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ABSTRACT
The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), has resulted in dramatic worldwide mortality. Along with developing vaccines, 
the medical profession is exploring new strategies to curb this pandemic. A better 
understanding of the molecular consequences of SARS-CoV-2 cellular infection could lead 
to more effective and safer treatments. This review discusses the potential underlying impact 
of SARS-CoV-2 in modulating interferon (IFN) secretion and in causing mitochondrial NAD+ 
depletion that could be directly linked to COVID-19’s deadly manifestations. What is known 
or surmised about an imbalanced innate immune response and mitochondrial dysfunction 
post-SARS-CoV-2 infection, and the potential benefits of well-timed IFN treatments and NAD+ 
boosting therapies in the context of the COVID-19 pandemic are discussed.

Introduction

Coronavirus disease 2019 (COVID-19), caused by 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), first emerged in Wuhan, China in 
December 2019 and rapidly spread as a pandemic, 
leading to increased global morbidity and high mor-
tality [1, 2]. The clinical manifestations of COVID-19 
range from an asymptomatic course to severe lethal 
pneumonia or acute respiratory distress syndrome 
(ARDS) [3]. Although the name suggests that the first 
and main target of SARS-CoV-2 is the lung, basic 
investigations and clinical data document multiple 
organ damage that includes the heart, blood vessels, 
and brain [2–4]. Clinical reports demonstrate that all 
age groups are susceptible to infection by SARS-CoV-2, 
but exhibit different degrees of symptoms, with the 
elderly or those having comorbidities such as hyper-
tension, cardiovascular diseases, diabetes, and lung 
diseases being more vulnerable to developing severe 
symptoms [5, 6].

Although multiple proteins can serve as a gateway 
to SARS-CoV-2, evidence indicates that angiotensin- 

converting enzyme 2 (ACE2) is the main attachment 
protein for entry into human cells [7, 8]. Besides induc-
ing cell death, SARS-CoV-2 can trigger an imbalanced 
innate inflammatory response characterized by stimu-
lation of pro-inflammatory cytokine release and inhi-
bition of interferon (IFN)-I and IFN-III production, 
exacerbating thusly disease severity [9]. In addition to 
suppression of the IFN response, novel “attack” mech-
anisms that are mediated by enhanced mitochondrial 
dysfunction and nicotinamide adenine dinucleotide 
(NAD+) depletion are being suggested in the context 
of SARS-CoV-2 infection [10, 11].

Response of the innate immune system  
to SARS-CoV-2

Accumulating preclinical and clinical investigations 
highlight the pivotal role of the innate immune sys-
tem, which serves as the first line of defense against 
pathogens, in SARS-CoV-2 progression and develop-
ment. The innate immune response senses viral infec-
tion by recognizing their pathogen-associated 
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molecular patterns (PAMPs) with pattern recognition 
receptors (PRRs). These include the retinoic 
acid-inducible gene I-like receptors (RLRs), Toll-like 
receptors (TLRs), the nucleotide oligomerization 
domain-like receptors (NLRs), and cytosolic DNA 
sensors [12, 13]. The contribution of PRRs in the 
context of SARS-CoV has been investigated in a 
genetic study indicating increased susceptibility to 
viral infection in the absence of RIG-I and melanoma 
differentiation-associated protein 5 (MDA-5), cytosolic 
RNA sensors, and their specific signaling pathways 
[14]. Although SARS-CoV-2 replicates in the cytosol, 
strong evidence suggests that the replicated viral 
genome can be recognized by cytosolic RNA sensors, 
including melanoma differentiation-associated protein 
5 (MDA-5) and RIG-1, and endosomal sensors such 
as TLR3 and TLR7 [14, 15]. A study by Li et  al. 
indicated that both MDA-5 and RIG-I are involved 
in sensing coronavirus mouse hepatitis virus (MHV) 
infection, consequently inducing production of IFNs 
so as to inhibit viral replication [14]. Furthermore, 
Cervantes-Barragan et  al. and Scheuplein et  al. 
reported that TLR7 plays a central role in the recog-
nition of coronaviruses such as murine hepatitis virus 
and subsequent induction of IFN-α [15, 16]. Similarly, 
TLR4 deficient mice were shown to be more suscep-
tible to SARS-CoV infection [17, 18]. Recent pub-
lished evidence in the context of COVID-19 
demonstrated that the binding of the SARS-CoV-2 
spike protein to TLR4 could be involved in the ini-
tiation of the cytokine storm, resulting in the devel-
opment and progression of COVID-19 [19]. It has 
been reported in an in silico study performed by 
Choudhury and Mukherjee that the spike protein has 
the strongest interaction with TLR4 compared to other 
TLRs [20]. Additionally, the interaction of SARS-CoV-2 
with TLR4 has been observed to cause dysregulation 
in the TLR4 signaling pathway, leading to the activa-
tion of the pro-inflammatory MyD88-dependent path-
way rather than the TIR domain-containing 
adaptor-inducing interferon-β/TRIF-related adaptor 
molecule (TRIF/TRAM)-dependent anti-inflammatory 
and interferon pathways [19].

