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Abstract: Since its emergence in late 2019, coronavirus disease 2019 (COVID-19) has rapidly become 
a global health crisis, with nearly 800 million confirmed cases and 7 million fatalities. The pandemic 
has had profound effects on public health systems and the global economy. The progression of 
COVID-19c involves a complex and intricated interplay between the SARS-CoV-2 virus and the host's 
immune response. The immune system employs both innate and adaptive mechanisms to combat 
infection. Innate immunity initiates the release of interferons (IFNs) and pro-inflammatory cytokines, 
while the adaptive immune response involves CD4+ Th lymphocytes, B lymphocytes, and CD8+ Tc 
cells.  Pathogen-associated molecular patterns (PAMPS) and damage- associated molecular patterns 
(DAMPs) are recognized by pattern recognition receptors (PRRs), activating the cyclic guanosine 
monophosphate-adenosine monophosphate synthase-stimulator of interferon genes (cGAS-STING) 
signaling pathway, a crucial component of the innate immune response to SARS-CoV-2. This 
pathway plays a dual role during infection. In the early phase of infection, the virus can suppress 
cGAS-STING signaling to evade immune detection. However, in the late stages, activation of this 
pathway can lead to excessive inflammation and tissue damage, exacerbating disease severity. 
Modulating the cGAS-STING pathway, whether through agonists like dimeric amidobenzimidazole 
(diABZI) or inhibitors targeting viral proteins, such as 3CLpro, for example, offers a promising 
personalized therapeutic to control the immune response and reduce severe inflammation, 
improving clinical outcomes in patients with severe COVID-19. 
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1. Introduction 

Since the end of 2019, coronavirus disease 2019 (COVID-19) rapidly spread all over the globe, 
resulting in nearly 800 million confirmed cases and 7 million deaths so far. The COVID-19 pandemic 
impacted the whole world, with a notorious impact to public health and global economy 
(https://www.who.int). The pathogenesis of the disease is driven by the interaction between the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and dissemination and the 
body´s attempt to clear the virus. This leads to direct and indirect cellular damage and dysfunction.  

SARS-CoV-2 is a β-coronavirus, whose genome is constituted by 14 open reading frames (ORFs) 
encoding structural proteins (spike protein S, membrane protein M, envelope protein E, and 
nucleocapside protein N), 16 nonstructural proteins (nsp) and 9 accessory proteins (ORF3a, ORF3b, 
ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c and ORF10). Among these proteins, spike is essential 
for the infection mechanism, due to its interaction with ACE2 (angiotensin-converting enzyme 2) on 
host cells, which allows the virus to gain entry into them [1]. 

Once the virus enters the host cells, its interaction with the host´s immune system drives the 
course of the disease. The immune system consists of both innate and acquired defense mechanisms. 
The innate response triggers infected cells to release interferons (IFNs) and pro-inflammatory 
cytokines. IFNs induce non-infected cells to enter an antiviral state, while pro-inflammatory 
cytokines activate macrophages and other phagocytes to eliminate viruses and infected cells. 
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Adaptive immune responses involve CD4+ Th lymphocytes, which are also activated by cytokines. 
These lymphocytes, in turn, stimulate B-lymphocytes to produce neutralizing antibodies to combat 
the virus and CD8+ Tc cells to initiate the programmed death of virus-infected cells. Essentially, the 
innate response exposes the virus and coordinates the acquired response to combat the infection. The 
effectiveness of these responses hinges on their timely coordination. A swift production of IFNs 
within 18-24 hours post-infection results in effective innate and acquired immune responses. 
Conversely, a delay in IFN production (typically 3-4 days post-infection) leads to ineffective innate 
and acquired immune responses [2]. This delay occurs despite the persistent release of IL-6 and TNF-
α by various cells, the infiltration of monocytes, and inflammatory reactions. Additionally, a 
dysfunctional immune response is exacerbated by macrophages, potentially culminating in the 
severe form of COVID-19 [3]. In such cases, there is a significant upsurge in cytokine release, a 
phenomenon known as cytokine release syndrome (CRS) or a "cytokine storm." 

