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The innate immune system is important for initial antiviral response. SARS-CoV-2 can result in overactivity or suppression
of the innate immune system. A dysregulated immune response is associated with poor outcomes; with patients having
significant Neutrophil-to-Lymphocyte ratios (NLR) due to neutrophilia alongside lymphopenia. Elevated cytokines like
interleukin (IL)-6 and IL-8 leads to overactivity and is a prominent feature of severe COVID-19 patients. Several factors
like pre-existing co-morbidities, genetic risks, viral pathogenicity, and therapeutic efficacy act as important modifiers of
SARS-CoV-2 risks for disease through an interplay with innate host inflammatory responses. In this review, we discuss
the role of the innate immune system at play with other important modifiers in SARS-CoV-2 infection.
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| 1. Introduction

Pandemics are a serious global health concern that demonstrate how interconnected the world has become.
Coronaviruses are enveloped, positive-sense, and single-stranded RNA viruses known to cause disease in mammals and
birds, with human endemic strains causing minor upper respiratory infection in immunocompetent individuals 2. Similar
to its novel CoV epidemic predecessors, the severe acute respiratory syndrome coronavirus (SARS-CoV) and the Middle
East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV-2 is in the genus betacoronavirus and is of zoonotic
origin, which frequently causes upper and lower respiratory infection with potentially life-threatening complications LI2IE]
[, Critical patients can develop acute respiratory distress syndrome (ARDS), a hyperinflammatory lung disease, and
require prolonged mechanical ventilation and intensive care.

SARS-CoV-2 was declared a pandemic by the World Health Organization (WHO) on 11 March 2020 after it had spread
throughout the world, transmitted by respiratory droplets and person-to-person contact [&. As of 2 June 2021, over 170
million confirmed cases and over 3.55 million confirmed deaths have been reported worldwide . COVID-19 is less lethal
than SARS-CoV or MERS-CoV based on case fatality rates but more communicable overall, and thus exceeded these
CoV in both total cases and deaths in a relatively short period (€. Patients with SARS who recovered later showed some
degree of pulmonary fibrosis [, which causes concern for the potential long-term impact of COVID-19.

The vast majority of confirmed patients in China with COVID-19 experienced mild disease with symptoms of fever, dry
cough, and fatigue, but 14% of cases were classified as severe with symptoms of dyspnea and low blood oxygen
saturation, and 5% as critical with symptoms of respiratory failure, septic shock, or multiple organ failure (5). The case
fatality rate was 2.3% for all COVID-19 patients, but death occurred only in critical cases with a subsequent fatality rate of
49% 1. Deaths were associated with older age and pre-existing comorbidities [, both of which contribute to an overall
weaker immune response.

Currently there exists no definitive therapeutic treatment for COVID-19 and care is largely supportive and experimental
while relying on the patient's own immune system to clear the virus. A crucial component of an effective antiviral immune
response is in the innate immune system, which can hinder viral replication while removing infected cells during the onset
of disease and potentially resolve an infection during an early phase with a robust effort. The innate immune system is an
essential initial response to infection by a pathogen, and patients whose systems fail to respond efficiently during the
onset may have problems containing it later.

The complexities regulating immune competency is vast, consisting of individual and environmental inputs. Here, we
present an integrated framework (for example, genetic risks, pre-existing co-morbidities, viral pathogenicity, and
therapeutic efficacy) at play as important modifiers of SARS-CoV-2 risks for disease through an interplay with innate host
inflammatory responses. Specifically, an understanding of these and other complex relationships will provide important



insight into how alterations in the innate immune response in severe COVID-19 caused by SARS-CoV-2 would inform new
therapies and treatments that mitigate viral replication as well as overactive inflammation created by the innate immune
systems.

| 2. SARS-CoV-2 and COVID-19 Pathogenesis

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) , a causative agent of coronavirus disease 2019
(COVID-19), the severe respiratory illness that is now rampaging the world, is an enveloped, single positive-strand RNA
virus [, The envelope consists of a lipid bilayer derived from the cell membrane of the host and four structural proteins,
spike (S), envelope (E), membrane (M), and nucleoprotein (N), as well as variable number of nonstructural proteins.

The most common route of transmission of SARS-CoV-2 is via infectious respiratory droplets and person-to-person
contact. Likely portals of infection include the conjunctival epithelium, the nasal epithelium, and inhalation via the mouth.
Patients who experience repeated exposures, such as healthcare workers, are more likely to develop severe disease .

