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Abstract

The novel coronavirus disease 2019 (COVID-19) is currently causing a global pandemic. The new Coronary Pneumonia originated in Wuhan and has
spread rapidly throughout both China and most of the rest of the world (184 countries). The World Health Organization (WHO) declared COVID-19
a pandemic on March 11, 2020. In the absence of any pharmaceutical intervention, including prevention, treatment, and the cure, the only strategy
against COVID-19 has been to reduce mixing susceptible and infectious people through early ascertainment of cases or to restrict physical contact.
Social distancing is a necessary strategy as the best protection against further virus transmission and uncontrolled spread. Many COVID-19 patients
develop Acute Respiratory Distress Syndrome (ARDS), which leads to pulmonary edema and lung failure. Patients may also undergo liver, heart, and
kidney failure due to exuberant inflammatory responses during SARS-CoV-2 infection, further resulting in uncontrolled pulmonary inflammation,
a likely leading cause of case fatality (Figure 1). The described clinical symptoms are associated with a “cytokine storm” involved in Th17-type
exaggerated responses. The detrimental effects of a high-salt diet on human health have received much attention in the past few years. While it has
been well established that high dietary salt intake is related to cardiovascular diseases, there is growing evidence that the excess of salt intake also
induces IL-17-producing Th-17 cells originating from the gut compartment. It thus contributes to creating a pro-inflammatory microenvironment,
predisposing or aggravating potential pulmonary ARDS complications in the increasing numbers of COVID-19 patients.

WHO. Since February 21, 2020, when the first case of COVID-19
was recorded in Italy, the National Healthcare Service, which offers
universal access to health care, has faced increasing pressure, with
more than 90,000 total cases of COVID-19 and more than 20,000
deaths as of April 10, 2020 [14]. In the absence of any pharmaceutical
intervention, which includes prevention, treatment and cure, the only
current strategy against COVID-19 is to reduce mixing of susceptible
and infectious people through early ascertainment of cases and
reduction of contact through social distancing. The social distancing
was critical as it represented the best protection against further virus
transmission and uncontrolled spread and it gave results in all affected
areas in the world. It is important to recognize, however, that social
distancing is not social isolation. For instance, doctors can practice
telemedicine when following up with the patients. Regular office

Introduction

The novel coronavirus disease (COVID-19, Coronavirus
Disease-2019) is currently causing a pandemic affecting more than
13.5 million patients globally with 590,000 deaths [1]. The new
Coronary Pneumonia emerged in China late in 2019 and rapidly
spread around the world, becoming a global public health concern,
mainly in the Middle East, Europe, and the USA, but affecting 184
countries worldwide. It is caused by SARS-CoV-2 (Severe Acute
Respiratory Syndrome-Coronavirus-2) and has a case-fatality rate
of 2-3%, with higher rates among elderly patients and patients with
comorbidities such as cardiovascular disease [2-6], diabetes [5-8],
chronic respiratory disease [5,6,8,9], hypertension [5,6,10,11], and
cancer [10-13]. The COVID-19 virus is severely challenging the

Italian healthcare system and society, as the requests for intensive
care treatment/prevention are much greater than the system’s capacity
under the overwhelming influx of infected patients. On March 11,
2020, the COVID-19 outbreak has been declared a pandemic by the

clerks, teachers, and students can practice teleworking and work or
teach from home. We may also learn important lessons from previous
failures in implementing a full national lock down in earlier times in
some countries during previous pandemics. Part of the problem lies
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Figure 1: Potential effect of a high-salt diet on immune response in COVID-19.
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in the lack of correct information and transparency about COVID-19
from China, where the virus originated presumably at the wet
markets in Wuhan. Nevertheless, all data and information about the
new Coronary Pneumonia in China can be obtained online in time.
Another part lay in the lack of much knowledge about this novel virus,
particularly its highly infectious nature and its serious pathology.
This resulted in a serious lack of preparedness. Both factors lead to
our current reality where COVID-19 has created great confusion and
fear among the world’s citizens. The consequences of the COVID-19
2020 pandemic will be tremendous, both medically and economically.
The pandemic’s impact on the world’s economy is already estimated as
higher than the Great Depression, with 17M lost jobs (mid April 2020
data) in the USA only [15].