The innate immune system serves as the organism's initial defense against invading pathogens 
[4]. It accomplishes this through pattern recognition receptors (PRRs), including Toll-like receptors 
(TLRs), Nod-like receptors (NLRs), RIG-I-like receptors (RLRs), and the DNA sensor cyclic guanosine 
monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)-stimulator of interferon 
genes (STING) signaling pathway. These receptors enable the innate immune system to identify both 
pathogen- and damage-associated molecular patterns (PAMPs/DAMPs). Among these receptors, the 
cGAS-STING pathway plays a critical role in the innate response to pathogen infections. 
Mechanistically, when self or pathogen double-stranded DNA (dsDNA) accumulates in the 
cytoplasm, it activates cGAS, leading to the production of cyclic GMP-AMP (cGAMP). This molecule 
subsequently binds to and activates STING [5–7]. Activated STING then relocates from the 
endoplasmic reticulum (ER) to the Golgi apparatus, where it recruits the TANK-binding kinase 1 
(TBK1) and stimulates IkB kinase (IKK). This process results in the phosphorylation of interferon 
regulatory factor 3 (IRF3) and nuclear factor-kB (NF-kB) [8,9]. Subsequently, the transcription of type 
I interferons (IFNs) and other inflammatory genes is triggered, facilitating the immune response to 
eliminate pathogens [10–13]. 

In the host cells, SARS-CoV-2, an RNA virus, is primarily recognized by RLRs through the RIG-
1/MAVS pathway [14]. There is increasing evidence on the role of the cGAS/STING pathway, a DNA 
sensor [15], on the pathogenesis of SARS-CoV-2 infection and progression of COVID-19. It is 
recognized that SARS-CoV-2 infection has a double-edged effect on the STING signaling, dependent 
on the stage of disease and the infected tissues. In the initial stages of the disease, several SARS-CoV-
2 proteins can inhibit STING signaling and subsequent interferon production [16–19]. This allows the 
virus to evade the innate immune response [20]. Surprisingly, it has been shown that SARS-CoV-2 
can enhance STING signaling in moderate and severe patients at a few days after diagnosis [21], 
leading to increased IFN production and aberrant inflammatory response. Thus, STING 
inhibition/activation is associated with stage and severity of COVID-19.  

In the present article, this dual role of STING signaling in COVID-19 patients is reviewed, with 
focus on the possible implications for the disease therapy.  

2. Materials and Methods 

We searched PubMed with search terms “COVID-19” and “STING” and “innate immune 
response” from inception to February 13, 2023, for studies published in English.  

A total of 35 articles were found. Titles, abstracts and full texts were independently screened by 
three reviewers (DF, JL and MB). Studies on rare comorbidities and virus variants were excluded. 
This process ensures that the subsequent analysis focused on data relevant to understanding the 
immunological mechanisms and potential therapies related to COVID-19. 
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3. Results 

From the 34 articles found, according to the search terms, 3 were excluded because they dealt 
with rare comorbidities or virus variants. Table 1 summarizes the 32 studies included in the review, 
according to the study design and their main findings. Among them, 12 are literature reviews dealing 
mainly with the mechanisms by which the cGAS/STING pathway interferes in the progression and 
severity of COVID-19, with implications for potential therapies [20,22–32] (Table 1).  

Among the experimental research, 2 are clinical studies [33,34], 2 are in vivo studies performed 
in mice [35,36] and 12 were performed in vitro employing cells culture [16–18,37–44]. In addition, 4 
studies combined multiple designs. One of them employed a combination of clinical (skin and lung 
lesions of COVID-19 patients), in vivo (mice) and in vitro (cells) design [45], other combined clinical 
and in vitro (cells) designs [46] and 2 others another coupled experiments conducted in vivo (mice or 
mice+zebrafish) and in vitro (cells) [47,48] (Table 2). 

4. Discussion 

Pathogenic nucleic acids from invading microbes or damaged cellular organelles are strong 
triggers of the innate immune defenses for which the production of IFN is particularly important [49]. 
RNA viruses are detected in the cytosol by RIG-I-like sensors, while microbial DNA or self-DNA is 
recognized by cGAS [6,50]. To trigger the production of IFN after RNA or DNA binding, these 
receptors must phosphorylate innate immune adaptor proteins (MAVS and STING, respectively) 
[12]. Interaction of RNA with RGI-like receptor activates MAVS, which in turn recruits and activates 
kinases IKK and TBK1 that then phosphorylate MAVS. This adaptor protein, once phosphorylated, 
recruits the transcription factor IRF3, enabling its phosphorylation by TBK1. Phosphorylated IRF3 
then dissociates from the adaptor protein, dimerizes and translocates to the nucleus to induce IFNs 
[12,14]. cGAS, a cytoplasmic DNA sensor [6], and its adaptor protein STING, share a similar 
mechanism to induce IFNs [12]. Upon binding to DNA, cGAS is activated and catalyzes the 
production of cyclic GMP–AMP (cGAMP) from GTP and ATP [7]. Acting as a second messenger, 
cGAMP binds to and activates STING [5,7–9,15,51,52]. STING then recruits and activates TBK1 (but 
not IKK), which then phosphorylates STING. This adaptor protein, once phosphorylated, recruits the 
transcription factor IRF3, which is then phosphoryled by TBK1, dissociates from STING, dimerizes 
and translocates to the nucleus to induce IFNs and other cytokines [12,53]. Additionally, STING 
serves as a key node in the activation of NF-kB and autophagy [22]. It should be noted that STING is 
also involved in viral RNA sensing, by interacting with MAVS [5,24] (Figure 1). 
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Figure 1. Innate immune response activation by RNA and DNA sensors. MAVS and STING are activated by 
viral RNA or cytosolic DNA, activating  kinases IKK and TBK1. These, in turn, phosphorylate the adaptor 
proteins (MAVS or STING), which recruit IRF3, allowing its phosphorylation by TBK1. Phosphorylated IRF3 
suffers dimerization and induce IFN in the nucleus. Modified from Liu et al [12] . 

