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Muhammad Akram e, Osman Cen f,g 

a Department of Obstetrics and Gynecology, Medicina Plus Medical Center, 75. Yıl Mah., İstiklal Cad. 1305 Sk., No: 16 Sultangazi, İstanbul, Turkey 
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A B S T R A C T   

The SARS-CoV-2 virus has caused a worldwide COVID-19 pandemic. In less than a year and a half, more than 200 
million people have been infected and more than four million have died. Despite some improvement in the treat
ment strategies, no definitive treatment protocol has been developed. The pathogenesis of the disease has not been 
clearly elucidated yet. A clear understanding of its pathogenesis will help develop effective vaccines and drugs. The 
immunopathogenesis of COVID-19 is characteristic with acute respiratory distress syndrome and multiorgan 
involvement with impaired Type I interferon response and hyperinflammation. The destructive systemic effects of 
COVID-19 cannot be explained simply by the viral tropism through the ACE2 and TMPRSS2 receptors. In addition, 
the recently identified mutations cannot fully explain the defect in all cases of Type I interferon synthesis. We 
hypothesize that retinol depletion and resulting impaired retinoid signaling play a central role in the COVID-19 
pathogenesis that is characteristic for dysregulated immune system, defect in Type I interferon synthesis, severe 
inflammatory process, and destructive systemic multiorgan involvement. Viral RNA recognition mechanism through 
RIG-I receptors can quickly consume a large amount of the body's retinoid reserve, which causes the retinol levels to 
fall below the normal serum levels. This causes retinoid insufficiency and impaired retinoid signaling, which leads to 
interruption in Type I interferon synthesis and an excessive inflammation. Therefore, reconstitution of the retinoid 
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signaling may prove to be a valid strategy for management of COVID-19 as well for some other chronic, degener
ative, inflammatory, and autoimmune diseases.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) was initially detected as a 
pneumonia-like disease outbreak with unknown cause in Wuhan, China, 
in December 2019, and rapidly spread throughout the world [1,2]. The 
World Health Organization (WHO) reported on January 9, 2020 that it 
was caused by a novel coronavirus, severe acute respiratory syndrome 
Coronavirus 2 (SARS-CoV-2), named the disease COVID-19 on February 
11, and declared it as a pandemic on March 11, 2020 [1,2]. The US 
Centers for Disease Control and Prevention (CDC) declared it as a public 
health emergency in the US at the end of January. Europe was declared 
the epicenter of the pandemic on March 13, and in a couple of weeks, US 
became the country with the highest number of infections and deaths 
ahead of any country. Later, it spread very fast in other countries such as 
Brazil and India. In a year and a half, by the beginning of May 2021, 
more than 200 million people have been infected and more than four 
million have died worldwide [1]. In addition, it has caused severe so
cioeconomic problems and continues to exist as an emergent public 
health problem all over the world [1]. Even though there have been 
some improved treatment strategies, no definitive COVID-19 treatment 
has been found so far [3,4]. 

From the start of the pandemic, there have been very intense vaccine 
development approaches in the US, Europe, Russia, and China. As a 
result, vaccines against SARS-CoV2 had been developed with an un
precedented historical speed of less than a year. Soon, these vaccines 
began to be used after approval by regulatory agencies for emergency 
use. Preliminary results show high efficacy of at least some of the vac
cines [5]. However, the long-term effectiveness and side effects of these 
COVID-19 vaccines are not yet known. Preliminary observations indi
cate some serious side effects such as allergy, anaphylaxis, and blood 
clotting [5–8]. Furthermore, because of the frequent mutations of SARS- 
CoV-2 and the emergence of new variants of the virus, there have been 
concerns that the evolved novel mutants might evade the effectiveness 
of these vaccines [9,10]. The delta variant has already become the 
dominant mutant spreading very fast in many countries infecting many 
including vaccinated people. The vaccine developers had already started 
incorporating the mutant variants in their vaccines. In addition, the 
production capacity of the vaccines and vaccine-related supply and lo
gistic support pose important problems [11]. Considering that billions of 
people will be vaccinated, it seems impossible to meet this huge 
worldwide demand in a timely manner. Despite the rapid use of COVID- 
19 vaccines in some countries, it will not be easy to vaccinate billions of 
people around the world due to socioeconomical reasons. Therefore, 
detailed understanding of the COVID-19 pathogenesis will enable the 
development of more effective vaccines and effective treatment methods 
[12]. Hence, research aiming to further elucidate the COVID-19 patho
genesis will bear high importance in developing prevention and man
agement strategies. 

Although one and a half year has passed since the COVID-19 
pandemic started, the pathogenesis of COVID-19 is still not well un
derstood. Under the light from the current literature and research re
sults, we aim to suggest that a defective retinoic acids (RA) metabolism 
and retinoid signaling disorder might be an important underlying factor 
in the COVID-19's destructive pathogenesis. Because the destructive 
systemic COVID-19 pathophysiology is much larger and severe 
compared to viral tissue tropism and mimics the systemic effect of 
retinoid signaling disorders, we hypothesize that the RA signaling dis
order plays an essential role in the immunopathogenesis of COVID-19. In 
this study, we provide a systematic review of RA metabolism and a 
possible central role of retinoid signaling in COVID-19 pathogenesis. The 
likely mechanisms with which the retinoid signaling disorders may 

involve in the COVID-19 pathogenesis have been evaluated in the light 
of recent research data. More specifically, the immune system dysre
gulation observed in the COVID-19 patients and the literature data that 
have led to a likely misunderstanding of the regulation mechanisms of 
the immune system are discussed. This review aims to provide a new 
approach to the pathogenesis of COVID-19, to provide a critical analysis 
of existing knowledge in the field, to identify and discuss the main 
problems of misinterpretations, and to offer a new perspective for the 
research on the pathogenesis and treatment of COVID-19. 

2. Retinol depletion and retinoid signaling disorder hypothesis 
in COVID-19 pathogenesis 

This systemic involvement in COVID-19, which is different from 
many other viral infections and cannot be explained accurately by viral 
tropism, has made it difficult to clearly understand the COVID-19 
pathogenesis. During the pandemic, most researchers focused their ef
forts on the tropism mechanism to delineate the pathogenesis of COVID- 
19. We believe that the retinol depletion and consequently impaired 
retinoid signaling play a central role in the COVID-19 pathogenesis and 
associated widespread systemic effects as seen in some other viral in
fections [13,14]. Essentially, a main prominent difference that distin
guishes COVID-19 pathogenesis from other viral infections is the 
excessive size of the SARS-CoV-2 genome which will result in an 
excessive immune response against viral RNA that will most likely end 
up with the depletion of body's retinol depot and subsequent defect in 
retinoid signaling. While the genome size of many RNA viruses is 
generally less than 10 kB, that of SARS-CoV-2 is 30 kB [15]. This makes 
SARS-CoV-2 the virus with the largest genome among RNA viruses 
[16,17]. Because of such a large genome size, large amounts of RNA 
particles are released from viruses that are broken down by host immune 
response. These broken scattered large amount of viral RNA particles are 
recognized and processed by innate immune system, which leads to 
Type I interferon (IFN) synthesis, a process that also uses the RA 
signaling [18,19]. The large amount of viral RNA and consequent 
overwhelming immune stimulation will cause increased RA consump
tion, and with the time, depletion of retinol reserves in the body [20,21]. 
Liver damage incurred during COVID-19 infection may speed up the 
depletion of vitamin A (VitA) stores in the liver [22]. Depletion of retinol 
then leads to retinoid signaling disorders simultaneously in many organ 
systems. This wide-spread retinoid signaling disorder and interrupted 
type I IFN synthesis in turn lead to inflammatory cytokine discharge and 
systemic inflammation seen in the COVID-19. 

Pattern recognition receptors (PRR), such as Toll-like receptors 
(TLR) of the innate immune system are responsible for recognizing 
pathogens and viruses and inducing IFN production (Fig. 1). Viral RNA 
in the endosomes is mostly recognized byTLR3 and TLR7 while cytosolic 
viral RNA is recognized by RIG-I like receptor family proteins, such as 
retinoic acid-inducible gene-I (RIG-I) and melanoma differentiation- 
associated protein 5 (MDA5) [18–20,23]. RIG-I is the main cytosolic 
receptor that recognizes cytosolic viral RNA molecules and is respon
sible for type I interferon synthesis [20,24]. Expression of RIG-I is 
regulated through RA signaling and with the prolonged stimulation, the 
cellular retinol resources are used up causing depletion of retinol depot 
in the body [20,25–27]. With the depletion of retinol and impaired 
retinoid signaling, the RIG-I pathway of the innate immune system 
collapses, and Type I interferon synthesis is interrupted [25,28,29]. This 
leads to dysregulation in the immune system with disrupted delicate 
balance between immune-suppressive regulatory T cells (Treg) and 
proinflammatory T helper 17 (Th17) cells [30,31]. In this way, the co
ordination between the innate and adaptive components of the immune 
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system is disrupted, causing a collapse of the innate immune system and 
the hyperactivation of the Th17 arm of the adaptive immune system, 
resulting in cytokine storm and systemic organ damage [32,33]. How
ever, when there is a normal serum level and adequate RA signaling, the 
balance favors the dominance of Treg cells and suppression of Th17 cells 
that prevent inflammatory cytokine release and establishment of self- 
tolerance (Fig. 2) [34,35]. 

With the depletion of retinol and disrupted RA signaling, which may 
be the case in severe COVID-19, the transformation of naïve T cells to 
regular T cells is blocked, while transformation into effector Th17 cells is 
promoted [34–36]. As a result, excessive cytokine release and systemic 
organ damage may occur. Meanwhile, the cellular and mitochondrial 
DNA fragments emanating from dying host cells and RNA fragments 
emanating from fragmented viral particles will continue to activate the 
inflammatory NF-κB (nuclear factor kappa light chain enhancer of acti
vated B cells) signaling cascade through TLR [37]. The continuous and 
intense stimulation of TLR causes hyperactivation of NF-κB pathway and 
excessive stimulation of the immune cells resulting in excessive cytokine 
discharge and reprogramming of B and T cell development that ulti
mately leads to devastating systemic effects seen in COVD-19 [38–41]. 

