, the ISR and UPRER were upregulated in the mouse lungs,
with the ISR also upregulated to a lesser extent in the hamster lung, kidney,
and heart (8] Appendix, Fig. S10). Consistent with chronic stress signaling,
the ISR and UPR were most upregulated in the autopsy lung samples,
followed by the mouse and hamster lung samples. For the visceral tissues,
the human heart and kidney displayed increased transcription of ISR-target
genes compared to their hamster counterparts, suggesting increased ISR
activation with COVID-19 progression in these tissues.

At the individual gene level, the genes encoding for EIF2AK4/GCN2
and EIF2AK1/HRI, which sense mitochondrial dysfunction, were upregu-
lated in the human autopsy tissues (S Appendix, Fig. S9B). Genes encoding
PGC-1a, which regulates mitochondrial biogenesis and quality control (91),
and GPX4, AIFM2, PARL, and STARD7, which detoxify lipid peroxidation
and inhibit ferroptosis (92, 93), were strongly downregulated in the human
heart and kidney autopsy tissues. Their downregulation would elevate
mROS, contributing to the innate immune response in these tissues
(SI Appendix, Fig. S10A).
miR-2392 inhibits OXPHOS transcripts and enhances the expression
of immune genes. SARS-CoV-2-induces the expression of micro-
RNA-2392 (miR-2393), which binds mtDNA and is associated with
impaired transcription of both nuclear DNA (nDNA)- and mtDNA-
encoded OXPHOS genes (80, 94). Previously, we showed that expression
of a miR-2392 mimic in three-dimensional human umbilical vein
endothelial cell microtissue (3D-HUVEC-MT) robustly downregulated
the expression of nDNA OXPHOS genes (80) (Fig. 6 Aand B). Expanding
on these finds, we observed that miR-2392 significantly upregulated the
innate immune (87 Appendix, Fig. S11 A and B), ISR, and mtdsRNA-
activated pathways and the expression of CMPK2 (Fig. 6C). This indicates
that miR-2392 can contribute to the overactivation of the innate immune
response through OXPHOS inhibition. Additionally, expression of miR-
2392 in 3D-HUVEC-MT downregulated antioxidant and autophagic
ISR-target genes, which could further contribute to miR-2392-induced
mitochondrial dysfunction (87 Appendix, Figs. S10 and S11).

In conclusion, our data support the hypothesis that SARS-CoV-2-induced
mitochondrial dysfunction, mediated via OXPHOS inhibition, HIF-1a
activation, and the expression of miR-2393, elicits the release of mitochon-
drial mtDNA/mtdsRNA, contributing to the cytokine storm (Fig. 6).
Significant upregulation of mtDNA/mtdsRNA-activated immune pathways
was observed in COVID-19 nasopharyngeal, heart, lung, kidney, and rodent
tissues. In all SARS-CoV-2-positive tissues, except for the lymph nodes, we
observed increased expression of EIF2AK2/PKR and upregulation of ISR
pathways, which, when chronically activated, promote inflammation and cell
death (S Appendix, Figs. S9-S11). This was particularly evident in the
autopsy lung samples, followed by the mouse and hamster lung samples.
Finally, consistent with the initiation of cell death pathways downstream of
mtDNA/mtdsRNA release and chronic ISR activation, the upregulation of
these pathways correlated with increased expression of ZBPI and upregulation
of PANoptosis pathways (Fig. 4) in all tissues except for the lymph nodes.
Since no SARS-CoV-2 transcripts were present in the COVID-19 autopsy
and hamster brain and visceral tissues, activation of the mtDNA/mtdsRNA-
activated immune pathways, ISR, and PANoptosis pathways must be attrib-
uted in part to the release of mtDNA and mtdsRNA and activation of dif-
fusible factors that act on target tissues. These data underscore the critical
role of SARS-CoV-2-induced mitochondrial dysfunction in contributing to
the cytokine storm and COVID-19 pathogenesis.