Viral recognition by the innate immune system 
stimulates activation of NF-κB-mediated secretion of 
pro-inflammatory cytokines and IFN regulatory factor 
(IRF), such as IRF-3 and IRF-7, mediated production 
of type I IFNs (IFN-α and IFN-β) and type III IFNs 
(IFN-λ1, IFN-λ2, IFN-λ3, and IFN-λ4) [13, 21]. With 
respect to the pro-inflammatory response, it has been 
observed that following viral infection PRRs, includ-
ing TLRs and RIG-Like receptors, recognize PAMPs. 
Upon binding to PAMPS, TLRs recruit myeloid 

differentiation primary response gene 88 (MyD88) 
and Toll/IL-1 receptor (TIR), whereas RIG-like recep-
tors exert an effect via the MAVS pathway [22–24]. 
Consequently, these molecules recruit TNF-receptor 
associated factor (TRAF), catalyzing the synthesis of 
K63-linked polyubiquitin chains, subsequently recruit-
ing and activating Ikappa B kinase complex (IKK), 
phosphorylating and degrading thereafter the inhib-
itory molecule IκB [25, 26]. The destruction of IκB 
activates the NF-κB dimer, leading to translocation 
to the nucleus and release of pro-inflammatory cyto-
kines that constitute an anti-viral innate immune 
response [27]. The secreted IFNs, on the other hand, 
activate cell membrane receptors that couple to JAK/
STAT signaling and nuclear translocation of IRFs, 
e.g., IRF-9. The latter activate genes containing 
interferon-stimulated response elements (ISREs) in 
their promoters, which causes expression of a set of 
IFN-stimulated genes (ISGs) that establish an antiviral 
state [21, 28, 29]. This innate immune response medi-
ated by the release of IFNs in the context of 
SARS-CoV-2, however, seems to be deficient leading 
to development of deadly manifestations, essentially 
fatal respiratory failure. Accumulating evidence 
demonstrates that SARS-CoV-2 leads to dysregulated 
immune response and delayed IFN production, con-
tributing therefore to the development and progres-
sion of COVID-19 [30, 31]. The underlying 
pathological mechanism, however, is yet to be fully 
elucidated. It has been reported that SARS-CoV-2 
RNA stimulates RIG-I-MAVS-dependent IFN signal-
ing pathway [32]. The accessory protein ORF9b has 
been shown to be upregulated within 24 hours fol-
lowing COVID-19 infection, during which the delayed 
IFN-β secretion was seen, suggesting a major role of 
ORF9b in the response to SARS-CoV-2 [30, 31]. A 
study performed by Jing et  al., indicated that ORF9b 
accumulates in primary human pulmonary alveolar 
epithelial cells and antagonizes the antiviral effect of 
the type I IFN response following SARS-CoV-2 infec-
tion [32].