Due to the widespread distribution and intensive activity of retinoid 
signaling in various organ systems, impairment in retinoid signaling 
affects almost all organ systems [42–45]. Likewise, COVID-19 presents 
very common and similar various symptoms, clinical findings, and 
multi-organ involvement [36,46,47]. Damaged liver may lose retinol 
reserves faster [22] causing retinoid signaling impairment that may lead 
to the emergence of severe clinical pictures, multiple organ injuries, and 
chronic post-COVID syndromes [48–50]. 

Various studies have shown a link between increased inflammatory 
mediators and excessive cytokine production in COVID-19 [47,51–53]. 
In almost all of these studies, treatments based on the blockade of the 
cytokines have been proposed for the treatment of COVID-19 due to its 
severe inflammation and cytokine storm phenotype [47,54–57]. How
ever, we believe that the retinol depletion and the resulting low serum 
RA levels play an initial central role triggering the immune response 

towards increased cytokine expression and inflammation observed in 
COVID-19 and therefore, it needs further detailed studies. 

The reason why the regulation mechanism of endogenous RAs in 
COVID-19 has not been noticed until now may be the assumption that 
retinol and RAs, which have large reserves, can always be present in the 
body's stores. However, the stored amount of RA in the human body is 
limited and is sufficient for about three months [41,58–60]. The serum 
retinol level is kept constant as it is supplemented per need from body’s 
retinol depots, mainly liver. A drop in the serum retinol level occurs only 
after the deficiency progresses to severe levels when the liver retinol 
reserve is depleted. When serum retinol levels are low, the liver retinol 
stores are already depleted, and the disease is advanced [61,62]. Retinol 
and RAs can be depleted rapidly, especially due to persistent and pro
longed viral load, high fever, and catabolic destruction [60]. 

3. Vitamin A metabolism and retinoid signaling mechanism 

Vitamin A (VitA) is one of the most important vitamins in the body. Its 
signaling is necessary for the regulation and maintenance of a wide va
riety of biological functions, such as growth, development, vision, dif
ferentiation, proliferation, and apoptosis, both during the intrauterine 
development and in the adulthood [44,63,64]. It is essential for organ
ogenesis during embryonic development as well as for metabolic ho
meostasis. VitA functions as hormones in regulating body's metabolism 
and promoting growth [65,66]. When first discovered, it was named as 
hormone A and growth factor due to its vital role in cell survival and 
development [67]. Later, it was found to have an anti-infection affect and 
therefore was referred to as an anti-infectious vitamin [27,68]. The WHO 
added VitA to its infection prevention programs during measles epi
demics in the 1950s, which proved to achieve successful results, as it 
reduced mortality from measles pneumonia by 50% during the epidemic 
[69,70]. Likewise, similar successful results had been obtained from 
supportive therapies with VitA in AIDS patients [71]. Furthermore, VitA 
and its derivative retinoids are currently being used as vaccine adjuvants 
[69,72]. VitA deficiency (VAD) causes various pathologies such as 

Fig. 1. Retinoic acid signaling orchestrates 
innate and adaptive immune responses to 
viral infections. Extracellular and intra- 
vesicular viruses are recognized through 
TLR receptors activating the TRAF/IRF 
signaling cascade. After the viral genome is 
taken into the cell, the immune response 
switches to the RIG-I and MDA5 further 
activating TRAF/IRF pathway. Activated 
TRAF/IRF leads to Type I IFN synthesis 
(green arrows, center). RIG-I is synthesized 
through RAR/RXR (blue arrows, left side) as 
long as there is sufficient retinoid signaling in 
the cell, and type I interferon synthesis con
tinues through RIG-I and TLR system (green 
arrows, center). TRAF can also activate IKK 
leading to degradation of I-κB and activation 
of NF-κB. In addition, the MAPK, PI3K/Akt 
and Jak/STAT pathways are also under the 
control of non-genomic signaling of retinoic 
acids. Here, non-genomic signaling cascades 
are modulated by STRA6 and membrane- 
associated RARs via RA recruitment, lead
ing to activation or inactivation of NF-B (red 
arrows, right side). Here, the association of 
RA with CRABP-1 inhibits tonic MAPK, 
PI3K/Akt and Jak/STAT signaling. RA acti
vates RIG-I expression (black dotted arrows) 

and inhibits cytokine feed-forward loop and UPS system (blunt-ended dotted black lines) preventing NF-кB activation through UPS. With retinol depletion, the RIG-I 
arm of the innate immune system that produces Type I interferon collapses (green arrows, center), but the UPS-NF-κB pathway continues operating through TLR 
receptors releasing cytokines and other inflammatory mediators (red arrows, right side). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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impaired vision, reduced growth, increased morbidity and mortality of 
certain infections due to an impairment of innate and adaptive immune 
responses and increased inflammation [29,73]. VAD is also associated 
with increased mortality in children [74–76]. 

The biologically active form of VitA, retinol, is taken up by gastro
intestinal epithelial cells and transferred into blood where it binds to 
serum retinol binding protein (RBP). In tissues, the RBP-retinol complex 
is taken up into the cells through Signaling Receptor and Transporter of 
Retinol (STRA6) and retinol is then transferred to the Cytoplasmic 
Retinol Binding Protein 1 (CRBP-I) [77]. Once in the storage tissue cells, 
the retinol and other chemically related retinoids and carotenoids are 
stored as retinal esters in the VitA-storing cells, also known as stellate 
cells, lipocytes, or Ito cells, mostly in liver but also in other organs such 
as kidney and lung [78,77]. Per need, it is released into the circulation to 
be taken up into the target cells. Retinoid target cells are present in many 
tissues and organs of the body including hormonal glands, reproductive 
tissues, neural tissues, epithelial tissues, and immune cells [45,79]. In 
the target cells, it generates retinoid signaling leading to various phys
iological outcomes. Retinoid signaling is seminal in various develop
mental, physiological, and biochemical processes including, vision, 
spermatogenesis, embryogenesis, and development and function of 
nervous and immune systems [63,64,80]. During mammalian embryo
genesis, it is important for the initiation of development of body axis and 
many organs including the brain, spinal cord, forelimb buds, skeleton, 
heart, eye, pancreas, lung, and genitourinary tract [45,81]. 

In the target cells, retinol and other retinoid molecules exert their 
functional effect through activating cellular signaling pathways. Cellular 
retinol is first reversibly metabolized to retinal, which is then irreversibly 
metabolized to retinoic acid (RA) [45]. RA has a few isomers including all- 
trans RA (ATRA) and a few Cis isomers (CisRA), including 9-CisRA, 11- 
CisRA, and 13-CisRA. ATRA is the major RA isomer mediating cellular 

signaling leading to the metabolic outcome of the retinoid signaling in the 
cells [82]. The level of RA in the cells is tightly regulated by two sets of 
enzymatic reactions: those that synthesize RA and those that degrade or 
metabolize RA. Synthesis of RA starts with retinol, which is first reversibly 
metabolized to retinal by retinol dehydrogenase (RDH) enzymes, such as 
RDH10 [45]. Retinal is then irreversibly metabolized to RA by reti
naldehyde dehydrogenase enzymes (RALDH/ALDH1A) [45]. The half-life 
of free RA and other related retinoids in cells is very short as they are 
quickly being degraded by retinoic acid hydroxylase CYP26 enzymes such 
as CYP26A1 (cytochrome P450 family 26 subfamily A member 1), 
CYP26B1, CYP26C1, and their isomers, as well as members of other 
subfamilies of cytochrome P450 (CYP450) enzymes, such as CYP2, CYP3, 
and CYP4, providing a short time window for RA to initiate signaling 
[83,84]. CYP26 and other CYP's are members of the larger CYP super
family monooxygenase enzymes that are important regulators of various 
cellular metabolic pathways, including steroids, lipids, xenobiotics, and 
cellular respiration, and therefore has been implicated in various clinical 
pathologies and explored for therapeutic approaches [84–86]. 

RA signaling pathway involves transcriptional (genomic) and non- 
transcriptional (non-genomic) mechanisms [79,87,88]. At the tran
scriptional level, the canonical RA signaling leads to the transcription of 
various target genes. RAs act as ligands for members of RA receptors 
(RARs) and related Retinoid X Receptors (RXRs) as well as peroxisome 
proliferator-activated receptor (PPAR) and other related receptors to 
activate transcription of target genes [42,44,89]. RAR and RXR can 
constitutively form homodimers or heterodimers bound to RA Response 
Elements (RARE) on the regulatory sequences of the target genes. In the 
absence of cognate retinoic acid ligands, RAR/RXR heterodimers are 
bound to nuclear receptor corepressors (NCoR) that keep the transcrip
tion of target genes off. Binding of ligands displaces the corepressors, 
allowing the recruitment of nuclear receptor co-activators (NCoA) to 

Fig. 2. Retinoic acid signaling is essential in 
establishing immune tolerance through pro
moting differentiation of Tregs and inhibit
ing development of proinflammatory Th17 
cells. The balance between Treg and Th17 
cells defines immune tolerance or inflam
mation. Both Treg and Th17 cells differen
tiate from naive T cells under different 
cellular and tissue milieu requiring TGF-β. In 
the presence of sufficient ATRA levels, the 
interaction between signaling pathways 
from RA, TGF-β, and cytokines blocks IL-6 
signaling and induce FoxP3 transcription 
factor that ultimately leads to differentiation 
of naïve T cells into Tregs, which induce 
expression of anti-inflammatory cytokines, 
such as IL-2, IL-4, and IL-10, and suppress 
the inflammatory response that culminate in 
establishment of self-tolerance (immune 
tolerance circle, green circled arrows, left 
side panel). In the presence of low or no 
ATRA, retinoid signaling is weak or absent 
and fails to block IL-6 signaling, leading to 
the expression and activation of RORγt that 
reprogram differentiation of naïve T cells 
into proinflammatory Th17 cells. Effector 
Th17 cells have high activity of NF-κB 
signaling that leads to expression and release 
of various proinflammatory cytokines such 
as IL-6, IL-17, and IL-23, generating an in
flammatory response that may lead to 
development of autoimmune diseases 
(inflammation circle, red circled arrows, 
right side panel). ATRA exerts its effect by 
inducing expression of TGF-β and FoxP3 

(dotted black arrows) and inhibiting activation of NF-κB (blunt-ended dotted black line). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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bind, resulting in the transcriptional activation of target genes [90–94]. 
In this way, retinoid-activated RAR/RXR signaling pathways directly or 
indirectly regulate hundreds of RARE-containing genes including Hox 
family genes, which are important in embryonic development, and genes 
important in the development and function of the immune system such as 
NF-κB, c-Myc, Lyn, IL2RA (interleukin 2 receptor-alpha subunit), and 
TGF-β (transforming growth factor-beta) [42,45,87]. 