Many COVID-19 patients develop Acute Respiratory Distress
Syndrome (ARDS), which leads to pulmonary edema and lung
failure. Patients may also undergo liver, heart, and kidney failure due
to exuberant inflammatory responses during SARS-CoV-2 infection,
further resulting in uncontrolled pulmonary inflammation, including
Th-17-type responses, a likely leading cause of case fatality.

The negative effects of a high-salt diet on human health have
received much attention in the past few years. While it has been well
established that high dietary salt intake is related to cardiovascular
diseases, there is growing evidence that the excess of salt intake also
impairs immune system function and induces IL-17-producing Th-17
cells originating from the gut compartment. It thus could contribute
to creating a pro-inflammatory microenvironment, predisposing
or aggravating potential pulmonary ARDS complications in the
increasing numbers of COVID-19 patients.

Discussion

Excess of dietary sodium that could cause an aggressive T-cell
immune response in COVID-19 patients, aggravating or increasing
the risk of cardiorespiratory complications. T-cell lymphocytes provide

a variety of immune-related functions in controlling and shaping
immune response. CD4+ T-cells and CD8+ T-cells in particular play a
significant antiviral role by balancing the response to pathogens against
the risk of developing autoimmunity or overwhelming inflammation.
In conditions of chronic infection, persistent exposure of T-cells to
high levels of antigen results in a severe T-cell dysfunctional state
called exhaustion. T-cell exhaustion leads to suboptimal immune-
mediated control of multiple viral infections, including to the Human
Immunodeficiency Virus (HIV-1) [16]. Chronic HIV-1 infection
occurs in most patients in the presence of persistent high levels of viral
replication [RNA load] and is associated with a loss of immune control
over viral replication, partly due to depletion of the CD4+ T-cells.
Also, however, with persistently high levels of viral antigen, HIV-1
specific T-cells become exhausted and lose their capacity to efficiently
kill infected cells. In addition to high levels of viral antigen, the
strong pro-inflammatory immune activation and compromised T-cell
homeostasis during HIV-1 infection contribute to the development of
T-cell exhaustion [17].

Virus-induced ACE2 downregulation

Many COVID-19 patients develop Acute Respiratory Distress
Syndrome (ARDS), which leads to pulmonary edema and lung failure,
and have liver, heart, and kidney damage [5,18] due to exuberant
inflammatory responses during SARS-CoV-2 infection. This damage
further results in uncontrolled pulmonary inflammation, likely a
leading cause of case fatality. Rapid viral replication and cellular
damage, virus-induced ACE2 downregulation and shedding, and
Antibody Dependent Enhancement (ADE) are responsible for
aggressive inflammation caused by SARS-CoV-2 [19, 20]. The
initial onset of rapid viral replication may cause massive epithelial
and endothelial cell death and vascular leakage, triggering the over-
production of pro-inflammatory cytokines and chemokines. Loss of
pulmonary ACE2 function has been proposed to be related to acute
lung injury because ACE2 downregulation and shedding can lead
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to dysfunction of the Renin-Angiotensin System (RAS), and further
enhance inflammation and cause vascular permeability [21]. From
a pathological point, severe COVID-19 patients showed pulmonary
bilateral diffuse alveolar damage with cellular fibromyxoid exudates
[22]. Interstitial mononuclear inflammatory infiltrates, dominated by
lymphocytes, could be observed in both lungs [22]. Multinucleated
syncytial cells with atypical enlarged pneumocytes characterized by
large nuclei, amphiphilic granular cytoplasm, and prominent nucleoli
were identified in the intra-alveolar spaces, indicating viral cytopathic-
like changes [22]. Massive mucus secretion in both lungs was found in
victims of COVID-19, different from the situation in SARS and MERS
[20,22].