Production and potential modulation of IFN 
response by SARS-CoV-2

Substantial evidence documents that interferons exert 
a central importance in the innate immune response 
to viral infection [33]. It has been reported that IFN-I 
and IFN-III are induced following viral recognition 
by the innate immune system [13, 34]. IFN-I has been 
shown to be widely expressed and to induce a potent 
inflammatory antiviral effect, leading to the release 
of pro-inflammatory cytokines such as tumor necrosis 
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factor-α (TNF-α), interleukin (IL)-6, and IL-17 [35]. 
IFN-III, however, is mainly secreted by epithelial cells; 
it exerts a local antiviral effect, thus eliciting less 
inflammatory damage [36, 37]. Despite the powerful 
anti-viral response in the setting of SARS-CoV-2, 
mainly mediated by activation of the innate immune 
system, SARS-CoV-2 remains highly pathogenic. In 
light of this observation, recent evidence demonstrates 
that SARS-CoV-2 can interfere with the following 
processes of the innate response: (1) innate sensing, 
(2) ISG function, and (3) IFN production and signal-
ing pathways, increasing thereby the severity of the 
disease [13] (Figure 1).

To begin with, coronaviruses such as SARS-CoV 
have been shown to be replicated in interior double 
membrane vesicles increasing therefore the virulence 
of the virus [38]. Chean et  al. demonstrated that 
SARS-CoV nonstructural protein (Nsp) 14 has 

guanine-N7-methyltransferase activity that can mimic 
this cap on viral RNA [39]. Additionally, Nsp16 has 
been observed to further modify the viral cap with 
its 2′-O-methyl-transferase activity, preventing even-
tually viral recognition by MD5A [40]. This observa-
tion was further substantiated in a study performed 
by Menachery et  al. showing that in a mouse model 
of Middle East respiratory syndrome coronavirus 
(MERS-CoV) infection, mutating Nsp16 attenuated 
viral virulence and disease severity [41]. Although 
this evasion strategy is likely used by SARS-CoV-2, 
since Nsp16 of SARS-CoV and SARS-CoV-2 share 
92% amino acid sequence homology [42], recent pub-
lished investigations indicated that SARS-CoV-2 stim-
ulates the RIG-I-MAVS-dependent IFN signaling 
pathway, but leads to the accumulation of ORF9b, an 
accessory protein, consequently antagonizing the 
host-virus response mediated by IFN release [32].

Figure 1.  Diagram depicting the impact of SARS-CoV-2 on the innate immune system mediated by INF secretion. Various ways 
that SARS-CoV-2 evades INF signaling are schematically represented, including: SARS-CoV-2 RNA recognition by the cytoplasmic 
RNA sensor MDA5 which leads to IFN induction and subsequent IFN signaling in surrounding cells, resulting in the expression 
of ISGs. ORFs in association with nucleocapsid proteins of SARS-CoV-2 inhibit the expression of IFN and the activation of ISGs. 
SARS-CoV-2 proteins that have been reported to interfere with these pathways are indicated in red rectangles. Furthermore, 
SARS-CoV-2 was reported to induce the TLR4 signaling pathway leading to the activation of the pro-inflammatory MyD88-dependent 
pathway and NF-κB activation triggering the gene expression of pro-inflammatory cytokines. ACE2, Angiotensin Converting 
Enzyme2; IFN, interferon; IRF, IFN regulatory factor; ISG, IFN-stimulated gene; MDA5, melanoma differentiation-associated gene 
5; N, nucleocapsid protein; Nsp, nonstructural protein; ORF, open reading frame; P, phosphate; RIG-I, retinoic acid-inducible gene 
1; SARS-CoV, severe acute respiratory syndrome coronavirus; STAT, signal transducer and activator of transcription; TLR4, toll like 
receptor 4; MyD88, myeloid differentiation primary response gene 88; TRAF, TNF-receptor associated factor; IKK, Ikappa B kinase 
complex; NF-kB, Nuclear Factor kappa.
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With respect to the inhibition of IFN-I and IFN-III 
production, Siu et  al. reported that the membrane 
protein M of SARS-CoV has the ability to sequester 
innate sensors in membrane-associated cytoplasmic 
compartments, evading therefore the innate response 
[43]. Multiple studies report that MERS M protein 
and SARS-CoV nucleocapsid (N) protein, Nsp3, and 
papain-like protease domain can inhibit the phosphor-
ylation and nuclear translocation of IRF-3, thus dis-
rupting IFN-I anti-viral response [44–46]. These 
findings were further strengthened by a study per-
formed by Blanco-Melo et  al. highlighting that low 
levels of IFN-I and IFN-III are the hallmark of 
SARS-CoV-2 [47].