PBMCs and Whole Blood Samples from Early and Later Variants
of SARS-CoV-2 Display Comparable Immune Responses. PBMCs
from patients infected with Alpha and Omicron strains, as well as whole
blood from individuals infected during the Pre-Delta period (before
July 1, 2021) and the Delta period (July 1, 2021, to December 31,
2021) with SARS-CoV-2, were analyzed (see SI Appendix, Tables S4 and
S5 for participant clinical characteristics and genotype summaries for
whole blood samples). These peripheral compartment-derived samples
display robust upregulation of the canonical innate immune, RAAS, and
mtDNA/mtdsRNA-activated innate immune genes, comparable to the
human nasopharyngeal samples (Fig. 74 and SI Appendix, Fig. S12).
Additionally, 18 of the 21 noncanonical immune genes upregulated
in the SARS-CoV-2 positive nasopharyngeal samples, as well as genes
involved in the inflammasome and NF-kB signaling, are also significantly
upregulated in the PBMCs and blood samples collected from SAR-CoV-2
infected individuals (S Appendix, Fig. S12). Eight genes show consistent

https://doi.org/10.1073/pnas.2401968121

upregulation in our SARS-CoV-2 positive tissues and PBMCs collected
from Alpha- and Omicron-infected individuals and blood samples
collected from the Pre-Delta and Delta periods (Fig. 7B). These genes
are five mitochondrial-associated innate immune genes, CMPK2, CGAS,
ZBPI1, EIF2AK2, and GDFI5. Also elevated are MICB, which encodes an
antigen for clearance by natural killer cells (49); and cytokines CXCLI0
and CXCL11, associated with COVID-19 severity (41) (Fig. 7B). In
summary, we observed significant upregulation of mtDNA/mtdsRNA-
activated immune response with associated induction of EIF2AK2/
PKR and ISR pathways. These events then facilitate the acquisition of a
dysfunctional RAAS pathway state, which underlies the tissue damage
response observed in COVID-19 pathogenesis (Fig. 7C).

PBMC and blood from individuals infected with the early variant display
a robust downregulation of genes involved in the adaptive and extracellular
mediated immunity (Fig. 7), which generally recapitulates the response of
the autopsy lymph nodes (Fig. 34 and S/ Appendix, Fig. S12). In PBMCs,
genes involved in class IT antigen processing and presentation (HLA-DRA,
HLA-DRBI, HLA-DQAI), TCR signaling (LCK, FYN), and lymphocyte
state (CD8A, CD8B, CD4, CD3E, and CCR?) are significantly downregu-
lated in Alpha-infection relative to healthy controls (S Appendix, Fig. S12).
In contrast, the Omicron-infection is associated with an overall muted tran-
scriptional response, with the notable exception of monocytic chemotaxis
(CCL2, CCL8) augmentation (SI Appendix, Fig. S12). These data reveal
strain-specific behavior in the peripheral compartment, with the caveat that
we cannot define whether these are based on the virus alone or a host viral
interaction mediated by prior vaccination or infection. In aggregate, genes
of innate immune, RAAS, and mtDNA/mtdsRNA in PBMC:s are similarly
upregulated in Alpha and Omicron variant infections; however, extracellular
mediated immunity-related genes show divergent expression patterns
wherein Alpha downregulates while Omicron upregulates these genes.

Discussion

Our present study offers insights that increase understanding of the
inflammation dynamics that drive lethal outcomes for patients infected
by SARS-CoV-2. First, we expand the dimensions of cytokine storm by
linking alterations in canonical with an upstream role for noncanonical
IFN-signaling genes to induce signaling overactivity of the RAAS pathway.
Our study is informed by evaluating the effects of several genes for which
germline mutations cause HAE, an inflammatory syndrome with tissue
damage widely overlapping that seen in severe COVID-19 (10, 48). The
dynamics for germline loss and gain-of-function mutations are especially
revealing for SERPING1 and F12, each resulting in excess complement
activity to induce RAAS overactivation components, increasing fibrin
deposition. These findings point to the mechanism by which COVID-19
induces systemic vascular leakage, loss of gut wall integrity, and throm-
bosis. Findings for rare germline mutations in genes such as PVLAP, which
produces a similar loss of vascular and gut integrity, cause a similar tran-
scriptional profile as COVID-19. Also, we reveal a role in COVID-19 for
ZNFX1, a little-studied gene for which rare germline mutations render
patients incapable of mounting a response to pathogens. For RAAS over-
activation, we emphasize, as have others (48), that changes for expression
of any one gene alone cannot be relied upon to judge overall or even a
component of RAAS overaction. Instead, integrating many genes and
their ramifications for pathway signaling must be utilized to demonstrate
an imbalance in gene expression driving abnormal RAAS activation.