Cytokine storm

Theearlierdescribedclinicalsymptomsareassociated witha “cytokine
storm” [23], manifesting in elevated serum levels of Interleukin-1 beta
(IL-1b), Interleukin-2 (IL-2), Interleukin-7 (IL-7), Interleukin-8 (IL-
8), Interleukin-9 (IL-9), Interleukin-10 (IL-10), Interleukin-17 (IL-
17), Granulocyte Colony-Stimulating Factor (G-CSF), Granulocyte-
Macrophage Colony-Stimulating Factor [GM-CSF], Interferon
gamma (IFN-y), Tumor Necrosis Factor Alpha (TNF-a), Interferon
y-induced Protein (IP10), Monocyte Chemoattractant Protein-1
(MCP1), Macrophage Inflammatory Protein-1-alpha (MIP1A), and
Macrophage Inflammatory Protein-1-beta (MIP1B) [23]. Compared
with non-ICU patients, ICU patients have even higher levels of IL-2,
IL-7, IL-10, G-CSE, IP10, MCP1, MIP1A, and TNF-a [24]. Amongst
these, several cytokines are involved in Th-17-type responses. IL-1b
and TNF-a (Th-17 and Th1 cells both highly express TNF-a), promote
Th-17 responses and vascular permeability and leakage [24]. IL-17
has broad pro-inflammatory effects on induction of cytokines G-CSF
(responsible for granulopoiesis and recruitment of neutrophils). IL-
1b, IL-6, and TNF-a can cause systemic inflammatory symptoms,
including fever. IL-17 and GM-CSF are associated with autoimmune
and inflammatory diseases [25].

Xu Z, et al. [18] showed that the peripheral blood of a patient with
severe COVID-19 had a strikingly high number of CCR6+Th17 cells,
further supporting the involvement of a Th-17-type cytokine storm in
this disease. Elevated Th-17 (as well as Th1) responses or enhanced IL-
17-related pathways are also observed in MERS-CoV and SARS-CoV
patients [26,27]. Taken together, the Th-17-type response contributes
to the “cytokine storm” in pulmonary viral infection including SARS-
CoV-2, which results in tissue damage and likely promotes pulmonary
edema. Targeting the Th17 pathway may benefit the patients with
Th17-dominant immune profiles. Current evidence strongly indicates
that the Th1-type response is key for successful control of SARS-CoV
and MERS-CoV [26-30], and this is probably true for SARS-CoV-2
as well. The CD8+ T-cell response, even though crucial, needs to be
well controlled in order not to cause lung pathology. Repurposing
currently marketed drugs would provide valuable opportunities,
because it will take a couple of years to develop new specific drugs to
treat COVID-19.

This “cytokine storm” can initiate viral sepsis and inflammatory-
induced lung injury, which then leads to other complications including
Pneumonitis, ARDS, respiratory failure, septic shock, lungs failure,
and potentially death in high risk groups, as discussed earlier [30,31].
Further autopsy or biopsy studies are necessary to better understand
details of this disease and its severity (virulent nature, infectious rate 10x
higher than flu). These findings are in line with SARS and MERS in that
the presence of lymphopenia and the “cytokine storm” may have a major
role in the pathogenesis of COVID-19 [31,26], but further investigations
in clinical research, basic science, and epidemiology are badly needed.

Th-17 cells and cytokine storm

CD4+ T-cells (including Thl, Th2, Th-17, and Treg) contribute
to both immunopathology and viral clearance of influenza infection
[32,33]. Severe respiratory influenza is often characterized by the
early secretion of Thl and Th-17 cytokines [34]. Accumulating data
suggest that Th-17 cells play a significant role in infectious diseases,
autoimmune conditions, adoptive immune responses, and mucosal
immunity [34,35]. For example, Th-17 immunity participates in
clearing pathogens during host defense, but is also involved in tissue
inflammation (for example, in several autoimmune diseases, allergic
diseases, and asthma) [36-38]. An increase in IFN-y IL-8, IL-9, IL-
13 and IL-10 in both critical and non-critical hospitalized HIN1-
infected patients compared to those with mild symptoms indicates
that elevated cytokine levels constitute hallmarks of severe HIN1
disease [31]. Another argument supporting the hypothesis that the
Th-17 inflammatory response is the origin of the severe respiratory
disease caused by HIN1 infection is that high levels of Th-1- and Th-
17- based mediators accompany the disease [31]. Alternatively, an
increase in Th-1 and Th-17 cytokines may reflect a vigorous antiviral
host response necessary for clearance of virus during severe lower
respiratory infections [31]. While the ability of influenza A virus to
induce the production of chemotactic (RANTES, MIP-1a, MCP-1,
MCP3, and IP-10) and pro-inflammatory (IL-1f, IL-6, IL-18, and
TNF-a) Th-1-related mediators is well known from previous reports
on seasonal influenza, Bermejo-Martin JF, et al. [31] reported the first
evidence that the Th-17 response is a signature of severe influenza
disease in humans. In addition to preclinical results, recent clinical
data show a correlation between enhanced IL-17 production and
increased frequencies of Th-17 cells in many human autoimmune
diseases, including Multiple Sclerosis, Rheumatoid arthritis, Systemic
Lupus Erythematosus, Psoriasis, Inflammatory Bowel Disease, and
Crohn’s disease [39].