SARS-CoV-2 replicates extensively in the bronchial epithelium, which could help explain the high levels of transmission
o

SARS-CoV-2 primarily enters human cells through the angiotensin-converting enzyme 2 (ACE2) receptor although other
routes of entry of the virus cannot be excluded RHI2A3] ACE2 counteracts the effects of angiotensin Il and helps regulate
vascular tone and importantly for SARS-CoV-2, alveolar secretion of angiotensin Il in the lung 14!, ACE2 is expressed in
many different cell types, including the nasal and alveolar epithelium, the heart, the blood vessels, and the kidneys 131161,
Daly et al. showed that a component of SARS-CoV-2 S protein binds to cell surface neuropilins (NRP1 and NRP2) via the
S1 CendR motif generated by the furin cleavage of S1/S2, which could be a potential therapeutic target 14,

Coronavirus cellular entry is dependent on binding of the spike protein (S) to a specific cellular receptor, followed by S
priming by cellular proteases 2218l However, TMPRSS?2 is not found in all ACE2 positive cells, suggesting that SARS-
CoV-2 might use alternative pathways. While TMPRSS2 activity is documented to be important for viral transmission 12
(201 the potential of cathepsin B/L or other proteases to functionally replace TMPRSS2 has not been determined 12,
Mature enterocytes that express high levels of ACE2 receptor were found to be susceptible to SARS-CoV-2 infection with
TMPRSS2

Upon entry, the infected SARS-CoV-2 is known to encode a polyprotein proteolytically processed into 16 nonstructural
proteins (Nsp1-16) from open reading frame (Orf) la/b, structural proteins including S, E, M, and N, and 9 accessory
proteins from Orf3a, 3b, 6, 7a, 7b, 8, 9b, 9c and 10 (21122 jral gene and the expressed proteins in the infected cells then
trigger the host immune responses, and the innate immune cells initiate an inflammatory cascade. However, the signaling
mechanisms responsible for induction of inflammatory cytokines by SARS-CoV-2 has not been fully elucidated.

| 3. Innate Immune Cells & Their Role in COVID-19

Many components of the innate immune system are important for initial detection and clearance of viral infections.
Another notable clinical feature is that the severity of the disease among infected patients range from asymptomatic to
symptomatic, and even among the symptomatic patients, approximately 80% of the infected patients show mild
symptoms, whereas 15% of the confirmed cases progress to the severe phase. Finally, as noted previously, the elderly
and those with co-morbidities, such as diabetes, obesity and cardiovascular, respiratory, renal, and lung diseases, are the
most susceptible to COVID-19 and its severe disease complications. Lucid understanding of the clinical immune response
variances for SARS-CoV-2 is therefore imperative in combating COVID-19.

Upon virus entry into the cell cytoplasm via endocytosis, antiviral innate immune signaling pathways in the virus-infected
host are activated to thwart virus replication [23l. Cytokines secreted by the activated innate immune system then stimulate
the adaptive immune responses, recruit various immune cells to the site of infection, and help to inhibit viral replication.
These macrophages, along with neutrophils, phagocytose infected cells and pathogens. The complement system also
participates in immune cell recruitment, activation, and ultimately destruction of pathogens.

Type | interferons are among the first cytokines to be upregulated in virus-infected cells and are important in coordinating
the antiviral response and inflammation [41]. However, the IFN system is generally significantly suppressed in most
severe SARS-CoV-2 patients [42]. Schroeder et al. showed that SARS-CoV-2 suppresses cytokine induction and
interferon signaling with lower efficiency than SARS-CoV, despite the shared genome architecture and expression of
homologous viral proteins 241, Whole exome or genome sequencing in patients with life-threatening COVID-19 pneumonia



revealed that inborn errors of TLR3- and IRF7-dependent type | IFN immunity could underlie life-threatening COVID-19
pneumonia in patients with no prior severe infection 22, | IFN administration may be of therapeutic benefit in selected
patients, at least early in the course of SARS-CoV-2 infection.