Lastly, SARS-CoV Nsp1 has been shown to block 
phosphorylation of the transcription factor of ISGs, 
STAT6 [48]. Additionally, SARS-CoV accessory pro-
tein ORF3b inhibits transcription of ISGs, resulting 
in decreased IFN-I and IFN-III levels [45]. A cell 
culture experiment showed that the open reading 
frame 6 (ORF6), ORF8, and nucleocapsid (N) pro-
teins of SARS-CoV-2 are able to inhibit expression 
of IFN-β and activation of ISGs [21]. These proteins 
exhibited strong inhibition of the type I IFN (IFN-β) 
promoter and NF-κB element. All three were able 
to inhibit the ISRE after infection of cells with 
Sendai virus, while ORF6 and ORF8 could inhibit 
the ISRE after treatment with IFN-β. SARS-CoV-2 
ORF6 was found to block STAT1 and STAT2 nuclear 
translocation so as to impair transcriptional induc-
tion of ISGs [49]. Of note, however, SARS-CoV-2 
ORF6 was reported to interfere less efficiently than 
SARS-CoV ORF6 with human IFN induction and 
IFN signaling [50]. Xia et  al. identified multiple 
SARS-CoV-2 proteins that antagonize the IFN-I 
response [51]. Three proteins antagonize IFN-I pro-
duction: ORF6 binds importin Karyopherin α 2 
(KPNA2) to inhibit IRF3 nuclear translocation; Nsp6 
suppresses IRF3 phosphorylation by binding TANK 
binding kinase 1 (TBK1); and Nsp13 binds and 
blocks TBK1 phosphorylation. Two groups of pro-
teins were found to antagonize IFN-I signaling by 
blocking STAT1/STAT2 phosphorylation or nuclear 
translocation. In this case, Nsp1 and Nsp6 of 
SARS-CoV-2 more efficiently suppressed IFN-I sig-
naling than their counterparts from SARS-CoV or 
MERS-CoV [51]. Collectively, SARS-CoV-2 proteins 
interfere with the innate immune system leading to 
delayed anti-viral response mediated by IFNs secre-
tion and thus facilitate virus replication [2]. These 
findings would be helpful to unveil the molecular 
pathways that may be targeted in the setting of 
SARS-CoV-2.

Consistent with this observation, the serum of 
SARS-CoV-2 patients showed a similar trend with 
marked increase in pro-inflammatory cytokine release 
and evidence for inhibition of IFN-I and IFN-III pro-
duction [52]. Other investigations suggested a delayed 
release of IFNs rather than complete absence. For 
example, in an animal model of SARS-CoV, IFN-I 
was undetectable in the lung until several hours after 
the viral load peak [53].

Despite the well-established anti-viral role of IFNs, 
contradicting findings are reported in the settings of 
coronavirus infections. Cameron et  al. reported a pos-
itive correlation between increased plasma IFN-α lev-
els and disease severity [54]. Similarly, in a clinical 
study of patients diagnosed with SARS-CoV-2, ele-
vated IFN-α levels were accompanied by increased 
viral load, and thus enhanced disease progression and 
development [55].

Fine tuning mitochondrial innate immune 
response in the setting of viral infection

Besides the well-established role of mitochondria in 
regulating multiple metabolic processes, including 
redox reactions and regulation of NAD+ and cellular 
metabolism [56], it is becoming increasingly recog-
nized that mitochondria are fundamentally implicated 
in the innate immune response following viral infec-
tion including by HIV, hepatitis B, and herpes sim-
plex [57–60] (Figure 2). These viruses cause a robust 
inflammatory response mediated by the release of 
mtDNA, resulting in enhanced tissue damage [61–63]. 
Mitochondrial DNA triggers an innate immune 
response by inducing cyclic GMP-AMP formation 
that activates in turn the endoplasmic reticulum 
(ER)-resident protein, stimulator of interferon genes 
(STING). STING subsequently induces TANK-binding 
kinase-1 phosphorylation of IRF-3 and STAT6, which 
dimerize and induce the transcription of hundreds 
of ISGs, all of which exert a pivotal role in the inhi-
bition of viral replication [64–67]. In addition to the 
induction of ISGs, circulating mtDNA has been 
observed to play a critical role in the stimulation of 
pro-inflammatory response in COVID-19 patients via 
its ability to activate cGAS and TLR-9 [57]. The 
release of mtDNA from the cell has been shown to 
occur during formation of the neutrophil extracellular 
trap, a pathogenic step implicated in lung tissue 
injury and blood clotting formation in COVID-19 
patients