RA signaling at the non-transcriptional level, the non-canonical RA 
signaling, involves in direct modulation of intracellular signaling cascades 
through membrane associated STRA6 and RARs and RA-binding cyto
plasmic proteins such as cellular RA-binding protein 1 (CRABP-1). During 
retinol transport into the cells, the association of STRA6 and retinol can 
rapidly initiate tonic cellular signaling through phosphorylation of 
cellular kinases. Retinol-bound STRA6 can activate cytokine signaling 
such as Jak/STAT pathway [95]. Janus kinases (Jak) and transcription 
factors of signal transducer and activator of transcription (STAT) are 
family of cellular signaling molecules that generate immediate signaling 
mechanisms from membrane to transcription that affects many aspects of 
the immune system including cytokine and interferon signaling and 
expression [96]. In addition, a subpopulation of RAR, especially RAR- 
alpha (RARα), has been localized in the membrane lipid rafts and upon 
binding to RA, it can similarly activate cytoplasmic kinases leading to the 
activation of various intracellular signaling pathways, including PI3K/ 
Akt, MAPK/Erk, Jak/STAT, RIG-I, non-genomic GluR1, and calcium flux 
pathways, many of which are highly active signaling cascades in many 
cells especially in nervous and immune cells [42,87,95–102]. Further
more, association of RA with CRABP-1 form a nucleus for a larger 
signaling complex that leads to inhibition of cellular signaling such as 
Raf/Mek/Erk, mTOR, Jak/STAT pathways [103–108] (Fig 1). 

The retinoid signaling mechanisms, both at transcriptional and non- 
transcriptional levels, are responsible for RA's global effect on the for
mation, development, and function of organs and tissues from the em
bryonic development to the adulthood. Disruption of this signaling 
causes serious congenital malformations during the embryonic period 
and causes serious developmental disorders affecting many organ sys
tems in adulthood including immune system [45,64]. Even though the 
lack of VitA has serious consequences, overdose of retinol and related 
retinoids and RA in the body may pose serious consequences such as 
developmental and teratogenic side effects [109–111]. In the case of 
VAD, retinol and related carotenoid supplementation may be recom
mended. However, the use of retinoids and ATRA for treatment or 
prophylactic purposes must be under medical supervision. 

4. Viral tropism, retinoid signaling disorder, and COVID-19 
pathogenesis 

Pathological damages caused by many viral infections usually occur 
in certain tissues and organs associated with the cell and tissue tropism 
of the virus [112]. Many viruses are further classified according to their 
tissue and cell tropism such as neurotrophic, hepatotropic, enterotropic 
viruses, etc. The prominent factor defining viral tropism is the specific 
interaction of viral receptors to their cognate host cell receptor needed 
for the viral entry into the host cells. The tropism of SARS-CoV-2, the 
causative agent of COVID-19, is provided through host cell receptor 
Angiotensin-converting enzyme 2 (ACE2), a critical carboxypeptidase in 
the renin-angiotensin hormone system that regulates blood volume and 
cardiovascular homeostasis [113,114]. ACE2 is expressed mainly on 
endothelial and epithelial cells of a few organs, such as lung, gastroin
testinal tract, hearth, kidney, and testes. Cellular entry of SARS-CoV-2 
into the target cells, in addition to ACE2, requires protease activity of 
surface receptors Transmembrane Protease Serine 2 (TMPRSS2), 
TMPRSS13, or endosomal protease cathepsin L [115,116]. 

Although the main target of SARS-CoV2 infection is the respiratory 
and gastrointestinal tract, its infection causes involvement of many organ 
systems, including nervous, auditory, olfactory, circulation, and inflam
mation [36,117–119]. The most prominent pathogenesis of COVID-19 is 

lung infection. SARS-CoV-2 invades the lungs through the respiratory 
tract and causes severe pneumonia [36,118,120]. The main symptoms of 
patients with COVID-19 infection are interstitial changes in the lung 
which may become severe and lead to hypoxemia and type I respiratory 
distress. While it may be asymptomatic or mild in many infected in
dividuals, about 15% of infected individuals may develop severe symp
toms, and about 6% may progress to acute respiratory distress syndrome 
(ARDS) and multiorgan failure leading to death [121,122]. 

The clinical presentation and immunological profile of COVID-19 is 
unique with end-organ damage mediated through host immune response 
[17,122]. The immunopathophysiology of COVID-19 manifests itself as a 
biphasic illness at least in severe cases [17,121,123,124]. The initial viral 
phase lasts about a week followed by a second “hyperinflammatory” 
phase leading to host immune response-mediated organ damage. In se
vere cases, the hyperinflammatory phase is characteristic with hemo
phagocytosis, neutrophilia, lymphocytopenia, thrombocytopenia, and 
increased proinflammatory mediators and cytokines [118,123,125–129]. 
The respiratory manifestation of this systemic inflammatory response is 
acute respiratory distress syndrome (ARDS), which leads to a need for 
mechanical ventilation in severe cases [130]. The resulting process is the 
severe COVID-19 picture characterized by systemic inflammatory 
response syndrome (SIRS), ARDS, hypoxia, and systemic organ damage 
leading to death [17,121,131]. 

The COVID-19 has been a unique and very challenging pandemic. 
How COVID-19 affects all organ systems beyond tissue tropism is less 
understood. The destructive systemic effects caused by SARS-CoV-2 
cannot be explained merely by the interaction between viral spike 
glycoprotein and the host cell receptors ACE2 and TMPRSS2 [17,132]. 
The severity of COVID-19 infection is due to impaired immune response 
causing tissue and organ destruction [118,120]. It will be of paramount 
importance to identify the immune system components that drive the 
pathophysiology of the COVID-19. 

Many COVID-19 symptoms related to the immune and central ner
vous systems as well as the cardiovascular, respiratory, digestive sys
tems, kidney, suprarenal gland, the smell, taste, hearing, vision, and 
balance disorders are also related to retinoid signaling disorders 
[89,133,134]. The enzymes and molecules important in the RA meta
bolism, such as RALDH enzyme activity, ATRA synthesis, RA receptors, 
and CYP450 enzymes, are also highly expressed in these organ systems 
that are significantly affected and damaged in severe COVID-19 patients 
[64,83,135]. Therefore, the RA and retinoid signaling mechanism has a 
widespread distribution and activity in almost all organ systems 
[63,136,137]. RA signaling disorders can cause common and severe 
symptoms and signs similar to those seen in COVID-19 [132,134,138]. 
Interestingly, the way the COVID-19 affects organs parallels the wide
spread positioning and activity of retinoid signaling [133,134,139]. 
Furthermore, RA signaling has been implicated in the pathogenesis of 
the COVID-19 [140] and high retinol level is inversely corelated with 
COVID-19 infection [141]. 

COVID-19 patients display multiple signs and symptoms that typi
cally resemble those of VAD that develop due to retinol depletion and 
impaired retinoid signaling. For example, some laboratory and radio
logical imaging findings, clinical observations, and symptoms of COVID- 
19 resemble those of VAD [132–134,142,143]. Many of these signs and 
symptoms, such as changes in the immune system, central nervous 
system, and eyes, and especially the smell and taste disturbance, are also 
very common in VAD [142–144]. Likewise, the changes observed in 
immune system in COVID-19 infections are drastically similar to those of 
immune system suppression seen in VAD [123,126,145,146]. 

5. CNS involvement and retinoid signaling disorder inCOVID-19 

VitA and its derivative retinoids and their signaling are necessary for 
normal embryonic development, neural tube patterning, neural differ
entiation, and gene expression in the brain. RA metabolism and the 
retinoid signaling through RARs are constantly active at a basal level in 
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the nervous system [64,139,147]. RA is synthesized in various cells of 
nervous system including oligodendrocytes, astrocytes, and Schwann 
cells, the myelin sheaths of the axons in the brain [45,64,79,139]. RA 
signaling is necessary not only for development of organs and tissues but 
also for continuation of physiological activities and homeostatic regu
lation [87,139]. However, deviations from the basal levels of retinoid 
activity may cause disruption in the synthesis and functions of down
stream structural and functional proteins, enzymes, and hormones 
manifesting as organ damage and loss of function phenotypes [64,148]. 
Most of the COVID-19 symptoms resemble those caused by organ 
damage and loss of functions seen in the retinoid acid signaling disorders 
[64,134]. Therefore, most of the systemic signs and symptoms of 
COVID-19, especially those related to the central nervous system, sen
sory organs, and immune system may well be due to the VAD and 
ensuing impaired retinoid signaling [63,73,149,150]. 

Ionotropic glutamate receptor subunit 1 (GluR-1/GRIA1/GluR-A) has 
a vital function in neurons [151–153]. It is the predominant excitatory 
neurotransmitter receptor in the brain and is mainly responsible for 
providing neuronal plasticity and synaptic transmission in the nervous 
system [154–156]. There are alternatively spliced four isomers (GluR1- 
4), which are differentially activated by L-glutamate in a variety of 
normal neurophysiologic processes. These receptor isomers are hetero
meric transmembrane protein complexes with multiple subunits that 
form a ligand-gated ion channel [152,153]. They belong to a family of 
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) re
ceptors family. Proper activation of GluR1 is very important in the 
functions of the limbic system, also known as paleomammalian cortex, 
which contains a set of brain structures including the amygdala, thal
amus, hypothalamus, and hippocampus [151,154–156]. It coordinates 
vital functions such as nutrition, smell, taste, vision, hearing, balance, 
fear, anger, sleep, and memory. The signaling disorders within the limbic 
system are responsible for etiopathogenesis of many acute and chronic, 
degenerative, and neuropsychiatric diseases, especially Alzheimer's, de
mentia, schizophrenia, depression, and insomnia [154,155,157–159]. In 
the limbic system, memory and alertness are regulated by neuronal 
plasticity provided by retinoid signaling [154–156,160]. 