The existence of similarities between T and B cells responses in COVID-19 and animal and 
human models involving excessive STING activation (STING-associated vasculopathy with onset in 
infancy – SAVI syndrome) drove the search for the role of STING in the pathogenesis of COVID-19 
[22]. It should be noted that SARS-CoV-2 is an RNA virus and the cGAS-STING pathway is clearly 
important in viral DNA sensing [5,15], despite it has been shown to exhibit important functions in 
host innate immunity against certain single stranded RNA viruses with no DNA intermediates in 
their life cycle [19]. Co-immunoprecipitation data suggested that STING may play a role in RNA 
virus sensing by interacting with the RNA sensor RIG-I and its adaptor protein MAVS [5]. More 
recently, it was shown that sensing of cytoplasmic chromatin by cGAS is responsible for the activation 
of innate immune response in SARS-CoV-2 infection. The infection elevates cellular levels of cGAMP, 
which is linked to STING activation. cGAS detects chromatin DNA that is transported from the 
nucleus, a process driven by cell-to-cell fusion during SARS-CoV-2 infection. It was also 
demonstrated that cytoplasmic chromatin-cGAS-STING pathway, but not MAVS-mediated viral 
RNA sensing pathway, contributes to interferon and pro-inflammatory gene expression upon cell 
fusion [43]. This mechanism is consistent with the dual role played by the cGAS-STING pathway in 
different stages and severities of COVID-19. During the initial stages of SARS-CoV-2 infection, viral 
proteins suppress the activation of the STING pathway, hindering the antiviral response and 
promoting viral replication. In later stages, the fusion of ACE2 and viral S proteins leads to the 
formation of syncytia, which contain micronuclei (MN). This results in DNA damage, which activates 
the cGAS-STING pathway, leading to upregulation of IFN expression (Figure 2). Constant activation 
of DNA signaling and cGAS-STING provokes aberrant immune activation. Persistent activation of 
this pathway triggers an excessive inflammatory response, resulting in tissue damage and poor 
clinical outcomes [41]. The formation of syncytia provides a probable mechanism for late IFN 
response in moderate/severe COVID-19 patients [20]. Neufeldt at al. [54] showed that activation of 
the cGAS-STING axis in response to cellular DNA damaged by the fusion of ACE2 and viral S protein 
directly activates NF-κβ, resulting in an inflammatory response due to the blockage of other immune 
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pathways. It has been suggested that RNA viruses contribute to chromosomal instability and the 
formation of MN. Individuals with elevated levels of lymphocyte MN tend to have a compromised 
immune response, making them more vulnerable to RNA virus infections. Additionally, the leakage 
of DNA from the MN and viral RNA can synergistically amplify cytokine production through the 
cGAS-STING pathway [26]. 

 

Figure 2. Schematic of SARS-CoV genome based on NCBI sequence MT786327 (Modified from Ellis et al. [55]), 
showing the regions encoding proteins that inhibit (↓) or activate (↑) the gGAS-STING pathway. The genome is 
illustrated with colored boxes representing ORFs. The section spanning ORF1a to ORF1b is showed in detail to 
more clearly show the nsps (nsp1 through nsp16). * Activation of syncytium-cGAS-STING pathway triggered 
by cell-to-cell (ACE2-S protein) fusion. 