Several previous studies have reported an association between dysregulated secretion of cytokines and progression to
severe SARS-CoV-2 281271 patients with severe and critical cases of COVID-19 often have high levels of cytokines
including IL-1, IL-2, IL-6, IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1a, and tumor necrosis factor-a (TNFa) The
overabundance of these cytokines can lead to a “cytokine storm”, which may play a large role in COVID-19 pathogenesis
and initiation of viral sepsis and inflammatory-induced lung injury. These patients often develop viral pneumonia, which
may progress to acute respiratory distress syndrome (ARDS), or even multi-organ failure [2Q[28]29](30]

Significant increases in inflammatory cytokines and chemokines in serum levels were seen for severe COVID-19 patients,
but it is currently uncertain if it is directly involved in further lung damage (1. Different analyses have provided a wide
array of various elevated cytokines that may potentially lead to local lung inflammation and disease progression. A
correlation was shown in another study between increasing disease severity and circulating proinflammatory cytokines,
including TNF-a, interleukin-2R (IL-2R), and interleukin-6 (IL-6) 1. Another found elevated levels of IL-6, IL-1a, CCL2,
CCL8, CXCL2, CXCL8, CXCL9, and CXCL16 but low levels of Type | and Type llI interferons (IFN)

In a comparison of bronchoalveolar fluid (BALF) samples for moderate and severe patients, severe patients showed
increased levels of IL-6, IL-8, and IL-13 and chemokines CCL2, CCL3, CCL4, CCL7, CCL8, CXCL2, CXCL8, CXCL9,
CXCL10, CXCL11, CXCL16, FGF, CSF-3, CSF-2, PDGF, and VEGF were also elevated 213233 Chemokines CCL2,
CCL8, and CXCL10 chemically attract monocytes to a location, while CXCL2 and CXCL8 (also called IL-8) is a
chemotactic for neutrophils and T cells 234, Recruitment of leukocytes to the lungs is necessary for viral clearance but
excessive inflammation can result in fibrosis, poor alveolar gas exchange, and patient deterioration. Lung interstitial tissue
showed extensive infiltration from CD4+ T cell, CD8+ T cell, macrophages, and GZMB+ cells [33],

Through the formation of neutrophil extracellular traps (NETSs), they can induce IL-1p expression from macrophages which
has been shown to cyclically induce further NET formation in some disease states 28, Blood serum of COVID-19 patients
displayed elevated markers indicating NET formation, including citrullinated histone H3 (Cit-H3) and myeloperoxidase-
DNA (MPO-DNA), which also was further shown to have activated NET formation in control neutrophils when the COVID-
19 sera was applied in vitro BZ. In contrast, deoxyribonuclease | (DNase I) can work to promote the clearance of
overproduced NETs and, thus, minimize unwarranted neutrophil-mediated collateral damage 8. Immunomodulation
through activation of the innate immune sensor toll-like receptor 5 (TLR5) that recognizes flagellin could potentially act as
a trojan horse “danger” signal, which may trick the host into thinking that immune responses are required to suppress a
“bacterial” infection but instead activates antiviral responses to eliminate SARS-CoV-2 B9,

COVID-19 induced sepsis was categorized by Giamarellos-Bourboulis et al. into three classifications: macrophage
activation syndrome (MAS), immunoparalysis with downregulation of human leukocyte antigen D related (HLA-DR) on
CD14 monocytes, and an intermediate state without apparent immune dysregulation 49, Patients with severe respiratory
failure (SRF) exhibited either MAS, which is associated with elevated levels of IL-13, or immune dysregulation, which is
associated with IL-6 49, Approximately, a fourth of COVID-19 patients with SRF had indications of MAS, while the majority
had immune dysregulation ¥9. All of these innate immune responses lead to a severe hyperinflammation in COVID-19
patients.

To date there has been little evidence of direct infection of monocytes or macrophages by SARS-CoV-2, but studies have
shown that SARS-CoV and MERS-CoV infection results in aberrant cytokine production 4. Only MERS-CoV was
capable of active viral replication inside monocyte-derived macrophages (MDM), but both viruses failed to activate
antiviral cytokines IFN-a and IFN-B within infected MDM while significantly increasing TNF-a and IL-6 expression 21, A
murine animal model of infected macrophages with the spike (S) protein from SARS-CoV demonstrated the upregulation
of TNF-a and IL-6 caused by inducing the NF-kB pathway “2. This was later confirmed with human peripheral blood
monocyte macrophages, where the S protein activated monocytes increased TNF-a and IL-6 along with a significant
increase in IL-8 that was dose dependent 42!,