The expression and activity of GluR1 is regulated through RA 
signaling including genomic and non-genomic cytoplasmic action of 
RAR signaling [87,161]. The defect in the non-genomic function of 
retinoid signaling is especially seen in various pathologies, such as smell, 
taste, memory, sleep, and mood disorders [144,162,163]. Synaptic 
transmission in such cases is conducted mainly through activation ofthe 
GluR1 by glutamate and non-transcriptional regulation through RAR 
signaling [161–163]. The non-transcriptional regulation of GluR1 
through the RAR signaling involves phosphorylation and activation of 
downstream signaling molecules [161]. The expression of RARα, which 
regulates the synthesis of GluR1, is being regulated by retinoid signaling 
making a self-perpetuating regulatory loop for neurotransmission and 
plasticity [87,164]. With retinol depletion in COVID-19, the defects in 
the synthesis and function of the RAR causes defects in the GluR1 syn
thesis and a consequent disruption of GluR1-mediated synaptic trans
mission in various neural tissues including sensory path of smell and 
taste, leading to the loss of these senses [4,144,165]. Furthermore, such 
a loss of proper GluR1-mediated synaptic transmission may play a 
central role in various neuropsychiatric symptoms [162,163,165]. 
Retinoid signaling defect may also cause odor loss and neurological 
symptoms similar to those of COVID-19 [149,166]. RALDH3 enzyme 
activity, which synthesizes ATRA from retinal, is detected in the olfac
tory pit during the embryological period [167]. The therapeutic efficacy 
of VitA and RAs in restoring the sense of smell has been demonstrated in 
some cases [168,169]. 

In the COVID-19, it is highly likely that impaired retinoid signaling has 
an important role in the development of in the nervous system-related 
symptoms [170,171]. In the course of COVID-19, the involvement of 
these areas of the nervous system where retinoid signaling is normally 
highly intense, may likely suggest a cause-and-effect association that 

needs further investigation. In addition to the mild symptoms and severe 
clinical picture of acute illness, neuropsychiatric manifestations such as 
autism, dementia, schizophrenia, depression, and insomnia may occur as 
post-COVID syndromes that can well be, at least partially, due to impaired 
retinoid signaling [172,173]. We believe that the interrupted RA signaling 
mechanism might underlie the neuropsychiatric complaints observed in 
the pathogenesis of COVID-19 and deserves further research. 

In addition to the nervous and sensory systems, some other organ 
systems are also affected by COVID-19 infection in proportion to the 
intensities of their retinoid activities. For example, the adrenal glands 
and testicles are the organs where the synthesis and signaling of steroid 
hormones and RA are highly active [174,175]. These are also implicated 
in the severe COVID-19 infection [122,176,177]. The synthesis of ste
roid hormones provided by aromatase enzymes in these organs involves 
CYP450 enzymes, which are also important in the regulation of RA 
metabolism [178]. In addition, a number of chronic inflammatory dis
orders, degenerative, and autoimmune diseases are variably associated 
with retinoid signaling disorder in the late phase of COVID-19 infection 
[173]. The brain regions, sensory system, and neuroendocrine organs 
where RA metabolism and retinoid activity are very active are also 
affected by COVID-19 [173,175,179–182] suggesting that involvement 
in all these organ systems is a strong indication that the pathogenesis in 
COVID-19 might well be caused by defects in the retinoid signaling. 

6. Immune system involvement and retinoid signaling disorder 
in COVID-19 

VitA has an important immunomodulatory effect on the components 
of innate and adaptive immunity [100]. It regulates the activities of 
innate and adaptive immune cells such as macrophages, neutrophils, 
and lymphocytes during inflammatory responses [183,184]. VitA sup
plementation induces NK and NKT cell activities and oxidative killing 
and downregulates inflammatory IL-6, IL-10, and IL-17 [61]. Retinol 
induces the T cell activation through CD3 likely through non-genomic 
activity of membrane bound RAR [185]. VitA also has an anti- 
inflammatory effect that is required for maintaining intestinal immune 
tolerance [68,186,187]. VitA deficiency (VAD) is associated with 
inflammation and dietary intake of VitA is required for the maintenance 
of the anti-inflammatory state of tissue-resident intestinal macrophages 
[68,188]. VAD has been shown to increase infectious disease burden and 
decrease host resistance against viral infections [27,61,75,142,189] and 
impairs B and T cell responses to viral vaccines [28]. In addition, VitA 
levels decrease during viral infections indicating the importance of 
active usage of VitA in the anti-viral immunity [142,190]. The immune 
system's response to viral and parasitic infections is compromised in 
VAD, and if not restored, the duration and severity of this deficiency- 
related conditions worsen [191,192]. 

While the major signaling molecule inside the cell is RA, lympho
cytes may also respond to other forms of VitA metabolic products such as 
retinal and hydroxy retinol [193]. RA metabolism is highly dynamic in 
the immune cells. ATRA is synthesized in various circulatory and tissue 
resident immune cells, primarily monocyte, macrophage, dendritic cells, 
gut-associated lymphoid tissue cells (GALT) in the intestine, plasmacy
toid dendritic cells in the lung, alveolar macrophages, and type II 
pneumocytes [43,45,64,79]. RA production is increased in dendritic 
cells and macrophages stimulated through TLR2 as well as through cy
tokines Granulocyte and Monocyte Colony Stimulating Factor (GM-CSF) 
and Interleukin-4 (IL-4, 194, 195]. RA is also important in inducing 
homing after immunization through upregulation of homing receptors 
in the T and B cells [193,196–198]. 

NF-κB is a family of transcriptional factors important in the devel
opment and regulation of innate and adaptive immune cells as well as in 
neural plasticity, learning, and memory [199–204]. In immune cells, 
NF-κB proteins regulate immune cell development, activation, survival, 
and cytokine production [200,201]. NF-κB proteins are activated 
through stimulants such as cytokines, stress, free radicals, ultraviolet 
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radiation, and infections [200]. They play a central role in regulating 
immune response to infections. They are highly active in inflammatory 
diseases and control transcription of many genes involved in immune 
response and cytokine production [200,201]. 

The levels and activities of NF-кB proteins are highly regulated. 
Inappropriate regulation of NF-κB has been linked to various immune 
disorders, including inflammation, septic shock, autoimmune diseases, 
infections, and cancers [200,201]. NF-κB proteins are heterodimer of 
two proteins, such as Rel and p50 proteins, and are bound to I-κB, which 
sequester the complex in the cytoplasm in an inactive state [200,201]. 
When activated through various signals, the enzyme I-κB kinase (IKK) 
phosphorylates the I-κB protein, resulting in its ubiquitination and 
dissociation form NF-κB complex leading to the degradation of I-κB by 
the proteasomes in the ubiquitin-proteasome system (UPS) [200,205]. 
The freed NF-κB complex is then translocated into the nucleus where it 
binds to specific NF-κB response elements on target genes activating 
their transcription through recruiting RNA polymerase and other tran
scription regulatory proteins, such as coactivators [200,201] (Fig. 1). 

RA signaling converge with NF-κB signaling in immune cells (Fig. 1), 
199, 206, 207]. PRR of innate immune system, such as TLR and RIG-I are 
activated after pathogen recognition and this activation leads to the 
activation of cellular signaling pathways, such as RA, NF-κB, and Jak/ 
STAT, and production of IFN and cytokines [19,40,208,209] (Fig. 1). I- 
κB, the inhibitory component of the NF-κB, can directly associate with 
RXR and modulates retinoid signaling [210]. In addition, activation of 
UPS that leads to the degradation of I-κB is under constant inhibitory 
pressure of RA signaling [201,211] (Fig. 1). VAD increases activation of 
NF-κB and exacerbates NF-κB-mediated inflammation and supplemen
tation of RA suppresses NF-κB activation [143,188,212]. However, in 
COVID19, the inhibition pressure of RAs on the UPS system is eliminated 
due to the defect in the retinoid signaling after retinol depletion [41,46]. 
As a result, UPS degradation valves open leading to the ubiquitination 
and degradation of I-κB and subsequent activation of NF-κB, leading to 
the synthesis and release of inflammatory cytokines [213]. 

COVID-19 immunopathogenesis displays a unique and inappro
priate inflammatory response with three prominent features: leuko
cytosis with lymphocytopenia, inefficient production of type I IFNs, 
and increased expression of pro-inflammatory cytokines and chemo
kines [126,214–218]. Cytopenia with impaired type I IFN production 
leads to a viral-induced immune suppression while excessive cytokine 
production leads to uncontrolled non-specific immune response that 
causes damage in organ systems [215,219]. Leukocytosis involves 
increased number of innate immune cells especially dendritic cells, 
macrophages, and neutrophils while lymphocytopenia is characteristic 
with low number of NK, B, and T cells [218,220,221]. Furthermore, 
monocyte/macrophage associated markers are also upregulated in the 
blood of COVID-19 patients [222]. In addition, like some viruses, 
SARS-CoV2 can evade innate immune response mediated through PRR 
[18]. Upregulation of NKG2A and decreased NK, cytotoxic T, memory 
CD4, and T regulatory cells are associated with the severity of the 
COVID-19 disease [127,218,223,224]. Taken together, the delicate 
and dynamic balance between inflammation and anti-inflammatory 
and antiviral defenses is impaired in COIVD-19. 

6.1. The role of retinol depletion and retinoid signaling disorder on the 
Treg /Th17 imbalance in COVID-19: implication of inflammation and 
autoimmunity 

The balance between regulatory T (Treg) and T helper 17 (Th17) 
cells is critical for a proper immune response against infections. 
Increased Treg is associated with decreased Th17 and absence of 
inflammation [217,225]. Increased Th17 level, on the other hand, is 
associated with the increased inflammation and autoimmunity [226]. 
RA signaling in T cell as well as in dendritic cells is important in 
orchestrating the balance between Treg and Th17 cells. Skin-originated 
CD103-negative dendritic cells synthesize ATRA at basal level and this 

synthesis is further induced through stimulation, which is required for 
induction of Treg development [227]. CD103-positive dendritic cells in 
the gut produce high levels of ATRA that corresponds to the induced 
immune tolerance in mesenteric lymph nodes [228,229]. In the presence 
of ATRA, dendritic cells produce high levels of anti-inflammatory 
cytokine IL-10 and induces T regulatory cell development and mainte
nance [230–232] . 