Th-17 cells themselves produce IL-17, GM-CSE IL-21 and IL-
22. IL-17 has broad pro-inflammatory effects through induction of
production of cytokines G-CSF (responsible for granulopoiesis and
recruitment of neutrophils), IL-1f, IL-6, TNFa; chemokines KC,
MIP2A, IL-8, IP10, MIP3A (which attract and recruit more immune
infiltrates); and matrix metalloproteinases (participating in tissue
damage and remodeling) [36,37]. IL-17 and GM-CSF plays essential
roles in driving autoimmune inflammation in mice [40]. IL-21 is
required for Th-17 cell maintenance and germinal center responses in
a STAT3 dependent manner. Xu Z, et al. [18] showed that peripheral
blood of a patient with severe COVID-19 had a strikingly high
number of CCR4+CCR6+ Th-17 cells, further supporting a TH17
type cytokine storm in this disease. Moreover, there is evidence
that Th-17 cytokines may contribute to airway fibrosis during
asthma by enhancing production of eosinophil derived pro-fibrotic
cytokines [41].

Potential therapeutic treatments against SARS-CoV-2

Due to the rapid diffusion of SARS-CoV-2 in 2020, it’s crucial to
identify effective treatment options. In this regard, drug remdesivir
has received particular attention in the last two months. Remdesivir
represents a nucleotide analog drug that exhibit antiviral effects
against SARS-CoV-2 through many potential mechanisms, including
nspl2 polymerase activity interfering and viral replication inhibition.
Moreover, remdesivir can maintain its therapeutic effectiveness even
due to the existent high genetic barrier as a difficult obstacle for
coronavirus to achieve drug resistance. According to Grein J, et al,,
[42] 68% of the patients receiving, at least one dose of remdesivir,
showed certain clinical improvements, including oxygen-status and
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extubation from mechanical ventilation. That resulted in a lower
mortality rate.

Besides antiviral drugs, hydroxychloroquine (HCQ) and
chloroquine (CQ) are known for their use against malaria and certain
inflammatory conditions, such as rheumatoid arthritis, systemic
lupus erythematosus, and porphyria cutanea tarda. Both drugs
have in vitro activity against SARS-CoV, SARS-CoV-2, and other
coronaviruses, with hydroxychloroquine having relatively higher
potency against SARS-CoV-2 [43,44]. One small study reported that
hydroxychloroquine alone or in combination with azithromycin
reduced detection of SARS-CoV-2 RNA in upper respiratory tract
specimens compared with a non-randomized control group but did
not assess clinical benefit [45]. Nevertheless more thorough clinical
studies are required to fully elucidate a possibility of CQ and HCQ
therapeutic effectiveness. Both CQ and HCQ are weak bases that
are known to elevate the pH of acidic intracellular organelles, such
as endosomes and lysosomes essential for membrane fusion. Since
acidification is crucial for endosome maturation and function, the
investigators surmised that endosome maturation might be blocked at
intermediate stages of endocytosis, resulting in a failure of further viral
transport to the ultimate releasing site [46].