Autopsy examination of six COVID-19 patients revealed SARS-CoV-2 infection of the spleen and lymph nodes with
extensive damage to its tissues as well as follicle depletion 4. Viral proteins were found in the spleen and lymph node
resident CD169+ macrophages, but not in CD3+ T cells or B220+ B cells, indicating damage was likely macrophage
related and SARS-CoV-2 potentially migrated to the locations utilizing infected macrophages 44l. Infected macrophages
were reported to have also increased expression of IL-6, a cytokine known to induce apoptosis in lymphocytes and
potentially a cause of lymphopenia in COVID-19 patients [44],



SARS-CoV was known to cause lymphopenia in SARS patients with altered lymphocyte subsets 2, but whether that was
the result of the viral infection or due to following treatment for inflammation with glucocorticoid steroids has remained
uncertain 48, The exact mechanism is currently unknown for what directly causes the depletion of lymphocytes and
resulting lymphopenia in COVID-19 patients. but there is no evidence of actual viral infection of the lymphocyte
demonstrated from viral gene expression within the cell 4. Peripheral blood mononuclear cells (PBMC) have been
shown to have increased expression of p53 signaling pathways and cellular apoptosis, which could potentially have been
induced from SARS-CoV-2 [34],

Patients with onset of symptoms and blood lymphocyte levels over 20% on hospitalization or which subsequently
increased to over 20% following treatment had positive outcomes, but below 5% were deemed critically ill with
corresponding high mortality 7. Lymphocyte subsets in other studies further showed a decreased absolute T cell, CD4 T
cell, cytotoxic (CD8+) T cell, and natural killer (NK) cell count, but with a lower normal range value for B cells B, T cell
counts decreased significantly in COVID-19 cases of non-severe and severe patients, with severe patients having
drastically reduced levels 18] Song et al. reported an overall decreased lymphocyte subset including CD3+ T Cells,
CD4+ T Cells, CD8+ T cells, and NK cells but with no significant difference between mild and severe patients, except for B
cells, which were increased in severe patients 33,

Severe patients also had neutrophilia alongside lymphopenia, creating higher values in the neutrophil-to-lymphocyte ratio
(NLR), which serves as a potential biomarker for increased systemic inflammation B, Increased NLR was associated
with lung inflammation and the eventual development of critical patients with ARDS leading to an ultimately poor
prognosis, and is another prospective marker for differentiating COVID-19 patients by severity 4959 values above 3.3 of
NLR for patients over 50 years of age showed a predictive deteriorative change from mild to severe disease at an average
of approximately six days 29,

Cytotoxic T cells and natural killer cells are essential for an effective antiviral immune response. They were shown to be
functionally exhausted in severe patients by the increased expression of NKG2A on lymphocytes, an inhibitory immune
receptor on the cell surface which decreases its activity and may be correlated with disease progression 1. NKG2A was
shown to be upregulated in severe COVID-19 patients by Zheng et al., alongside decreased functional activity indicated
from the decrease of intracellular cytokines CD107a, Membrane protein CD107a is correlated with NK cell activity and
further cytokine secretion, with decreased function suggesting potential excessive lung inflammation is not due to
overactivation of NK cells (22,

Further analysis by Demaria et al. confirmed lymphopenia and increased NKG2A expression in severe COVID-19 patients
with pneumonia and ARDS, but also found a decrease in mature NK cells in patients with ARDS in both the peripheral
blood and the bronchoalveolar fluid (BALF), indicating systemic deficiency instead of cell migration B3, CD39 for a
potential immunotherapy avenue of treatment, and found all to have been upregulated in the BALF of ARDS patients with
a higher degree of overall expression than seen in the periphery 23, Subsequent treatment in blocking NKG2A activation
with the use of the monoclonal antibody monalizumab restored NK cytotoxic function, and could potentially recover NK
antiviral activity in patients 231,

Patients with respiratory failure from severe SARS-CoV-2 commonly display one of two major forms of SARS-CoV-2
immune dysregulation: the “cytokine storm” phenotype, or more commonly, one characterized by targeted
immunosuppression. Patients with the immunosuppression phenotype have elevated levels of IL-6 and IL-8, relatively
lower levels of cytokines in other pathways, and the virtual absence of a type | or type Il IFN response 4. One possible
cause for this immunosuppression is excessive glucocorticoid levels, which may cause systemic inflammation, which is
known to suppress HLA-DR expression on monocytes 2. The elevated levels of IL-6 can increase cortisol levels through
various mechanisms, including direct stimulation of the adrenal cortex and through induction of corticotropin-releasing
hormone and adrenocorticotropin 541,