Additionally, it has been shown that mice deficient 
in mitochondrial antiviral signaling protein (MAVS) 
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after being infected by vesicular stomatitis virus 
(VSV), a negative-strand RNA virus, exhibit a dimin-
ished ability to produce IFN-I, resulting in higher 
susceptibility to viral infection [68]. A study done by 
Cao et  al. highlighted that methylcrotonyl-CoA car-
boxylase, an enzyme located in mitochondria, interacts 
with MAVS, increasing IFN-I levels and consequently 
enhances the anti-viral response [69]. It has also been 
documented that following the recognition of viral 
RNA by RIG-1/MDA5, a signaling complex is trig-
gered on the outer membrane of the mitochondria, 
defined as MAVS/TRAF3/TRAF6/TOM70, resulting 
in the induction of a potent anti-viral response [70, 
71]. Furthermore, activation of PRR in the setting of 
viral infection has been shown to switch cell metab-
olism from oxidative phosphorylation to glycolysis, 
leading thusly to the stimulation of IFN-α secretion 
and enhancing eventually an anti-viral defense mech-
anism [72, 73]. Notably, NAD+, a central metabolic 
coenzyme that exerts a key role in mitochondrial 
function and longevity, has been reported to regulate 
innate immune cell function, including that of mac-
rophages [59]. Additionally, NAD+ is involved in ATP 
generation that has been shown to be implicated in 
the regulation of the immune system [74].

Modulation of mitochondria by SARS-CoV-2

SARS-CoV-altered mitochondria-associated mecha-
nisms implicated in the innate immune response 
have been proposed in multiple investigations, yet 
the exact mechanism is still poorly understood. For 
instance, it has been reported that SARS-CoV 
encodes a virulence factor known as open reading 
frame (ORF)-9b, which localizes to mitochondria, 
induces mitochondria elongation, and triggers MAVS 
degradation (Figure 2). This severely suppresses the 
innate immune response by inhibiting production of 
IFNs [75]. Although the number of basic investiga-
tions reporting SARS-CoV-2-induced mitochondrial 
manipulation are relatively scant, Bojkova et  al. 
demonstrated that SARS-CoV-2 downregulates MAVS 
in human colon epithelial carcinoma cells CaCo-2 
[30]. Additionally, recent computational work by Wu 
et  al. indicated that SARS-CoV-2 localizes to mito-
chondria, resulting potentially in increasing reactive 
oxygen species (ROS) production and thereby sup-
pressing mitochondrial function [76]. These findings 
were further supported by Gordon et  al. who showed 
that SARS-CoV-2 interacts with the TIM complex, 
a component of the mitochondria import machinery, 

Figure 2:  Putative mechanisms of mitochondria-related immune functions controlled by SARS-CoV-2 and their effect on NAD+ 
levels. SARS-CoV-2 encodes a virulence factor known as ORF-9b, which localizes to mitochondria and triggers MAVS degradation. 
SARS-CoV-2 localizes to mitochondria and increases ROS production. As a result, after SARS-CoV-2 infection, PARP1 is activated 
to repair DNA fragmentation. PARP-1 activation leads to decreased NAD+ levels. On the other hand, the expression of NMRK-1, 
an NAD biosynthetic enzyme, is upregulated. Red rectangles represent viral proteins. Please see the text for additional details. 
cGAS, cyclic GMP-AMP Synthase; IFN, interferon; ISG, IFN-stimulated gene; MAVS, mitochondrial antiviral signaling protein; Nsp, 
nonstructural protein; ORF, open reading frame; P, phosphate; STING, stimulator of interferon genes; SARS-CoV, severe acute 
respiratory syndrome coronavirus; TANK, TRAF family member associated NF-κB activator; TBK1, TANK-binding kinase 1; ROS, 
reactive Oxygen Species; NMRK1, nicotinamide riboside kinase 1; NAD+, nicotinamide adenine dinucleotide; NR, nicotinamide 
riboside; mt DNA, mitochondrial DNA.
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Table 1. A  list of COVID-19 clinical studies that are assessing the efficacy and safety of IFN treatment.
Identifier number Study desire Enrollment Drug of interest