Both Th17 and Tregs develop from naïve T cells through combination 
of different stimuli [233]. TGF-β signaling is needed for the development of 
both Tregs and Th17 cells from naïve T cells but, IL-6 signaling favors Th17 
development [233,234] (Fig. 2). RA switches this balance towards Treg by 
blocking the IL-6 receptor-induced signaling needed for Th17 development 
[35,234]. When ATRA is absent or its level is low, IL-6 receptor signaling is 
not blocked and elevated IL-6 signaling transforms naive T cells into 
effector proinflammatory Th17 cells [225,235,236] (Fig. 2). 

ATRA also suppresses NF-κB activity and associated cytokine 
discharge through its inhibitory activity on the ubiquitin proteasome 
system (UPS) [212,237,238]. In the inflammatory tissue environment, 
with reduced amount or lack of ATRA, the UPS activation through 
TRAF and cytokine signaling is not properly inhibited and as a result, 
UPS-mediated NF-κB activity increases in the adaptive immune cells 
leading to the development of naive T cells into Th17 cells 
[41,212,234,237,239–241]. Low ATRA levels are initially responsible 
for diverting the immune response towards inflammation [234]. Once 
inflammation has started, Th17 cells produce proinflammatory cyto
kines that further aggravate the inflammation and tissue damage 
[54,226,233,242] (Fig. 2). 

One of the most important differentiating transcription factors for 
Treg is forkhead box protein 3 (FoxP3) while RA Related Orphan Re
ceptor gamma (RORγt) is important for the development of Th17 cells 
[233] (Fig 2). FoxP3 is crucial for development of Treg, and its 
expression and stability need RA signaling in cooperation with T cell 
receptor (TCR) and TGF-β signaling [243–245]. ATRA regulates differ
entiation of naive T cells to Treg cells through induction of FoxP3 
transcription factor [229,246,247] and TGF-β potentiates this effect of 
ATRA [244]. Hence, RA blocks the differentiation of Th17 cells and 
induces Tregs in the presence of TGF-β by reciprocally down-regulating 
RORγt and activating FoxP3 expression in T cells [233,248,249]. Like a 
regulatory switch, ATRA largely inhibits Th17-mediated inflammation 
and autoimmunity [234,241]. 

The immune dysregulation pathogenesis observed in COVID-19 is 
likely due to an imbalance between Treg and pathological Th17 cells 
(Fig 2). In COVID-19, there is a decrease in Treg and an increase in the 
Th17 cells [119,250–252]. The increase in the number and activity of 
these effector Th17 cells has been blamed for excessive inflammatory 
cytokine release and systemic effects in COVID-19 [119,250,252]. 
However, the role of inflammatory cytokines is secondary to the initial 
role of retinoid signaling, and cytokines have a synergistic effect on 
further synthesis and release of more cytokines due to their bidirectional 
interactions in activating NF-κB [200,253]. Because of this synergistic 
and bilateral interaction, a vicious cycle occurs in the synthesis and 
secretion of proinflammatory cytokines [128,179,217,254,255]. This 
mechanism causes an uncontrolled increase in cytokine synthesis and 
activity [255,256]. Cytokines are therefore responsible for aggravating 
the secretion of secondary inflammatory mediators leading to systemic 
inflammation and multi-organ damage [46,119]. 

In the studies conducted within the scope of the COVID Human 
Genetic Effort Project, in addition to the defects in the Type I interferon 
synthesis, autoantibodies against Type I interferons in severe COVID- 
19 patients were detected [257]. This reaction was more common in 
elderly males. However, this autoimmune response can be seen in 
many COVID-19 patients, including children [257–259]. Likewise, the 
development of autoantibodies against many host antigens other than 
Type I interferon has been shown in severe COVID-19 patients and 
dozens of other diseases associated with such autoimmune responses 
[260–263]. 
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By favoring an increase in the number and activity of Tregs, RA 
signaling provides self-tolerance to host antigens [99,226,264,265]. In 
autoimmune and inflammatory pathogenesis, self-tolerance is impaired 
due to an imbalance between Treg and Th17 cells in favor of Th17 cells 
[234,244]. Loss of control in self-tolerance ultimately results in auto
immune diseases [247,265–269]. Proper RAR signaling prevents in
flammatory and autoimmune diseases through changing this balance 
towards Tregs [187,241,270,271]. Administration of RA and TGF-β 
together prevents experimental autoimmune diabetes with indication of 
involvement of regulatory B lymphocytes [272]. 

PRRs, such as TLR and RIG-I-like receptors, are highly expressed on 
neutrophil, monocyte, macrophage, and dendritic cells [246,273,274]. 
These receptors are innate immune receptors that recognize pathogen 
associated molecular patterns such as bacterial and viral RNA and DNA 
[19,273,275]. Host immune cells recognize self-DNA fragments in 
autoimmune diseases such as lupus, psoriasis, arthritis, and multiple 
sclerosis [38,228,267,276–280]. In COVID-19, autoimmune pathogen
esis proceeds with the severe inflammatory process that develops due to 
dysregulation between Treg and Th17 cells [126,258,261,262]. This 
autoimmune response in COVID-19 may well be caused, at least partially, 
by the dysregulation and loss of self-tolerance in the immune system that 
develops most likely as a result of retinol depletion and retinoid signaling 
disorders. The decrease in Treg cell numbers due to the low levels of 
retinol and ATRA in COVID-19 can lead to a breakdown of immune 
tolerance and development of autoimmune pathogenesis [233,236,281]. 

6.2. The role of retinol depletion and retinoid signaling disorder on 
cytokine storm in COVID-19 

The excessive cytokines released by the overactive monocytes, 
macrophages, and especially dendritic and Th17 cells leads to systemic 
inflammatory response and serious damage to the organ systems 
[46,119,215,256,282]. In severe COVID-19 cases, macrophage activa
tion syndrome, strong IL-6 and IL-10 production, and low Type I IFN 
expression are observed and adversely related to the disease course and 
prognosis [121,129,177,218,221,283]. The severity and mortality of 
COVID-19 have strongly been associated with increased expression of 
various cytokines and immune-related molecules including IL-17, IL-15, 
IL-10, IL-6, sTNFRSF1A (soluble tumor necrosis factor (TNF) receptor 
(TNFR superfamily member 1A), CXCL9 (C-X-C motif chemokine ligand 
9), and lactoferrin [222,282]. In addition, among the hospitalized 
COVID-19 patients, the amount of IL-10, IL-15, sST2 (soluble suppres
sion of tumorigenicity 2), and sTNFRSF1A were consistently higher in 
died patients versus recovered ones [222]. 

A recent large scale, multicenter, multi-tissue genetically regulated 
gene expression profiling study have identified high IL-10 receptor beta 
(IL10RB) expression as the key regulator of COVID susceptibility and 
severity [141]. This study showed that IL10RB is significantly upregu
lated in individuals susceptible to COVID-19 hospitalization and down
regulated in non-hospitalized infected individuals. Therefore, IL10RB 
expression level was found to be the best prediction of the worst COVID- 
19 outcome. The same study also demonstrated 10–100 times increased 
expression of some pathway markers including dendritic cell migration, 
chemokine and cytokine receptor signaling, and inflammatory response, 
in severe COVID-19 cases and found that retinol and immunosuppressant 
drug Azothioprine are significantly associated with strong decrease of 
COVID-19 infection [141]. Furthermore, bioinformatics-based simula
tion analysis has identified MAPK1, IL10, EGFR, ICAM1, MAPK14, CAT, 
and PRKCB, which are signaling molecules important in the immune cell 
function, as the possible targets of VitA for the treatment of COVID-19 
[284]. In addition to the excessive cytokine expression, complement 
activation has also been indicated in the COVID-19 pathogenesis and may 
adversely affect the outcome of infection [285,286]. These and other 
similar studies indicate that the COVID-19 pathogenesis is prominent 
with systemic highly dysregulated cytokines, chemokines, complement, 
and other related inflammatory mediators. 

6.3. The role of retinol depletion and retinoid signaling disorder on 
interferon production in COVID-19 

In severe COVID-19 infections, there is a profound defect in the Type 
I IFN synthesis [214,219]. The defect in the Type I IFN synthesis was 
initially attributed to some gene mutations seen in COVID-19 patients 
[220,259,287]. However, it is unlikely that the same type of mutations 
seen in this study conducted in diverse patient groups with various ge
netic backgrounds in wide geographical areas, was the main cause of 
this defect in Type I IFN production. In addition, a mutation affecting the 
synthesis of such vital protective molecule might have very likely been 
fatal early in life as a consequence of getting exposed to various viral 
infections. However, other studies showed that these mutations could 
only be seen in 3.5% of severe COVID-19 patients and that these mu
tations could not fully explain the defect in the Type I interferon syn
thesis [216]. 

Type I IFNs are the strongest endogenous antiviral mediators in host 
defense to clear the virus from the body [288,289]. They orchestrate 
antiviral immune response to prevent viral replication through induc
tion of gene expression involving antigen presentation leading to acti
vation of virus specific T cells, including cytotoxic and helper T cells, and 
T cell-dependent B cell activation and antibody production [290–292]. 
For example, IFN-α potentiates the cytotoxic effects of tumor necrosis 
factor alpha (TNF-α) by suppressing TNF-induced activation of NF-кB 
and AP-1 [293]. In this way, Type I IFN provides the development of a 
strong and effective antiviral immune response [288,291,292]. For this 
reason, the lack of Type I interferon synthesis has an important causality 
in the impairment of antibody response, persistent infection, and rein
fection in COVID-19 and therefore play an important role in the 
immunopathogenesis of COVID-19 infection [294]. 

Viral RNA is recognized by PRRs, particularly by TLR3, TLR7, and 
RIG-I-like receptor (RLR) in immune and infected cells [19,20, 
195,295,296]. This recognition of viral RNA leads to synthesis of Type I 
IFNs through RA signaling [288,296–299]. Type I interferon synthesis is 
particularly prominent in plasmacytoid dendritic cells in the lungs where 
ATRA is also highly synthesized [18,19,196,266,300,301]. Some viruses 
including SARS-CoV2 have developed mechanisms that evade and 
antagonize the RIG-I-mediated IFN production pathway [18,55,302]. 

