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STING (stimulator of interferon (IFN) genes, encoded by
TMEM173), is mainly a key adaptor molecule that links the sensing of
cytosolic DNA, to the production of IFNs and NF«B, but STING also
senses infections by some RNA viruses (Fig. 1).

We believe that there are several arguments to suggest that poly-
morphisms of the STING pathway could be involved in the pathogen-
esis of COVID-19.

(i) Fatal COVID-19 in children and familial cases strongly supports the

contribution of genetic defects of the immune response, as already

demonstrated for severe pneumonitis induced by other positive

RNA viruses. Some of those genetic defects might lower the ability

of infected cells to prevent viral invasion but others (or the same)

could conversely induce a delayed over-response to self-mole-
cules damaged by the extensive replication of the virus.

Bats, the only flying mammals, have an increased capacity to co-

exist with viruses, including coronaviruses. The high metabolic

demand of flight causes much DNA damage, and the release of
self-DNA into the cytoplasm [1]. Consequently, STING activation
is dampened, due to the replacement of the highly conserved
and functionally important serine residue S358. This STING
mutation is associated with a much lower basal expression of

IFN-B [1] (Fig. 1).

(iii) During the first days of SARS-CoV infections several viral papain-
like-proteases, contained within the nsp3 and nsp 16 proteins,
interact with STING to inhibit its pathway and downstream IFN
secretion. So far, similar data are not available for SARS-Cov-2,
and there is no evidence yet that some SARS-CoV-2 proteins
could later activate STING. However, in a second phase of COVID-
19, damaged self-DNA could excessively activate STING, leading

(ii
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to sudden IFN-g release and a cytokine storm following IRF-3
and NFKB activation, respectively (Fig. 1). This human self-DNA
can include oxidized mitochondrial DNA, like those enriched in
neutrophil extracellular traps, since they stimulate type I IFN sig-
nalling through a pathway dependent on STING [2]. Neutrophil
infiltration in pulmonary capillaries, with acute capillaritis and
fibrin deposition, as well as extravasation of neutrophils into the
alveolar space, have been observed in autopsy samples from the
lung of COVID-19 patients. A feedback loop might ensue since
IFN-8 enhanced NETosis in other lung infections.

(iv) Although early or preventive treatment by IFN « or 8 improved

the outcomes of SARS-CoV and MERS-CoV infection in mice and in
non-human primates, in humans survival rates in MERS were not
increased, possibly because the drugs were given too late, when
viral load was already high [3]. At this stage, IFN could have been
detrimental by further enhancing the delayed innate immune
response. Indeed, the delayed IFN-8 response in some murine
models of SARS is also associated with excessive influx of patho-
genic inflammatory monocytes-macrophages and a much worse
prognosis [4]. Similarly, in mice models of MERS, delayed IFN-8
treatment failed to effectively inhibit pathogen replication, which
was paradoxically increased following interferon injection [4], as
also observed in a mice model of lung pseudomonas infection.

(v) Previous description of a human gain-of-function STING mutation

(p.N153S) causing immuno-disturbances and y-herpes-viruses-
induced pulmonary fibrosis in knock-in mice [5], fits with the
hypothesis that over-activation of the STING pathway following
viral infection can worsen pneumonitis rather than prevent it.

(vi) The similarities between features of COVID-19 and SAVI (STING-

associated vasculopathy with onset in infancy) syndrome [6],
would fit with the possibility that delayed STING overstimulation,
once self-DNA damage occurs in the infected cells, leads to a dele-
terious excess of IFN secretion and/or NF-«B activation, and con-
tributes to the most severe COVID-19 features. SAVI and end-
stages of severe COVID-19 indeed share a prominent IFN-
response-gene signature in the peripheral blood, and a variable
combination of fever, pulmonary inflammation leading to intersti-
tial lung disease, myositis, rashes, lymphopenia, and an inflamma-
tory vasculopathy, sometimes leading to acral necrosis [6]. In SAVI
syndrome, STING-induced endothelial-cell dysfunction instigates
an inflammatory and vaso-occlusive process, and localizes it to
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Fig. 1. STING activation in bats and humans. STING is a key adaptor molecule that links the sensing of cytosolic DNA, derived from foreign triggers or from self-DNA, to the produc-
tion of IFNs and NFkB. However, fusion between RNA viral envelopes and target cells also specifically stimulates a type I IFN response which is dependent on STING, but independent
of DNA, RNA and viral capsid. STING, which is part of the complex cGAS/STING, localizes to the endoplasmic reticulum membrane in basal conditions, and is activated by cGAMP.
When c¢GAS (GMP-AMP cyclic synthetase) encounters its cognate PAMPs or DAMPs (mostly viral of bacteria double strand DNA, but also damaged self-DNA not effectively digested/
cleared, and some bacterial cyclic dinucleotides) it transforms them in cGAMP. It also elicits translocation of STING toward the endoplasmic reticulum-Golgi intermediate compart-
ment, wherein STING engages TBK1 to eventually activate either IRF3 and/or NF-kB and orchestrate type I IFNs and/or cytokines production, respectively. In bats, STING-dependent
IFN-beta activation is dampened due to the replacement of the highly conserved and functionally important serine residue S358 of STING [1].

the vessels [6]. The unusual vasculopathy observed in COVID-19,
but not in SARS and MERS, might similarly result from over-activa-
tion of STING following infection by SARS-Cov-2 in some hosts
with genetic polymorphisms of STING. However, the possible link
between COVID-19 and SAVI is not yet substantiated by the dem-
onstration of overexpression of STING in lung and endothelial cells
from COVID-19 patients, and mechanisms other than STING acti-
vation could also contribute to the combination of interstitial lung
disease and inflammatory vasculopathy in COVID-19.

(vii) STING is mostly expressed in humans in three subsets of cells:
lung alveolar epithelial cells, endothelial cells, and spleen cells.
Interestingly, they are also the most important cells in COVID-
19 pathogenesis.

(viii) Last but not least, overload of the STING pathway with ageing and
metabolic disorders could also explain why severity of COVID-19
is associated with age, obesity or diabetes. One of the mechanisms
of “inflamm-aging” is IFN over-response following activation of
the STING pathway (up-regulated in senescent cells in response to
either aberrant cytoplasmic chromatin and/or deficient mitochon-
drial DNA) [7]. Interestingly, STING polymorphisms are associated
with increased or decreased risks of ageing-related diseases, and
STING p.R293Q protects both from inflamm-aging and obesity-
associated cardiovascular disease in advanced age subjects [8].
The-STING pathway also contributes to insulin resistance, and
the development of non-alcoholic fatty liver disease. STING is now
recognized as a key player in mediating obesity-induced chronic
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low-grade inflammation and is stimulated under obesity condi-
tions [9]. Delayed over-activation of the STING pathway might
account for the frequency and severity of myocardial infarction in
both COVID-19 and aged people.

Assessment of STING polymorphisms might help to detect and
protect people with the greatest risks of severe COVID-19. Such
assessments should be quickly feasible in research since the human
TMEM173 gene has great heterogeneity and population stratification,
and numerous STING polymorphisms have already been described,
which differ between East-Asians and Europeans [10].

Moreover, a better understanding of the mechanisms for STING-path-
way over-activation, and how it leads to diffuse endothelial-cell dysfunc-
tion and vaso-occlusive process, could help and find efficient treatments
for COVID-19, either by lowering activation of the STING pathway (phar-
maceutical companies have already developed STING targeting Immuno-
therapies) [10], or by antagonizing over-secretion of cytokines like IL-6 or
over-expression of STAT1/2, downstream of STING over-activation.
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