Salt and immune response

The effect of alterations in extracellular pH on cellular and humoral
immune function has been studied since the 1950s. The maintenance
of a resting intracellular pH of 6.8-7.3 and alterations in intracellular
pH accompanying the cellular events outlined are considered
primarily to be a result of an energy-requiring, active proton extrusion
system. A major mechanism for active H+ extrusion from the plasma
membrane of a large variety of cells is the carrier-mediated Na+-H+
exchanger NHE-1 (anti-port, counter-transport system) that catalyzes
the exchange of sodium for hydrogen. This Na+-H+ exchanger
constitutes a form of secondary, active transport, relying on the steep,
extracellular Na+ gradient provided by the primary Na+-K+ ATPase
pump to extrude one hydrogen ion from the cytosol in exchange for
the entry of one Na+. It is also capable of mediating the exchange of a
narrow selection of other monovalent ions, for example external H+
for internal Na+, external Li for internal H+, external H+ for internal
Li, and Na+ for Na+. The primary physiological role of this exchanger
is to maintain intracellular pH homeostasis by extruding metabolically
generated H+ ions [47,48]. Innate and adaptive immune cells can
sense hypertonic sodium in the interstitial tissues, which subsequently
affects their differentiation and/or function [49].

It is well know that sodium is an indispensable nutrient for proper
cell functions when consumed in appropriate amounts [50]. Sodium is
essential for maintenance of osmotic pressure, normal pH, distribution
of body fluids, and for most metabolic processes [49]. Sodium chloride
is readily available in processed food and ingested in large amounts
as part of Western diets. The salt content in processed foods can
be more than 100 times higher in comparison to similar home-made
meals [51,52].

High salt intake represents a risk factor for hypertension, a condition
related to higher mortality rate in COVID-19 patients. Salt sensitivity
is a complex phenomenon for which blood pressure changes can occur
on the basis of dietary salt intake and it can vary from person to person.
Genetic and environmental factors can contribute to salt-sensitivity.
According to the GenSalt study about 39% of Chinese adults, one of
the most affected populations by the new coronary pneumonia, are
salt-sensitive [53].

The detrimental effects of a high-salt diet on human health have
received much attention in the past few years. While it has been well
established that high dietary salt intake is related to cardiovascular
diseases, there is growing evidence that excess salt also affects the
immune system [54,55].

Elevated concentration of sodium chloride was found to induce pro-
inflammatory IL-17-producing Th17 cells via the p38/MAPK/nuclear
factor of activated T-cells pathway and the serum/glucocorticoid-
regulated kinase 1/forkhead box protein 1 [SGK1] pathway both in
vitro and in vivo [56].

The molecular mechanisms underlying the sensing of sodium ions
and the initial activation of the Th-17 cells have been largely elucidated.
Hypertonic salt directly activates the kinase SGK1, which stabilizes
interleukin-23R and thus reinforces the Th-17 phenotype [56]. It also
activates other molecules that induce the expression of SGK1. It seems
that high-salt conditions are needed in the lymphoid tissues for an
optimal adaptive immune response during infection. In contrast, and
as shown in table 1. The relatively low sodium concentration in blood
may provide protection against systemic Th-17-driven inflammation [55].

T-cell function is also affected by sodium concentration [57,58].
Increasing NaCl concentration by =40 mmol/L boosts IL-2 expression
and consequently T-cell proliferation. Furthermore, hypertonic
saline added to the culture media may help restore the function of
inhibited T-cells [59]. In addition to stimulating T-cell proliferation,
salt suppresses anti-inflammatory activity [60], promotes the
production of MIP-2 (macrophage inflammatory protein-2) and
TNF-a, and synergistically increases MIP-2 production induced by
lipopolysaccharide or TNF-a [61].

It has recently been reported that a high sodium diet leads to
profound immune changes in the gut compartment. Increased
exposure to dietary salt causes an increased inflammatory milieu
within the gastrointestinal tract [55]. Dietary changes may also
influence both the function and composition of the gut microbiome,
which in turn could impact both innate and adaptive immunity
through inducing increases of inflammatory cells while causing loss of
T-reg function [62,63]. In the gut, induction of Th-17 cells by high salt
intake depends on altered compositions of the gut microbiota. Junger
WG, et al. [58] demonstrated that a moderate high-salt challenge
reduced intestinal survival of Lactobacillus spp., increased Th-17 cells,
and increased blood pressure. This result confirms and highlights the
gut microbiome as a potential therapeutic target to counteract salt-
sensitive conditions.