VitA and its derivatives provide their main protective effects against 
viral infections through upregulating Type I IFN synthesis [51]. They 
also strengthen the mucosal immunity by increasing secretory IgA pro
duction and mucosal barrier formation [288,299]. In the case of COVID- 
19, Riva et al., have reported that the expression of genes within RAR 
signaling pathway were significantly decreased in Vero E6 culture cells 
infected with SARS-CoV-2 [140]. They further found that RA receptor 
agonists inhibited SARS-CoV-2 replication, and that this inhibition was 
reversed with RA receptor antagonist molecules indicating the impor
tance of RA receptor signaling in COVID-19 pathogenesis [140]. These 
data demonstrate that retinol metabolism and retinoid signaling can 
function as a critical host-pathogen-interaction circuit in controlling 
SARS-CoV-2 infection, which indicates that VitA supplementation may 
help fight COVID-19 [41,59,303]. 

6.4. Retinoid signaling disorders and dysbiosis in COVID-19 

Dysbiosis is an imbalance of intestinal microbiota and has been the 
subject of numerous studies in recent years with increasing popularity in 
inflammatory pathogenesis research [304]. Many of such studies show 
that dysbiosis is associated with inflammatory pathogenesis [304,305]. 
So far, no concrete evidence has been found to be the main cause of 
dysbiosis-related inflammation. As a result, no compound or drug has 
been found for effective treatment of inflammation through the dys
biosis mechanism other fecal microbiota transplantation for antibiotic 
resistant Clostridioides difficile infections [306,307]. Due to this associ
ation between inflammatory events and dysbiosis, some researchers 
have suggested that the excessive inflammatory mechanism in COVID- 
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19 may have been caused by the disorder of the intestinal microbiota in 
patients [308]. While some researchers have even recommended pre
biotics and probiotics for the treatment of the inflammatory process in 
COVID-19, others have recommended fecal transplantation [309–311]. 

In COVID-19, the inflammatory knot is dissolved in the intestines and 
surrounding lymphoid tissues. We believe that rather than the change in 
the amount and scope of microbiota, it is the impaired RAR signaling 
that triggers inflammatory mechanisms leading to immune dysregula
tion and the resulting increased activity of Th17 cells in the intestine and 
mesenteric lymphoid tissues, and the consequent secretion of excessive 
cytokines and other inflammatory mediators. Previous studies have 
shown that RA plays an important role in modulating the function of 
dendritic cells to induce immune tolerance in the GI tract 
[30,280,300,312]. We believe that this might also be true in the case of 
COVID19 infection and that the primary triggering role in inflammatory 
pathogenesis is the impaired RAR signaling while cytokines and dys
biosis are responsible for the aggravation of the inflammatory process. 
Therefore, VitA supplementation may help turn off the inflammatory 
response and help decrease the severe immunopathogenesis at initial 
stage of COVID-19 infection [41,59,141]. 

6.5. Biphasic immunopathogenesis in COVID-19 and bimodal effect of 
VitA 

In a balanced functional immune response, the production of Type I 
IFNs in the early stage of the infection is essential to arrest the viral 
replication until the delayed adaptive immune response develops and 
produces B and T cell-mediated specific immunity [288,290,292]. 
Maintaining a balanced transition between these two systems is associ
ated with a good prognosis and is essential for the host survival 
[288,291]. However, in severe COVID-19 cases, there is a characteristic 
dysregulated biphasic immune response. The first phase is the normal 
immune response at the beginning of the infection when there is enough 
retinoic signaling, which activates RIG-I signaling that leads to the high 
level of Type I IFN synthesis. The second phase is the disruption of Type I 
IFN synthesis and overactivation of the Th17 arm of the adaptive immune 
system leading to the release of excessive inflammatory cytokines that 
causes systemic organ damage [41,59,124,131,216,313]. The resulting 
process is the severe COVID-19 picture characterized by SIRS, ARDS, 
hypoxia, and systemic organ damage leading to mortality [118,131,225]. 

The balance between Type I interferon synthesis and inflammatory 
cytokine discharge is a main factor determining the prognosis in COVID- 
19 [124,216,314]. The biphasic immune pathogenesis of COVID-19 is 
correlated well with the clinical manifestation of the VitA's mode of ac
tion [143]. Even though retinoid signaling has not well been studied in 
the COVID-19 pathogenesis, the current data and understanding indicate 
that retinoid signaling [315] might be an important driving force in this 
dysregulated biphasic immune response observed in the COVID-19. The 
depletion of VitA store in the body during COVID-19 infection results in a 
deregulated balance between Treg and Th17 cells, where the number and 
activity of Treg cells decrease, while those of effector Th17 cells increase, 
leading to increased production of inflammatory mediators and cytokines 
resulting in systemic organ damage [217,256,316–318]. The suppressed 
innate immune response and hyperactivated adaptive immune response 
observed in COVID-19 correlate well with the metabolic phenotype of 
low levels of VitA and ATRA [31,246]. Therefore, there is a need to 
further study the importance of this correlation and if proven true, it will 
have a huge application potential not only in COVID-19 but also in other 
diseases such as autoimmune and infectious diseases, sepsis, cancer, and 
psychiatric disorders. 

VitA shows a bimodal activity in the inflammatory mechanisms. 
While ATRA, the VitA's active signaling molecule, at high doses, pro
motes production of Type I IFNs and suppresses inflammatory processes, 
at low doses, this suppression mechanism is disabled leading to an 
increased inflammation [241,312] (Fig. 2). This change seen in VAD is 
fully compatible with immunological dysregulation and biphasic 

immune pathogenesis seen in COVID-19 patients [251,312]. In the 
body, it is not necessary to deplete VitA completely, rather, a low VitA 
level that falls below a threshold level in the serum is sufficient to trigger 
inflammatory pathway [27,319]. The changes in the immune response 
and clinical findings seen in COVID-19 are very similar to those seen in 
VAD [246,247]. Therefore, the inflammatory process in COVID-19 may 
well be prevented or managed through reconstituting the RA signaling 
since the cytokines and other inflammatory mediators can be secondary 
to the consequence of impaired retinoid signaling. 

The sudden and unexpected improper transition between these two 
components of the immune system in COVID-19 has been in the core of 
scientific and medical interest. Although the dose-dependent bimodal 
activity of ATRA in the immune system, especially on inflammatory 
processes, has been previously studied [192,320], it has not been 
investigated in the case of COVID-19. We believe that this sudden and 
unexpected transition between the innate and the adaptive components 
of the immune system in COVID-19 is ignited by the retinol depletion 
and consequently impaired retinoid signaling disorder [59]. Depletion 
of retinol causes a transition from a proper innate immune response to 
the exacerbated cytokine storm [41]. In this way, RA signaling acts as a 
switch in balancing the innate and adaptive immune response [186] and 
the signaling for this switch is provided by ATRA [280]. Therefore, we 
believe that the immune system dysregulation and the biphasic immu
nological pathogenesis of COVID-19 are associated with retinoid 
signaling disorder. 

7. Vitamin D effect and retinoid signaling mechanisms in 
COVID-19 

Vitamin D (VitD), like VitA, is a steroid hormonal molecule impor
tant in many aspects of cellular physiology including bone metabolism, 
cell proliferation, regulation of innate and adaptive immunity, and 
preventive effect on cardiovascular and neurodegenerative diseases 
[321,322]. It has been shown to modulate innate and adaptive immunity 
in a similar way as VitA does [323]. The role of VitD has been recognized 
in the prophylaxis and treatment of COVID-19 [324,325]. At high doses, 
VitD has been shown to decrease the severity and provide therapeutic 
benefit in the treatment of COVID-19 [326]. However, VitD supple
mentation did not seem to be effective in hospitalized seriously ill 
COVID-19 patients [327], which we believe is due to the depleted retinol 
and subsequently dysregulated retinoid signaling mechanisms [315]. 
The lack of response to the supplementation of VitD in these severe 
COVID-19 patients may have well been due to the dysregulated retinoid 
signaling [327] because VitD exerts its effect through retinoid signaling 
mechanism [321]. In this sense, an optimum response would be 
accomplished when the proper signaling cascades through both of VitD 
and retinoids converge. 

VitD exerts its biological action through binding to its receptor VitD 
receptor (VDR) and activating downstream transcriptional activation 
[321,328]. The VitD signaling converges with the retinoid signaling. 
VDR can heterodimerize with RXR and bind to VDR elements (VDRE) on 
the target genes [321,322]. Binding of VitD to VDR/RXR heterodimers 
on the DNA recruits other regulatory factors to activate the transcription 
of the target genes [93,94,324,329]. In this way, the VitD signaling 
converges with that of VitA through the use of common RXR in modu
lating the expression of downstream genes [94]. 

VDR is expressed in various immune cells including monocytes, 
dendritic cells, T and B cells [321,323]. VitD exerts similar effect in 
immune cells as VitA does. In innate immune cells, it upregulates the 
expression of the PRR that leads to an increased innate immune response 
against infections [323,330]. It also induces anti-inflammatory response 
through development of Tregs and suppresses development of Th17 
cells, proinflammatory cytokines such as IL-17 and IL-23, and autoim
munity [330,331]. 

A recent transcriptomic analysis shows that the metabolism and 
signaling of both VitD and RARs have been dysregulated in COVID-19 
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patients [315]. This study analyzed the transcriptomic data from bron
choalveolar lavage fluid (BALF) of COVID-19 patients and controls and 
showed that, in addition to the VitD signaling components, the retinoid 
signaling components were also downregulated in the lungs of COVID-19 
patients [315]. Among the downregulated genes, were the expression of a 
large set of genes, including Vitamin D receptor (VDR), RXR, and 
CYP27A1. The RXR is an essential component of the VitD and retinoid 
signaling pathways [91,92] while CYP27A1, a member of CYP450 pro
tein family, is essential in metabolism of VitD and is strongly upregulated 
through activated retinoid signaling [315,332]. This downregulation of 
CYP27A1 in these patients is a strong indication of dysregulated retinoid 
signaling. The majority of the downregulated genes were enriched in the 
immune cells. Among these genes, the top predictors belonged to NF-кB/ 
cytokine signaling and cell cycle regulators [315]. Most of these genes are 
also regulated through retinoid signaling pathways indicating interde
pendence of the two signaling pathways. 