AMPK has also been reported to activate STING. The mechanism is triggered by the sharp drop 
in blood glucose levels that occurs in the very early stages of viral, which robustly activates AMPK. 
This in turn directly phosphorylates TBK1, promoting the assembly of STING and MAVS 
signalosomes, thus potentiating pathogen and damage surveillance. Thus, AMPK-mediated TBK1 
phosphorylation primes the glucose-scaled immune response, thus connecting glucose metabolism 
to innate immunity. This mechanism might help to explain why diabetes and poor glycemic control 
are closely associated with the severity and mortality of COVID-19 patients [58]. In this case, AMPK 
activation, caused by a physiological response to the early stage of viral infection, dictates the 
magnitude of innate antiviral immunity [47]. It has been suggested that the pharmacological 
manipulation of AMPK, which looks feasible, may offer potential therapeutic benefits for treating 
infectious diseases [34]. On the other hand, the activation of cGAMP synthase is not associated with 
Post-COVID-19 (PC)-associated lung fibrosis-like changes, a role that is played by absent in 
melanoma-2 (AIM2) inflammasome. Peripheral blood mononuclear cells (PBMCs) obtained from PC 
patients who did not develop signs of lung fibrosis were not responsive to AIM2 activation. In 
contrast, PBMCs from PC patients with signs of lung fibrosis were highly responsive to AIM2 
activation, which induced the release of IL-1 α, IFN- α and TGF-β [33].  

Human endogenous retroviruses (HERVs) are ancient integrations of exogenous viruses. 
Through Mendelian inheritance and evolutionary processes, they now occupy approximately 8% of 
the human genome. HERV-K (HML-2) is the most active transcriptional subtype recently acquired 
and plays a critical role in embryogenesis. Increase in IFN production in COVID-19 patients has 
shown to be activated by the HERV-K (HML-2), which might have a beneficial role in patients  
affected by COVID-19 [34].  

One of the strategies used by SARS-CoV-2 to evade antiviral immunity is the suppression of 
types I and III IFN responses, which happens in the severe cases of the disease. Distinct viral proteins 
inhibit the cGAS-STING pathway, interfering with autophagy and IFN production, which increases 
viral replication and disease severity [17,18,30,42,54]. ORF3a was shown to be a selective inhibitor of 
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STING-triggered autophagy to facilitate viral replication [16,42]. Interestingly, this inhibitory ability 
appears to be an acquired function of SARS-CoV-2 ORF 3a, since SARS-CoV ORF3 lacks this function 
[42]. Inhibition of the c-GAS-STING pathway leads to NF-kB accumulation and excessive release of 
inflammatory cytokines, resulting in an exacerbated inflammatory response [16]. Additionally, 
SARS-CoV-2 ORF9b hinders the activation of type I and III interferons by targeting multiple elements 
within the cGAS-STING signaling pathways. This ORF interacts with RIG-I, MDA-5, MAVS, STING, 
and TBK1, thus impeding the phosphorylation and nuclear translocation of IRF3. [17,30]. The ORF10 
protein interacts with the TBK1 kinase, inhibiting this signaling pathway, resulting in a decrease in 
IFN production and the autophagy process, which is essential for the degradation of cellular 
components and antiviral defense. These actions of ORF10 contribute to the immune evasion of 
SARS-CoV-2, facilitating infection and disease progression [18]. The SARS-CoV-2 main protease 
3CLpro suppresses immune responses induced by both the RLR and cGAS-STING pathways [16,30]. 
Another viral protein, SARS-CoV-2 nonstructural protein 7 (NSP7), interacts with the cytosolic RNA 
sensors RIG-I and MDA5 and represses RIG-I/MDA5 signalosome formation and STING signaling 
transduction, reducing IFN production [37] (Figure 2). Host factors also modulate the cGAS-STING 
pathway, presenting therapeutic potential. In human intestinal epithelial cells, USP22 was shown to 
play a crucial role in regulating type III IFN signaling, through the activation of the STING pathway, 
defending against viral infections [38].  

Moreover, in severe COVID-19, high levels of the cytokines IL-1β and IL-6 are found. It was 
shown that while primary human airway epithelia (HAE) have functional inflammasomes and 
support SARS-CoV-2 replication, they are not the source of IL-1β released upon infection. SARS-CoV-
2-infected HAE supplies a second signal, which includes genomic and mitochondrial DNA, to 
stimulate leukocyte IL-1 β release. After release, IL-1β stimulates IL-6 secretion from HAE. STING is 
able to block leukocyte IL-1β release [46].  