4. Co-Morbid Conditions and Genetic Risks Stoke Immunopathology of
SARS-CoV-2

Pre-existing health risks demonstrate poorer clinical outcomes from SARS-CoV-2 1316l and others, the incidence and
morbidity associated with SARS-CoV-2 was highest among individuals with underlying chronic conditions including
obesity, cardiovascular, hypertension, kidney, type 2 diabetes mellitus, and respiratory-related disease E8ISZI58I59][60]
ACEZ2, which plays a critical role in the regulation of both underlying disease and SARS-CoV-2 entry, is essential for
metabolic control of respiratory, vascular, myocardial, kidney, and pancreatic functioning, among others [BLI6263] For
example, in the case of metabolic disease, an upregulation of ACE2 that interacts with the Angiotensin-Il type 1 receptor
(AT1R) has pathologic pro-inflammatory and pro-fibrotic effects



ACE?2 regulates angiotensin Il, of which high levels can cause increased vascular permeability and lead to lung, cardiac,
and vascular damage. As SARS-CoV-2 progresses, it activates immune cells, platelets, and coagulation factors, which
can cause multiple organ failure and death. In a phase Il trial, patients who received recombinant ACE2 saw a reduction in
angiotensin Il levels, which appeared to improve lung injury 2464165l Recently, the process of inflammaging has received
much attention which could explain some of the pathology that is seen in elderly patients with SARS-CoV-2 infection as
the lungs of elderly individuals are characterized by chronic low-grade inflammation (81,

There have also been instances of acute cardiac inflammation and injury in convalescent COVID-19 patients. Regardless
of preexisting conditions and infection severity, 78% of patients in a prospective cohort study who had recovered from
COVID-19 showed some degree of cardiac involvement on cardiac magnetic resonance imaging 2. The most common
of which being myocardial inflammation, followed by regional myocardial scar and pericardial enhancement 2. Severe
pediatric COVID-19 patients without respiratory failure or comorbidity in Paris were reported to have myocarditis, diffuse
inflammation, and an atypical Kawasaki disease, further indicating that SARS-CoV-2 or its induced systemic inflammation
may have considerable effect on the cardiovascular system (€8],

Other factors may include trained immunity, fewer comorbid risk factors, and the fact that children’s lungs are still
developing. Trained immunity is functional reprogramming of cells of the innate immune system to a more active state
after stimulation by certain antigens, such as those from vaccinations or viral infections. These changes can affect local
cells, such as lung macrophages and dendritic cells, as well as progenitor cells of monocyte and myeloid cell lines. It also
activates NK cells and interferons, leading to strong innate immune responses that may help contain early infections and
clear them more rapidly.

Children also less commonly have risk factors such as obesity, smoking, and comorbidities such as hypertension and
diabetes mellitus. However, children who have these pre-existing factors or illnesses may still fall into high-risk categories
and need appropriate monitoring. Additionally, since children’s lungs are still developing, the alveolar epithelium have a
greater capacity to regenerate, which may accelerate recovery (31). In contrast, adult patients have weaker adaptive
immunity and in many SARS-CoV-2 cases, dysfunctional hyperactive innate immune responses in severe infections that
is not commonly observed in children €,

The majority of SARS-CoV-2 cases are among non-Hispanic whites, but racial and ethnic minorities are disproportionately
represented. Ethnic minorities especially African American (AA) populations may have a greater risk of SARS-CoV-2
infections due to comorbidities like hypertension, cardiovascular disease, diabetes, chronic obstructive pulmonary disease
(COPD), and asthma A2 |y addition, it was observed that AAs and Hispanics/Latinos when compared with non-
Hispanic Whites had higher mortality associated with COVID-19 2, Additionally, they are more commonly subjected to
crowded living conditions and reliance on public transportation.