The therapeutic and prophylactic effect of VitD on COVID-19 ap
pears to be through the retinoid signaling mechanism. Despite the large 
number of studies on VitD in the management and treatment of COVID- 
19, unfortunately, adequate clinical studies have not been conducted on 
VitA, which forms the basis of the retinoid signaling mechanism. The 
mechanism of retinoid signaling provided by VitA and VitD is intriguing, 
and more research is needed to identify their role in the pathogenesis of 
COVID-19. Therefore, a detailed investigation of the roles of VitA and 
VitD signaling mechanisms will be rewarding in understanding the 
pathogenesis, management, and treatment of COVID-19. 

8. Conclusion 

VAD is a nutritional immunodeficiency. Its relationship with 
immunosuppression has been clearly demonstrated and its role in 
regulating the primary immune defense and in keeping the inflamma
tory process under control during infections has been clearly demon
strated [29,209,300]. The prophylactic and therapeutic values of VitA 
and its derivatives in infectious and inflammatory processes should 
carefully be reviewed, including monitoring serum retinol levels during 
infections, especially in COVID-19 infections. 

While COVID-19 infection causes very mild or no symptoms in some 
individuals, it results in very severe clinical pictures and death in other 
individuals [121,179,333]. Although some comorbidity conditions and 
diseases that predispose individuals to severe clinical pictures have been 
recognized, the main reasons for predisposition have not been clearly 
identified [118,119,334]. We hypothesize that the state of retinol stor
age, the changes in the activities of the enzymes in RA metabolic 
pathway, and the retinoid signaling have a central role in severe COVID- 
19 immunopathogenesis [46,59]. Diseases and conditions that cause 
comorbidity in COVID-19, such as malnutrition, chronic liver and lung 
diseases, chronic kidney disease, obesity, hepatosteatosis, chronic in
flammatory autoimmune and rheumatic diseases, malignancies, organ 
transplants, and senility, also drain body's retinol reserves [22,41,335]. 
Since retinol stores are weakened in these diseases, the immune defense 
against SARS-CoV-2 is also impaired. 

The Type I interferon production and immune response against 
SARS-CoV-2 in the early stage of COVID-19 infection is closely related to 
the retinol depot and RA levels [58]. Good liver retinol reserve and 
especially serum levels of RAs at the therapeutic range may be an 
effective strategy against SARS-CoV-2. Early depletion of retinol depot 
in COVID-19 may cause an aggravated clinical picture as previously 
observed for rotaviruses [28]. Therefore, VitA and carotenoids can work 
for COVID-19 prophylaxis and similar other infections [51]. However, 
well-planned controlled clinical studies are needed to clarify the role of 
VitA or RA derivatives in the pathogenesis and treatment of COVID-19. 

With large-scale epidemiological studies, determining low VitA 
levels on a social scale and feeding the society with foods rich in reti
noids and carotenoids, giving prophylactic retinol supplements, when 
necessary, as in previous measles epidemics [336] will also ensure the 

protection of the society from many viral infections, especially from 
COVID-19. Another important issue is related to vaccination programs. 
Vaccines aim to induce development of pathogen-specific adaptive im
munity by directly or indirectly introducing pathogen-specific antigens, 
which are processed and presented to T cells, which then induce T-cell 
dependent antibody production and immune memory [337]. The whole 
procedure ends up generating antigen-specific long-lived protective 
memory B and T lymphocytes, which also depends on RA signaling 
[28,72,190,301]. In addition, RA can be used as adjuvant to increase the 
efficacy of vaccines [72]. Therefore, it is important to access the level of 
retinoid and RA signaling to design better strategies for vaccine efficacy 
[72]. Hence, by checking VitA levels before vaccination, the effective
ness of vaccines can be increased by supplementing VitA to those with 
VAD [338]. During the clinical course of COVID-19, the decrease in 
retinol levels and the susceptibility of VAD to the disease make pro
phylactic and adjuvant applications with VitA even more important. We 
believe that retinol and retinoic acid signaling in the context of COVID- 
19 infection and increasing effectiveness of vaccines merit further study. 

VitA and VitD both exert their physiologic effects through retinoid 
receptor signaling, which is wide spread in various tissue and organ 
systems. Both have similar effect especially on CNS and immune system 
[26,76,321,330]. Their immunomodulatory effect is noteworthy as it 
may have implications in many human illnesses including autoimmune 
and COVID-19. The therapeutic effect of VitD in COVID-19 has been 
recognized but that of VitA has been overlooked [323,339]. Even 
though there has not yet been any experimental study on the dynamics 
of the retinoic signaling in COVID-19, a recent study by George et al., 
[315] supports our hypothesis. We believe that VitA and VitD signaling 
have similar but central role in the pathogenesis of COVID-19, and 
therefore needs further investigation, the results of which might pro
vide a useful knowledge platform for development of vaccines and 
treatment strategies not only for COVID-19 but also for various other 
illnesses. 

Detailed clinical studies of retinol and RA metabolism and retinoid 
signaling in COVID-19 may also prove useful in the development of 
effective vaccines and effective adjuvant applications against COVID-19. 
Likewise, the basic condition for developing effective vaccines and drugs 
depends on a clear understanding of how the virus affects the immune 
system. Based on the available data, we can predict that enriching the 
plasma retinol store can both strengthen the innate immune system and 
inhibit the severe inflammatory process of the adaptive immune system 
[14,141,185,301]. Because of their potent immunomodulatory activities, 
retinol, RAs, some specific CYP450 inhibitors (RAMBAs), and RAR/RXR 
receptor agonists (rexinoids) can act as prophylactic and therapeutic 
agents against COVID-19 [187,242,336]. However, although we strongly 
believe that our hypothesis provided here is correct, it should not be 
considered as a recipe for treatment of COVID-19 without experimental 
data support and that the use of vitA and related supplements should be 
under the supervision of medical professionals. 
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[223] G. Breton, P. Mendoza, T. Hägglöf, T.Y. Oliveira, D. Schaefer-Babajew, C. Gaebler, 
M. Turroja, A. Hurley, M. Caskey, M.C. Nussenzweig, Persistent cellular immunity 
to SARS-CoV-2 infection, J. Exp. Med. 218 (4) (2021). 

[224] M. Zheng, Y. Gao, G. Wang, G. Song, S. Liu, D. Sun, Y. Xu, Z. Tian, Functional 
exhaustion of antiviral lymphocytes in COVID-19 patients, Cell. Mol. Immunol. 17 
(5) (2020) 533–535. 

[225] K.P. Muyayalo, D.H. Huang, S.J. Zhao, T. Xie, G. Mor, A.H. Liao, COVID-19 and 
Treg/Th17 imbalance: potentialrelationship to pregnancy outcomes, Am. J. 
Reprod. Immunol. (New York, N.Y. : 1989) 84 (5) (2020) e13304. 

[226] P. Fasching, M. Stradner, W. Graninger, C. Dejaco, J. Fessler, Therapeutic 
potential of targeting the Th17/Treg axis in autoimmune disorders, Molecules 
(Basel, Switzerland) 22 (1) (2017). 

[227] M. Guilliams, K. Crozat, S. Henri, S. Tamoutounour, P. Grenot, E. Devilard, B. de 
Bovis, L. Alexopoulou, M. Dalod, B. Malissen, Skin-draining lymph nodes contain 
dermis-derived CD103(-) dendritic cells that constitutively produce retinoic acid 
and induce Foxp3( ) regulatory T cells, Blood 115 (10) (2010) 1958–1968. 

[228] K. Fujimoto, T. Karuppuchamy, N. Takemura, M. Shimohigoshi, T. Machida, 
Y. Haseda, T. Aoshi, K.J. Ishii, S. Akira, S. Uematsu, A new subset of CD103 
CD8alpha dendritic cells in the small intestine expresses TLR3, TLR7, and TLR9 
and induces Th1 response and CTL activity, J. Immunol. (Baltimore, Md. : 1950) 
186 (2011) 11–95. 

[229] F. Schambach, M. Schupp, M.A. Lazar, S.L. Reiner, Activation of retinoic acid 
receptor-alpha favours regulatory T cell induction at the expense of IL-17- 
secreting T helper cell differentiation, Eur. J. Immunol. 37 (9) (2007) 2396–2399. 

[230] C.J. Jin, C.Y. Hong, M. Takei, S.Y. Chung, J.S. Park, T.N. Pham, S.J. Choi, J. 
H. Nam, I.J. Chung, H.J. Kim, J.J. Lee, All-trans retinoic acid inhibits the 
differentiation, maturation, and function of human monocyte-derived dendritic 
cells, Leuk. Res. 34 (4) (2010) 513–520. 

[231] M. Murai, O. Turovskaya, G. Kim, R. Madan, C.L. Karp, H. Cheroutre, 
M. Kronenberg, Interleukin 10 acts on regulatory T cells to maintain expression of 
the transcription factor Foxp3 and suppressive function in mice with colitis, Nat. 
Immunol. 10 (11) (2009) 1178–1184. 

[232] S. Wang, X. Gao, G. Shen, W. Wang, J. Li, J. Zhao, Y.-Q. Wei, C.K. Edwards, 
Interleukin-10 deficiency impairs regulatory T cell-derived neuropilin-1 functions 
and promotes Th1 and Th17 immunity, Sci. Rep. 6 (1) (2016) 24249. 

[233] Z. Chen, F. Lin, Y. Gao, Z. Li, J. Zhang, Y. Xing, Z. Deng, Z. Yao, A. Tsun, B. Li, 
FOXP3 and ROR?t: transcriptional regulation of treg and Th17, Int. 
Immunopharmacol. 11 (5) (2011) 536–542. 

[234] D. Mucida, Y. Park, G. Kim, O. Turovskaya, I. Scott, M. Kronenberg, H. Cheroutre, 
Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic acid 
317 (2007) 256–260. 

[235] M. Orlov, P.L. Wander, E.D. Morrell, C. Mikacenic, M.M. Wurfel, A case for 
targeting Th17 cells and IL-17A in SARS-CoV-2 infections, J. Immunol. 
(Baltimore, Md. : 1950) 205 (4) (2020) 892–898. 