Second, our study focuses on essential roles for multiple proteins encoded
that shuttle from the nucleus to mitochondria during viral infection to foster
activation of inflammasome signaling (6, 13—17). Importantly, this signaling
occurs when the mitochondrion is damaged by mROS accumulation. Key
genes include ZNFX1, CMPK2, and our noncanonical innate immune genes
functioning as RAAS components, including GSDMB, XAF1, and ZBP1.
The roles of these latter three genes in inducing multiple modes of cell death
likely play an integral part in lethal COVID-19. These data link the response
dynamics of the host to RAAS-overactivation and the mitochondrial ISR, as
well as inflammation and cell death. Changes in ISR gene expression are
related to mitochondrial dysfunction through specialized kinases, including
EIF2AK1/HRI, which detects the UPRMT via OMA1 activation and DELE1
cleavage, EIF2AK2/PKR, which detects dsRNA, and EIF2AK4/GCN2
which senses amino acid deprivation and oxidative stress (86, 87) OXPHOS
inhibition activates HIF-1a via elevated mROS production, triggering the
oxidation and release of mtDNA/mtdsRNA into the cytosol and activating
immunostimulatory RNA/DNA sensors.
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In this study, we investigated the intricate interplay between SARS-
CoV-2 infection, mitochondrial dysfunction, and ensuing immune
responses. Transcriptomic analysis revealed robust inhibition of both
nDNA- and mtDNA-encoded OXPHOS genes by SARS-CoV-2, medi-
ated by viral proteins ORF8 and ORF10, alongside the induction of
miR-2392 (80-82, 85). This inhibition results in heightened mROS,
activation of HIF-1a, and a metabolic shift toward glycolysis, facilitating
viral replication (80-82). Concurrently, SARS-CoV-2 viral proteins
ORF3a and E elevate mitochondrial Ca2" and ROS levels, triggering the
release of mtDNA and mtdsRNA (16). These mitochondrial components
stimulate innate immune responses, evident in elevated circulating mtDNA
and proinflammatory cytokines such as IL-1f, correlating with disease
severity in COVID-19 patients (95-97).

We observed significant upregulation of mtDNA/mtdsRNA-
activated immune pathways in COVID-19 nasopharyngeal, heart, lung,
kidney, and rodent tissues. In all SARS-CoV-2-positive tissues, except for
the lymph nodes, we observed increased expression of EIF2AK2/PKR and
upregulation of ISR pathways, particularly evident in the autopsy lung
samples, followed by the mouse and hamster lung samples. Consistent with
the initiation of cell death pathways downstream of mtDNA/mtdsRNA
release and chronic ISR activation, the upregulation of these pathways cor-
related with increased expression of ZBPI and upregulation of PANoptosis
pathways in all tissues except for the lymph nodes. Since no SARS-CoV-2
transcripts were present in the COVID-19 autopsy and hamster brain and
visceral tissues, activation of the mtDNA/mtdsRNA-activated immune
pathways, ISR, and PANoptosis pathways could be attributed in part to
the release of mtDNA and mtdsRNA and activation of diffusible factors
that act on target tissues.

‘These findings underscore the pivotal role of SARS-CoV-2-induced mito-
chondrial dysfunction in driving the cytokine storm and COVID-19 patho-
genesis. Moreover, the data suggest that prolonged mitochondrial dysfunction
can sustain immune responses independently of viral RNAs, potentially
contributing to persistent inflammation associated with long COVID.
Therapeutic strategies targeting mitochondrial dysfunction, such as detoxi-
fying mROS or improving mitochondrial OXPHOS, may mitigate these
effects. Indeed, interventions using transgenic and pharmacological
mitochondrially-targeted antioxidants in SARS-CoV-2-infected cells (6) and
animal models (82) showed promising results in reducing mtDNA circula-
tion, inflammatory cytokine levels, and expression of mtDNA/mtdsRNA-
activated innate immune genes, thereby decreasing disease severity. However,
further research is essential to determine the efficacy and safety of these ther-
apies in human long COVID cases.

‘Third, the clinical significance of our transcriptomic findings in medi-
astinal lymph nodes is confirmed by demonstrating fibrosis with associated

PNAS 2024 Vol.121 No.49 2401968121

excess reticulin and collagen deposition (Fig. 5), which has a known asso-
ciation with lymphoid organ architectural changes as reported previously
(98-101). General lymphoid organ dysregulation in severe COVID-19
has been described previously in reports that define lymphocyte depletion
broadly (102-104), including T-follicular cell helper deficiencies (105,
100), fibrin deposition (107), and germinal center disruption (107-110)
further elucidating the basis of COVID-19 lymphopenia (Fig. 3). Activation
of the acute fibrin response associated with fibrosis in the lymphoid organs
may be analogous to the long-term dynamics in wound healing (77), which
we correlate with overactivated RAAS signaling. Hence, damage to the
mediastinal lymph nodes could be critical for the defective adaptive
immune response that severely comprises immune function, leading to
lethal outcomes in COVID-19. Finally, our data may illuminate the per-
sistent, unresolved lymphoid organ dysfunction observed in PASC or “long
COVID.” For example, a recent study that tracked patients with PASC
found dysfunctional B- and T-cell responses with elevated Type I IFN
responses still present at 8 mo postacute disease resolution (111).