ChiCTR2000029387 Single study, randomized, open 
labeled, prospective clinical 
trial

101 Patients •	 RBV + IFN-α
•	 LPV/r + IFN-αRVB + LVP/r + IFN-α

NCT04276688 Prospective randomized 
open-label controlled clinical 
trial

127 Patients •	 LPV/r
•	 RBV
•	 IFN-β-1b

NCT04315948 Multi center, adaptive, 
randomized, open clinical 
study

3100 Patients •	 Remdesivir
•	 LPV/r
•	 IFN-β-1a
•	 Hydroxychloroquine
•	 Standard care

IRCT20100228003449N28 Randomized clinical trial 79 Patients •	 IFN-β-1a
•	 Hydroxychloroquine + LPV/r
•	 Hydroxychloroquine + ATZ/r

NCT04492475 Randomized, controlled clinical 
trial

1000 Patients •	 Remdesivir + IFN-β-1a

ChiCTR2000030262 Open label, non-randomized 
clinical trial

33 Patients •	 IFN-κ + TFF2

IRCT20100228003449N28 Randomized clinical trial 92 Patients •	 IFN-β-1a

LPV/r, Lopinavir/Ritonavir; RBV, Ribavirin; ATZ/r, Atazanavir/Ritonavir.

and Nsp8 interferes with mitochondria ribosome 
[77]. It has also been shown that SARS-CoV-2 upreg-
ulates genes implicated in the process of NF-κB reg-
ulation and ROS production and downregulates genes 
involved in mitochondria organization and respira-
tion [78].

Interest in NAD+ in the setting of SARS-CoV-2 
infection is expanding. SARS-CoV-2 triggers a mal-
adaptive immune response and aggravates DNA dam-
age. As a result, the innate immune response is 
stimulated to fight the infection and poly (ADP-ribose) 
polymerase 1 (PARP-1), an NAD+ consuming enzyme, 
is activated to repair DNA fragmentation and inhibit 
viral replication [79, 80]. PARP’s anti-viral effect, how-
ever, is opposed by the ADP-ribosylhydrolase macro-
domain of viral Nsp3, whose activity is necessary for 
virulence [81].

Recent evidence demonstrated disturbed NAD+ 
metabolism and NAD+ biosynthetic and consuming 
enzymes post-SARS-CoV-2 infection [11]. For 
instance, expression of nicotinamide riboside-1 
(NMRK-1), an enzyme involved in NAD+ biosynthesis 
was upregulated, whereas the expression of nicotin-
amide N-methyltransferase (NNMT), an enzyme elim-
inating nicotinamide from cells, was downregulated, 
suggesting a compensatory mechanism in infected 
cells to maintain NAD+ levels [11, 80]. Additionally, 
it has been demonstrated that SARS-CoV-2 increases 
expression of several PARPs, leading to NAD+ deple-
tion and dysregulation of the immune response in 
the lungs of patients diagnosed with SARS-CoV-2 
[11]. Taken together, replenishing NAD+ levels 
through NMRK-1 may restore PARP function to sup-
port the innate immune response in fighting the viral 
infection.

Potential therapeutic strategies for COVID-19

Potential contribution of IFN therapy

A growing body of evidence supports IFNs as a poten-
tial therapy for the SARS-CoV-2 pandemic. Multiple 
clinical trials are currently underway to evaluate the 
impact of IFN alone or in combination with other 
anti-viral drugs on SARS-CoV-2 infection (Table 1). 
The potential beneficial effect of IFNs, however, should 
be assessed in terms of the timing. For instance, 
IFN-β-1b was administrated early after infection, high-
lighting that the timing of IFN-I is a crucial factor 
[82]. This observation is in line with previous clinical 
studies pointing out that IFN-I should be administered 
at an early stage of MERS-CoV infection [83, 84]. To 
avoid the ineffectiveness or potential adverse effects 
of late administration of IFN-I including malaise, 
fatigue, and fever [85], new therapeutic strategies are 
being evolved in the clinical setting. For instance, an 
aerosol formulation of recombinant IFN has been used 
to deliver the cytokine inside the lungs. In fact, studies 
have shown that the pulmonary concentration is higher 
following inhalation than with systemic administration, 
minimizing therefore the adverse effects of IFN [86, 
87]. Additionally, Zhou et  al. performed a clinical 
study on 77 SARS-CoV-2 patients in Wuhan. In this 
study, patients who received nebulized IFN-α-2b alone 
or in combination with Umifenovir, an anti-viral agent, 
showed a marked decrease in viral load in the upper 
respiratory tract [88].