A salt rich diet induces the accumulation of T-helper lymphocytes
in the gut when producing the pro-inflammatory cytokine
interleukin-17 (Th-17) [61-63]. These changes in the gut have been
shown to promote autoimmunity and exacerbate experimental allergic
encephalomyelitis, an animal model of multiple sclerosis [64,65].

Table 1: Effects of sodium chloride on different immune cells (60).

Cell type E:f:::?rhfi::f;?: Molecular mechanism
M1-type macrophage T p38-MAPK, NFAT-5
M2-type macrophage N mTOR, Akt
T-reg N2 Sgk-1
Th-17 T p38-MAPK NFAT-5, Sgk-1
Th-2 N N.D.

Th-1 1t N.D.
DC T p38-MAPK, Sgk-1
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Neutrophil infiltration in the colonic mucosa is one of the
distinguishing characteristics of acute inflammation present in
inflammatory bowel disease and correlates with disease severity
[66]. Neutrophil lifespan is tightly regulated in order to limit
unintended damage to tissues by secreted reactive oxygen species
and granular enzymes meant to degrade extracellular matrices and
disrupt tight junctions. Increased neutrophil lifespan is observed
under inflammatory conditions and has been attributed to both
direct interaction with microbes and the release of cytokines from
other immune cells [67,68]. In particular, Hensley-McBain T, et al.
[68] recently reported that a reduced Lactobacillus: Prevotella ratio is
associated with neutrophil survival, suggesting that intestinal bacteria
may contribute to Gastrointestinal Compartment (GI) neutrophil
accumulation in treated HIV-1 infection.

In a recent study, Faraco G, et al. [69] revealed a new gut-brain
axis linking high-salt diet to cognitive impairment through a gut-
initiated adaptive immune response compromising brain function
via circulating IL-17. They reported that, in mice, excess dietary
salt suppresses resting cerebral blood flow and endothelial function,
leading to cognitive impairment. This effect depends on expansion of
Th-17 cells in the small intestine, resulting in a marked increase in
plasma IL-17. Circulating IL-17, in turn, further promotes endothelial
dysfunction and cognitive impairment by the Rho kinase-dependent
inhibitory phosphorylation of endothelial nitric oxide synthase and
reduced nitric oxide production in cerebral endothelial cells.

Considering that IL-17 is potentially vasotoxic, these observations
raise the solid hypothesis that the Th-17 response induced by high
dietary salt could play a significant role in the attendant vascular
dysfunction and respiratory complications in COVID-19 patients. For
example, Yi B, et al. [70] used an experimental approach of fixing the
salt intake of healthy human subjects at amounts of 12, 9, and 6 g/d for
2 months and examined the relationship between salt intake levels and
changes in the immune system. It is well known that excess dietary
sodium predisposes to high blood pressure and is associated with an
increased cardiovascular risk, conditions related to severe COVID-19
complications. Their results showed that subjects on the high-salt
diet of 12 g/d displayed a significantly higher number of immune
cell monocytes compared with the same subjects on a lower-salt diet,
and a correlation test revealed a strong positive association between
salt intake levels and monocyte numbers, confirming once again that
the decrease in salt intake was accompanied by reduced production
of pro-inflammatory cytokines IL-6 and IL-23, along with enhanced
production of the anti-inflammatory cytokine IL-10.

Conclusions

Altogether these data suggest that a high-salt diet in COVID-19
patients may have detrimental effects, inducing differentiation and
exaggerated Th-17 responses, and aggravating the related “cytokine
storm’, potentially starting from the gut microenvironment. Although
more data and clinical trials are needed to confirm this hypothesis, we
believe it is important to minimize salt intake during the quarantine
by reducing highly processed food, canned food, processed nitrate-
containing meat products, and other food high in sodium. This could be
important in avoiding potentially aggressive Th-17 pro-inflammatory
responses, aggravating potential pulmonary ARDS complications
in the currently increasing numbers of COVID-19 patients. This
pandemic is a huge burden on health care workers worldwide and its
resolution is critical for the good of our communities, our countries,
and our world.
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