Male patients generally have greater inflammation indices, more impaired liver and kidney function, and more
complications than women do. They also generally have more significant lymphopenia and thrombocytopenia 23!,
Evidence suggests that more men die than women, which may be due to sex-based immunological differences 4173
including genetic differences in chromosome complement and different levels of sex hormones 8. It is possible that
administration of these hormones, such as via oral contraceptive, could keep estrogen levels high and therefore play a
protective role (29,

| 5. Conclusions

Although we now have a few SARS-CoV-2 vaccines that have been approved by the FDA via EUA, a range of other
immune interventions that are being explored, as a means to boost protective innate immunity and reduce damaging
inflammatory responses, would be crucial in the fight against COVID-19. These immunomodulatory approaches could be
utilized in combination with the current standard of care, the antiviral remdesivir and corticosteroid dexamethasone.
Despite the challenges posed by this novel and rapidly spreading viral infection, the response from the scientific
community has been tremendous with the development of several vaccine candidates and treatment options within a
short duration of time, which will serve as a template for future responses to pandemics.

References

1. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel
Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727-733.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Fehr, A.R.; Perlman, S. Coronaviruses: An overview of their replication and pathogenesis. Methods Mol. Biol. 2015,

1282, 1-23.

. Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al. A

pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273.

. Wu, Z.; McGoogan, J.M. Characteristics of and Important Lessons From the Coronavirus Disease 2019 (COVID-19)

Outbreak in China: Summary of a Report of 72,314 Cases From the Chinese Center for Disease Control and
Prevention. JAMA 2020, 323, 1239-1242.

. World Health Organization. WHO Coronavirus Disease (COVID-19) Dashboard. Available online: (accessed on 2 June

2021).

. Callaway, E.; Cyranoski, D.; Mallapaty, S.; Stoye, E.; Tollefson, J. The coronavirus pandemic in five powerful charts.

Nature 2020, 579, 482-483.

. Spagnolo, P.; Balestro, E.; Aliberti, S.; Cocconcelli, E.; Biondini, D.; Casa, G.D.; Sverzellati, N.; Maher, T.M. Pulmonary

fibrosis secondary to COVID-19: A call to arms? Lancet Respir. Med. 2020, 8, 750-752.

. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The species Severe acute

respiratory syndrome-related coronavirus: Classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol. 2020, 5,
536-544.

. Azkur, A.K.; Akdis, M.; Azkur, D.; Sokolowska, M.; van de Veen, W.; Briiggen, M.-C.; O'Mahony, L.; Gao, Y.; Nadeau,

K.; Akdis, C.A. Immune response to SARS-CoV-2 and mechanisms of immunopathological changes in COVID-19.
Allergy 2020, 75, 1564-1581.

Hui, K.P.Y.; Cheung, M.C.; Perera, R.; Ng, K.C.; Bui, C.H.T.; Ho, J.C.W.; Ng, M.M.T.; Kuok, D.I.T.; Shih, K.C.; Tsao,
S.W.; et al. Tropism, replication competence, and innate immune responses of the coronavirus SARS-CoV-2 in human
respiratory tract and conjunctiva: An analysis in ex-vivo and in-vitro cultures. Lancet Respir. Med. 2020, 8, P687—-P695.

Prajapat, M.; Sarma, P.; Shekhar, N.; Prakash, A.; Avti, P.; Bhattacharyya, A.; Kaur, H.; Kumar, S.; Bansal, S.; Sharma,
A.R.; et al. Update on the target structures of SARS-CoV-2: A systematic review. Indian J. Pharmacol. 2020, 52, 142—
149.

Ulrich, H.; Pillat, M.M. CD147 as a Target for COVID-19 Treatment: Suggested Effects of Azithromycin and Stem Cell
Engagement. Stem. Cell Rev. Rep. 2020, 16, 434-440.

Wang, K.; Chen, W.; Zhou, Y.-S.; Lian, J.-Q.; Zhang, Z.; Du, P.; Gong, L.; Zhang, Y.; Cui, H.-Y.; Geng, J.-J.; et al.
SARS-CoV-2 invades host cells via a novel route: CD147-spike protein. BioRxiv 2020.

Kutti Sridharan, G.; Kotagiri, R.; Chandiramani, V.H.; Mohan, B.P.; Vegunta, R.; Vegunta, R.; Rokkam, V.R.P. COVID-19
and Avoiding Ibuprofen. How Good Is the Evidence? Am. J. Ther. 2020, 27, e400-e402.

Sungnak, W.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-L6pez, C.; Maatz, H.; Reichart,
D.; Sampaziotis, F.; et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells together with innate
immune genes. Nat. Med. 2020, 26, 681-687.

Patel, A.B.; Verma, A. Nasal ACE2 Levels and COVID-19 in Children. JAMA 2020, 323, 2386-2387.