While the innate and adaptive immune responses to SARS-CoV-2 are
diverse and complex, there is increasing evidence of the integration between
various cellular compartments in mounting a unified defense against
SARS-CoV-2 infection. We have found that SARS-CoV-2 infection inhibits
mitochondrial proteins that block the transcription of mitochondrial genes
encoded in both the nuclear and mitochondrial DNAs (80). This mitochon-
drial inhibition stimulates the induction of the non-canonical innate immune,
CMPK2, which regulates the rate-limiting step of mtDNA replication, which,
in conjunction with mROS, results in the release of mtDNA through the
mitochondrial permeability pore to activate the inflammasome and cGAS-
STING pathways (16). This linkage between mitochondrial dysfunction and
the innate immune system links to these dynamics and SARS-CoV-2 induc-
ton of ZNFX1 and ZBP1. The SARS-CoV-2 hyper-induction of ZNFX1
activates the interferon response by interacting with MAVS (31), and ZBP1
binds mtDNA and the telomeric-repeat-containing RNAs (TERRA), and
the TERRA-bound ZBP1 oligomerizes into filaments on the outer mito-
chondrial membrane to activate MAVS (35). Thus, the innate immune sys-
tem links nuclear telomeres with cytosolic nucleic acid receptors and
mitochondrial nucleic acid signaling.

In summary, we have defined unifying gene expression dynamics of
innate and adaptive immunity that results from SARS-CoV-2 infection.
Utilizing pathway analyses and leading-edge genes from our sequencing
data, we developed strong hypotheses for causality and identified genes
previously unstudied in COVID-19 pathogenesis, thus seeding future
experiments. Our histopathology findings, as demonstrated in Fig. 5,
substantiate critical findings from our transcriptional analyses, showing
fibrosis and immune alterations in thoracic lymph nodes and validating
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our gene and pathway predictions in both human and rodent models. In
total, these data suggest that overactivation of RAAS signaling and mito-
chondrially mediated inflammation activation holistically comprise the
cytokine storm that causes lethal COVID-19.

Limitations of the Study

This study has several limitations. First, some of the clinical components
of the study were designed retrospectively. Consequently, COVID-19
and control groups are not matched for demographic variables, comor-
bidities, or in-hospital treatments. Second, the transcriptomic results
alone must rely on correlational interpretation without demonstrating
causation. However, orthogonal data derived from rodent SARS-CoV-2
infection models provide a measure of validation for key findings uncov-
ered by these correlational studies. Furthermore, quantitative IHC anal-
yses confirm cellularity and architecture changes, which are directly
correlated with our transcriptomic data. Indeed, the key conclusions we
draw require and invite validation in follow-up studies in larger cohorts.

Materials and Methods

RNA Sequencing Approach and Study Design. To determine the effects of
SARS-CoV-2 infection on the transcriptome, we calculated relative expression
levels of host genes in RNA-seq data from 735 nasopharyngeal samples and 40
autopsy cases from SARS-CoV-2 positive and negative individuals as previously
described (80). We then compared infected and control subjects’ gene expres-
sion levels using a curated set of immune genes (S/ Appendix, Table S2). Human
sample collection related to the above was conducted in a Tissue Procurement
Facility that operates under Institutional Review Board (IRB) approved protocol
and follows guidelines set by the Health Insurance Portability and Accountability
Act. Experiments using samples from human subjects were conducted in accord-
ance with local regulations and with the approval of the IRB at the Weill Cornell
Medicine. The autopsy samples were collected under protocol 20-04021814, as
detailed previously (112). Hamster (4), mouse (113), and PBMCs from COVID-19
patients infected with the Alpha (114) or Omicron (115) strains studies extended
the conclusions. Whole blood sample RNAseq data were derived from PAXgene
specimens collected from 221 Military Health System beneficiaries with SARS-
CoV-2 infection who enrolled in the Epidemiology, Immunology, and Clinical
Characteristics of Emerging Infectious Diseases with Pandemic Potential (EPICC)
study (116).The EPICC study was approved by the Uniformed Services University
Institutional Review Board (IDCRP-085) and all study participants provided con-
sentwhen enrolled in the study (116). This study was conducted following good
clinical practice and according to the Declaration of Helsinki guidelines. All animal
experiments were performed as previously described using approved standard
operating procedures and safety conditions for SARS-CoV-2 (4, 113). For all exper-
iments, preprocessing was blinded until the higher-order analysis, which involved
determining fold-change values, t-scores, pathway analysis, and statistics. No
data were excluded from any of the analyses. See S Appendix, Materials, and
Methods for a detailed description of sample collection and RNA sequencing
analysis methodology.