IFN-III could also be a promising therapy for mul-
tiple different pathogens including respiratory syncy-
tial virus, influenza B virus, influenza A virus, and 
SARS-CoV [89]. For instance, IFN-III was shown to 
be more effective than IFN-I in decreasing viral 
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replication in intestinal epithelial cells [90]. Of note, 
it has been observed that SRAS-CoV-2 morbidity is 
linked to increased IFN-I and IFN-III expression lev-
els in the lung [91]. Additionally, in mice exposed to 
synthetic viral RNA, IFN-III released by dendritic 
cells in the lung has been correlated with enhanced 
lung epithelium damage, consequently exacerbating 
disease severity [91]. Complicating this picture, a 
study performed by Hadjadj et  al., indicated dimin-
ished type I IFN levels in peripheral blood immune 
cells from severe COVID-19 patients [92]. Taken 
together, these findings suggest that in contrast to 
local, the systemic production of IFNs in the setting 
of COVID-19 may exert beneficial effects.

Potential contribution of NAD+ boosting therapy

NAD+ boosting therapy has recently become a poten-
tial treatment for SARS-CoV-2 infection. A random-
ized double-blinded case-control trial (ID# 
NCT04407390) is currently evaluating the efficacy of 
the NAD+ precursor nicotinamide riboside (NR) (1 g/
day) for COVID-19 patients. Additionally, a phase II 
clinical study was conducted to assess the impact of 
NR, in combination with hydroxychloroquine, on mild 
to moderate COVDI-19 patients. The findings revealed 
a 30% decrease in recovery time following NR admin-
istration when compared to patients receiving standard 
care [11]. PARP inhibitors have also been shown to 
exert protective effects in the context of SARS-CoV-2 
infection by decreasing the cytokine storm mediated 
by excessive release of pro-inflammatory cytokines 
(IL-6 and TNF-α) and attenuating lung fibrosis [93].

Besides NAD+ boosting therapy, silence information 
regulator-1 (SIRT-1), implicated in mitochondria bio-
genesis, has been proposed to exert beneficial effects 
post-SARS-CoV-2 infection. It has been indicated that 
SIRT-1 decreases viral replication and the 
hyper-inflammatory response mediated by IL-1β, IL-6, 
and TNF-α [94]. Given the above, NAD+ boosting and 
mitochondria-targeted therapies may be critical players 
in suppressing the cytokine storm and potential treat-
ments against SARS-CoV-2 viral attack. Further exper-
imental investigations and clinical data, however, are 
needed to draw a firm conclusion about the efficacy 
and safety of NAD+ boosting and mitochondria-targeted 
therapies in the context of SARS-CoV-2 infection.

Conclusion

Mounting evidence suggests that an imbalanced innate 
immune response and mitochondria alterations play 
a crucial role in COVID-19 progression and 

development. A particularly insidious aspect of 
SARS-CoV-2 infection is the inhibition of the innate 
immune response that is associated with release of 
IFNs, together with enhanced mitochondrial dysfunc-
tion and NAD+ depletion. Additional evidence con-
cerning how SARS-CoV-2 inhibits the innate immune 
system and enhances mitochondrial dysfunction is 
needed. Defining the mechanisms of IFN evasion and 
preventing NAD+ depletion may open up novel ther-
apeutic approaches. While an effective treatment for 
COVID-19 is still elusive, a better understanding of 
the molecular pathways that are altered following 
SARS-CoV-2 infection should expedite the develop-
ment of therapeutic and preventive treatments for this 
newly emerged virus.
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