Thus, c-GAS-STING pathway plays a due role in the progression of COVID-19. Early recognition 
of viral RNA by PRRs benefits the host by triggering type I IFN production and providing antiviral 
defense. However, delayed activation of the cGAS-STING pathway leads to NF-kB accumulation, a 
hyperinflammatory response, and tissue damage [45] (Figure 3). This knowledge may also be 
employed in the therapy of COVID-19. STING agonists may be employed early in infection to 
enhance the antiviral response [40,48], while STING inhibitors have been shown to reduce severe 
lung inflammation caused by SARS-CoV-2, thereby improving disease outcomes [20,45] (Figure 3 ). 
The intranasal administration of SARS-CoV-2 spike proteins (S-NPs) along with cGAMP conferred a 
robust stimulation of antibody responses in the respiratory tract of mice, leading to an increase of 
IgA and IgG antibodies toward the spike proteins in bronchoalveolar lavages and the lungs. The 
elicited antibodies were able to neutralize both the wild-type and Delta variant strains of SARS-CoV-
2. Intranasal immunization also stimulated systemic responses, increasing the production of IgA and 
IgG. Thus, the use of c-GAMP in nasal formulations can enhance the efficacy of SARS-CoV-2 vaccines 
[35].  
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Figure 3. The dual role of cGAS-STING signaling in COVID-19 and potential therapeutic targeting. In the early 
phase of infection, the virus can suppress cGAS-STING signaling to evade immune detection. Thus, cGAS-
STING agonists are beneficial at this stage, in order to reduce viral replication and control infection. However, 
in the late stages, activation of this pathway can lead to excessive inflammation and tissue damage, exacerbating 
disease severity. In this case, therapy might antagonize cGAS-STING. Modified from Elahi et al. [56]. 

During the early stage of disease, suppressing viral replication and increasing the IFN response 
via immune modulator drugs, may be a viable approach to maintain a balanced immune response 
and prevent disease progression [43,44]. In this sense, the STING agonist dimeric 
amidobenzimidazole (diABZI) in SARS-CoV-2 infection inhibits viral replication by provoking 
transient stimulation of IFN signaling and significant decrease in SARS-CoV-2 replication. The drug 
showed potent anti-coronavirus activity against SARS-CoV-2 in cell culture systems and in mice, with 
minimum cytotoxicity [43,44,48]. Furthermore, low-dose of diABZI treatment at 0.1 μM effectively 
reduced the SARS-CoV-2 viral load at the epithelial apical surface and prevented epithelial damage 
in the reconstituted primary human bronchial airway epithelial system [44].  IRF3, the key STING 
downstream innate immune effector, is essential for this anticoronavirus activity [40]. SARS-CoV-2 
papain-like (PLpro) enzyme facilitates viral replication and modulates host immune responses by 
interacting with critical signaling pathways. The enzyme plays a crucial role in viral replication and 
inhibits the activation of type I IFN by: (a) reducing STING dimerization, (b) disrupting the formation 
of the MAVS-STING-RIG-I complex, (c) deISGylating ISG15, (d) deregulating TGF-β, MAPK, and 
NF-κB pathways, (e) deubiquitinating RIG-I, STING, IRF3, and TBK1, and (f) preventing TBK1 
phosphorylation by deubiquitinating TRAF3 and TRAF6. Several PLpro inhibitors have been 
identified, many of which are FDA-approved. They can interfere with the host's innate immune 
system, suppress viral replication, and enhance immune responses [29].  

On the other hand, in severe or late COVID-19, the use of cGAS-STING antagonists might be 
beneficial. In mice infected with SARS-CoV-2, inosine abrogated IL-6 overexpression to ameliorate 
acute inflammatory lung injury and improve survival. In addition, it also inhibited the 
phosphorylation of TBK1 through binding to STING and glycogen synthase kinase-3b (GSK3β), 
downregulating proinflammatory IL-6 and upregulating anti-inflammatory IL-10 [36]. Modification 
of currently available drugs, such as acetylation of aspirin and dapsone, have been proposed as 
strategies to combat COVID-19. These drugs can acetylate cGAS, thus inhibiting cGAS-mediated 
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signaling. This contributes to the control of cGAS activity, reducing the production of IFN-1 and NF-
κB signaling via STING [39]. 

5. Conclusions 

Grasping the interactions among viral signaling pathways, host immune defenses, and 
regulatory processes is essential for devising effective treatments against COVID-19. The cGAS-
STING signalosome plays a dual role during SARS-CoV-2 infection.  In the early phase of infection, 
the virus can suppress cGAS-STING signaling to evade immune detection. Several viral proteins are 
implicated in this process, such as ORF3a, ORF9b, ORF10, nsp7 and 3CLPro. Targeting them may be 
an attractive approach to reduce viral replication and control the infection. However, in the late 
stages, activation of this pathway can lead to excessive inflammation and tissue damage, exacerbating 
disease severity. Modulating the cGAS-STING pathway, whether through agonists like dimeric 
amidobenzimidazole (diABZI) or inhibitors targeting viral proteins, such as 3CLpro, for example, 
offers a promising personalized therapeutic to control the immune response and reduce severe 
inflammation, improving clinical outcomes in patients with severe COVID-19. 
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