Transfection of 3D HUVEC Tissue and SH-SY5Y with miR-2392 Mimics.
Mature human 3D microvascular tissue models were grown by seeding human
umbilical vein endothelial cells (HUVECS) into a collagen/matrigel mixture as
previously described (80, 94). Briefly, HUVECs were first grown in EGM Endothelial
Cell Growth Medium, then cells (1 x 10%mL) were embedded into a collagen/
matrigel mixture. Microvessels were grown for 7 d in EGM-2 Endothelial Cell
Growth Medium with 50 nM Phorbol-12-myristate-13-acetate: (PMA) to form
tubular microvessels prior to irradiation.

These tissue models were used to study vascular changes associated with
miR-2392 mimics. The 3D HUVEC tissues were incubated with the miR-2392
mimics or control lentivirus particles (MOI 1) for 48 h.The tissue constructs used
for miR-2392 mimics were dissolved in TRIzol 48 h posttransfection without any
fixation or homogenization.

Cell culture, RNA-seq analysis, and data processing of miR-2392 mimic exper-
iments in SH-SY5Y cells were conducted as described previously (94).

Mediastinal Lymph Node Histopathology. Lymph nodes were fixed via 10%
neutral buffered formalin inflation, sectioned, and fixed for 24 h before processing
and embedding into paraffin blocks. Freshly cut 5-pm sections were mounted
onto charged slides. Slides were stained using FSP1 antibody, hematoxylin, and
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eosin, reticulin, and Masson's Trichrome according to standard protocol. Four
20 regions were randomly selected from each slide the color deconvolution2
algorithm for ImageJ, and cellular trichrome-rich areas were manually selected
and measured for pixel area (cellular areas on red deconvolution, trichome on
blue deconvolution). The total image pixel area was used to determine the percent
fibroblast-rich trichrome-positive zones.

Disclaimer. The opinions expressed in this article are those of the authors
and do not reflect the views of the NIH, the Department of Health and Human
Services, and the United States Government. The contents of this publication are
the sole responsibility of the author(s) and do not necessarily reflect the views,
opinions, or policies of Uniformed Services University of the Health Sciences
(USUHS); the Department of Defense (DoD); the Departments of the Army, Navy,
or Air Force; the Defense Health Agency: the Henry M. Jackson Foundation for
the Advancement of Military Medicine Inc; the NIH. Mention of trade names,
commercial products, or organizations does not imply endorsement by the U.S.
Government. The investigators have adhered to the policies for the protection of
human subjects as prescribed in 45 CFR 46.

Data, Materials, and Software Availability. The published article includes
all datasets generated and analyzed during this study. Processed bulk RNA-
seq data for the human-related data from the nasopharyngeal and autopsy
data is available online with dbGaP Study Accession No.: phs002258.v1.p1
and online here at: https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.
cgi?study_id=phs002258.v1.pT(117)and also https://covidgenes.weill.cornell.
edu/. The murine RNA-seq data are deposited on the gene expression omnibus
(GEO) repository with Accession No. GSE221510 and can be found here: https:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221510 (118). Additionally,
the murine RNA-seq data were also deposited in the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under the BioProject accession
number PRINA803057. The hamster RNA-seq data are also deposited on the
GEO repository with Accession No. GSE203001 and can be found here: https:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE203001 (119). The RNA-seq
data from the miR-2392 mimic 3D HUVEC tissue model data is available via
the NASA Open Science Data Repository's (OSDR) Biological Data Management
Environment (https://osdr.nasa.gov/bio/repo) with Accession No.: 0SD-577 and
10.26030/rs3g-e189 (120). This study did not generate new unique reagents.
RNA-seq data will be deposited. All other data are included in the manuscript and/
or S Appendix. Previously published data were used for this work (4, 113-116).
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