[236] S. Wu, W. Wang, Q. Le, All-trans retinoic acid regulates the balance of treg-Th17 
cells through ERK and P38 signaling pathway, Iran. J. Immunol.: IJI 16 (1) (2019) 
1–10. 

[237] B. Skaug, X. Jiang, Z.J. Chen, The role of ubiquitin in NF-kappaB regulatory 
pathways, Annu. Rev. Biochem. 78 (2009) 769–796. 

[238] K. Song, S. Li, The role of ubiquitination in NF-?B signaling during virus infection, 
Viruses 13 (2) (2021). 

[239] Y. Bayon, M.A. Ortiz, F.J. Lopez-Hernandez, F. Gao, M. Karin, M. Pfahl, F. 
J. Piedrafita, Inhibition of IkappaB kinase by a new class of retinoid-related 
anticancer agents that induce apoptosis, Mol. Cell. Biol. 23 (3) (2003) 1061–1074. 

[240] H. Fang, H. Jin, H. Wang, Effect of all-trans retinoic acid on airway inflammation 
in asthmatic rats and its mechanism, J. Huazhong Univ. Sci. Technol. Med. Scie. =
hua zhong ke ji da xue xue bao. yi xue ying De wen ban = huazhong keji daxue 
xuebao Yixue Yingdewen ban 24 (3) (2004) 229–232. 

[241] S. Xiao, H. Jin, T. Korn, S.M. Liu, M. Oukka, B. Lim, V.K. Kuchroo, Retinoic acid 
increases Foxp3 regulatory T cells and inhibits development of Th17 cells by 
enhancing TGF-beta-driven Smad3 signaling and inhibiting IL-6 and IL-23 
receptor expression, J. Immunol. (Baltimore, Md.: 1950) 181 (4) (2008) 
2277–2284. 

[242] A.M. Jetten, D.N. Cook, (Inverse) agonists of retinoic acid-related orphan receptor 
?: regulation of immune responses inflammation, and autoimmune disease, Ann. 
Rev. Pharmacol. Toxicol. 60 (2020) 371–390. 

[243] L. Xu, A. Kitani, C. Stuelten, G. McGrady, I. Fuss, W. Strober, Positive and 
negative transcriptional regulation of the Foxp3 gene is mediated by access and 
binding of the Smad3 protein to enhancer I, Immunity 33 (3) (2010) 313–325. 

[244] D. Mucida, Y. Park, H. Cheroutre, From the diet to the nucleus: vitamin a and 
TGF-beta join efforts at the mucosal interface of the intestine, Semin. Immunol. 
21 (1) (2009) 14–21. 

[245] E. Sierra-Mondragon, E. Molina-Jijon, C. Namorado-Tonix, R. Rodríguez-Muñoz, 
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P. Peterson, L. Lorenzo, L. Bizien, S. Trouillet-Assant, K. Dobbs, A.A. de Jesus, 
A. Belot, A. Kallaste, E. Catherinot, Y. Tandjaoui-Lambiotte, J. Le Pen, G. Kerner, 
B. Bigio, Y. Seeleuthner, R. Yang, A. Bolze, A.N. Spaan, O.M. Delmonte, M. 
S. Abers, A. Aiuti, G. Casari, V. Lampasona, L. Piemonti, F. Ciceri, K. Bilguvar, R. 
P. Lifton, M. Vasse, D.M. Smadja, M. Migaud, J. Hadjadj, B. Terrier, D. Duffy, 
L. Quintana-Murci, D. van de Beek, L. Roussel, D.C. Vinh, S.G. Tangye, 
F. Haerynck, D. Dalmau, J. Martinez-Picado, P. Brodin, M.C. Nussenzweig, 
S. Boisson-Dupuis, C. Rodríguez-Gallego, G. Vogt, T.H. Mogensen, A.J. Oler, 
J. Gu, P.D. Burbelo, J.I. Cohen, A. Biondi, L.R. Bettini, M. D'Angio, P. Bonfanti, 
P. Rossignol, J. Mayaux, F. Rieux-Laucat, E.S. Husebye, F. Fusco, M.V. Ursini, 
L. Imberti, A. Sottini, S. Paghera, E. Quiros-Roldan, C. Rossi, R. Castagnoli, 
D. Montagna, A. Licari, G.L. Marseglia, X. Duval, J. Ghosn, J.S. Tsang, 
R. Goldbach-Mansky, K. Kisand, M.S. Lionakis, A. Puel, S.Y. Zhang, S.M. Holland, 
G. Gorochov, E. Jouanguy, C.M. Rice, A. Cobat, L.D. Notarangelo, L. Abel, H. 
C. Su, J.L. Casanova, Autoantibodies against type I IFNs in patients with life- 
threatening COVID-19, Science (New York, N.Y.) 370 (6515) (2020). 

[258] M. Ehrenfeld, A. Tincani, L. Andreoli, M. Cattalini, A. Greenbaum, D. Kanduc, 
J. Alijotas-Reig, V. Zinserling, N. Semenova, H. Amital, Y. Shoenfeld, Covid-19 
and autoimmunity, Autoimmun. Rev. 19 (8) (2020), 102597. 

[259] Q. Zhang, P. Bastard, Z. Liu, J.Le Pen, M. Moncada-Velez, J. Chen, M. Ogishi, I.K. 
D. Sabli, S. Hodeib, C. Korol, J. Rosain, K. Bilguvar, J. Ye, A. Bolze, B. Bigio, 
R. Yang, A.A. Arias, Q. Zhou, Y. Zhang, F. Onodi, S. Korniotis, L. Karpf, 
Q. Philippot, M. Chbihi, L. Bonnet-Madin, K. Dorgham, N. Smith, W.M. Schneider, 
B.S. Razooky, H.H. Hoffmann, E. Michailidis, L. Moens, J.E. Han, L. Lorenzo, 
L. Bizien, P. Meade, A.L. Neehus, A.C. Ugurbil, A. Corneau, G. Kerner, P. Zhang, 
F. Rapaport, Y. Seeleuthner, J. Manry, C. Masson, Y. Schmitt, A. Schlüter, T. 
Le Voyer, T. Khan, J. Li, J. Fellay, L. Roussel, M. Shahrooei, M.F. Alosaimi, 
D. Mansouri, H. Al-Saud, F. Al-Mulla, F. Almourfi, S.Z. Al-Muhsen, F. Alsohime, S. 
Al Turki, R. Hasanato, D. van de Beek, A. Biondi, L.R. Bettini, M. D'Angio, 
P. Bonfanti, L. Imberti, A. Sottini, S. Paghera, E. Quiros-Roldan, C. Rossi, A. 
J. Oler, M.F. Tompkins, C. Alba, I. Vandernoot, J.C. Goffard, G. Smits, I. Migeotte, 
F. Haerynck, P. Soler-Palacin, A. Martin-Nalda, R. Colobran, P.E. Morange, 
S. Keles, F. Çölkesen, T. Ozcelik, K.K. Yasar, S. Senoglu, N. Karabela, 
C. Rodríguez-Gallego, G. Novelli, S. Hraiech, Y. Tandjaoui-Lambiotte, X. Duval, 
C. Laouénan, A.L. Snow, C.L. Dalgard, J.D. Milner, D.C. Vinh, T.H. Mogensen, 
N. Marr, A.N. Spaan, B. Boisson, S. Boisson-Dupuis, J. Bustamante, A. Puel, M. 
J. Ciancanelli, I. Meyts, T. Maniatis, V. Soumelis, A. Amara, M. Nussenzweig, 
A. García-Sastre, F. Krammer, A. Pujol, D. Duffy, R.P. Lifton, S.Y. Zhang, 
G. Gorochov, V. Béziat, E. Jouanguy, V. Sancho-Shimizu, C.M. Rice, L. Abel, L. 
D. Notarangelo, A. Cobat, H.C. Su, J.L. Casanova, Inborn errors of type I IFN 
immunity in patients with life-threatening COVID-19, Science (New York, N.Y.) 
370 (6515) (2020). 

A.R. Sarohan et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210751459345
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210751459345
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210751459345
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210751459345
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210751459345
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210751459345
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210904020897
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210904020897
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210904020897
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210904020897
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210654025824
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823265084
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823265084
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823265084
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823381817
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823381817
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823381817
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210752460188
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210752460188
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210752460188
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210655044853
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210655044853
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210655044853
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210655341456
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210655341456
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210655341456
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210655341456
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657007684
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657007684
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657007684
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657007684
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657007684
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657057100
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657057100
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657057100
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657170417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657170417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657170417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657170417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657552237
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657552237
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657552237
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210657552237
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823499128
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823499128
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823499128
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823545386
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823545386
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210823545386
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210753341394
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210753341394
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210753341394
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210754509610
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210754509610
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210754509610
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210824128456
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210824128456
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210824128456
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210824192140
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210824192140
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210824243853
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210824243853
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825236378
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825236378
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825236378
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210659198599
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210659198599
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210659198599
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210659198599
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210755589417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210755589417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210755589417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210755589417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210755589417
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700145252
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700145252
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700145252
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825238397
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825238397
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825238397
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825292928
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825292928
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825292928
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825375400
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825375400
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825375400
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825375400
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210757063003
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210757063003
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210757063003
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210757063003
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825423512
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210825423512
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826075958
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826075958
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826075958
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700179762
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700179762
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700179762
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826126029
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826126029
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700254310
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210700254310
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826341374
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826341374
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826403064
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826403064
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826403064
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210701071067
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210701071067
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210701071067
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210701137939
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210701137939
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210701137939
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826452814
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826452814
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826452814
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210826452814
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210758310506
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210827008894
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210827008894
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210827008894
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208
http://refhub.elsevier.com/S0898-6568(21)00210-2/rf202108210801031208


Cellular Signalling 87 (2021) 110121

16

[260] P. Bastard, E. Michailidis, H.H. Hoffmann, M. Chbihi, T.Le Voyer, J. Rosain, 
Q. Philippot, Y. Seeleuthner, A. Gervais, M. Materna, P.M.N. de Oliveira, M.L. 
S. Maia, A.P.Dinis Ano Bom, T. Azamor, D.Araújo da Conceição, E. Goudouris, 
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