Daly, J.L.; Simonetti, B.; Klein, K.; Chen, K.E.; Williamson, M.K.; Anton-Plagaro, C.; Shoemark, D.K.; Simon-Gracia, L.;
Bauer, M.; Hollandi, R.; et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection. Science 2020, 370, 861-865.

Gil, C.; Ginex, T.; Maestro, I.; Nozal, V.; Barrado-Gil, L.; Cuesta-Geijo, M.A.; Urquiza, J.; Ramirez, D.; Alonso, C.;
Campillo, N.E.; et al. COVID-19: Drug targets and potential treatments. J. Med. Chem. 2020, 63, 12359-12386.

Raj, V.S.; Mou, H.; Smits, S.L.; Dekkers, D.H.; Muller, M.A.; Dijkman, R.; Muth, D.; Demmers, J.A.; Zaki, A.; Fouchier,
R.A.; et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 2013, 495,
251-254.

Broszeit, F.; Tzarum, N.; Zhu, X.; Nemanichvili, N.; Eggink, D.; Leenders, T.; Li, Z.; Liu, L.; Wolfert, M.A.; Papanikolaou,
A.; et al. N-Glycolylneuraminic Acid as a Receptor for Influenza A Viruses. Cell Rep. 2019, 27, 3284-3294.e3286.

Chan, J.F; Kok, K.H.; Zhu, Z.; Chu, H.; To, K.K.; Yuan, S.; Yuen, K.Y. Genomic characterization of the 2019 novel
human-pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg. Microbes
Infect. 2020, 9, 221-236.

Gordon, D.E.; Jang, G.M.; Bouhaddou, M.; Xu, J.; Obernier, K.; White, K.M.; O'Meara, M.J.; Rezelj, V.V.; Guo, J.Z,;
Swaney, D.L.; et al. A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature 2020, 583,
459-468.

Davis, M.E.; Gack, M.U. Ubiquitination in the antiviral immune response. Virology 2015, 479-480, 52—65.



24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Schroeder, S.P.F.; Niemeyer, D.; Veith, T.; Richter, A.; Muth, D.; Goffinet, C.; Miller, M.A.; Drosten, C. Interferon
antagonism by SARS-CoV-2: A functional study using reverse genetics. Lancet Microbe 2021, 2, e210—e218.

Zhang, Q.; Bastard, P.; Liu, Z.; Le Pen, J.; Moncada-Velez, M.; Chen, J.; Ogishi, M.; Sabli, I.K.D.; Hodeib, S.; Korol, C.;
et al. Inborn errors of type | IFN immunity in patients with life-threatening COVID-19. Science 2020, 370, eabd4570.

Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.-C.; Uhl, S.; Hoagland, D.; Mgller, R.; Jordan, T.X.; Oishi, K.; Panis, M.;
Sachs, D.; et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036—
1045.e9.

Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506.

Prompetchara, E.; Ketloy, C.; Palaga, T. Inmune responses in COVID-19 and potential vaccines: Lessons learned from
SARS and MERS epidemic. Asian Pac. J. Allergy Immunol. 2020, 38, 1-9.

Kuri-Cervantes, L.; Pampena, M.B.; Meng, W.; Rosenfeld, A.M.; Ittner, C.A.G.; Weisman, A.R.; Agyekum, R.; Mathew,
D.; Baxter, A.E.; Vella, L.; et al. Immunologic perturbations in severe COVID-19/SARS-CoV-2 infection. BioRxiv 2020.

Chang, F.Y.; Chen, H.C.; Chen, P.J.; Ho, M.S.; Hsieh, S.L.; Lin, J.C.; Liu, F.T.; Sytwu, H.K. Immunologic aspects of
characteristics, diagnosis, and treatment of coronavirus disease 2019 (COVID-19). J. Biomed. Sci. 2020, 27, 72.

. Qin, C.; Zhou, L.; Hu, Z.; Zhang, S.; Yang, S.; Tao, Y.; Xie, C.; Ma, K.; Shang, K.; Wang, W.; et al. Dysregulation of

Immune Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin. Infect. Dis. 2020, 71, 762—
768.

Liao, M.; Liu, Y.; Yuan, J.; Wen, Y.; Xu, G.; Zhao, J.; Cheng, L.; Li, J.; Wang, X.; Wang, F.; et al. Single-cell landscape of
bronchoalveolar immune cells in patients with COVID-19. Nat. Med. 2020, 26, 842—-844.

Chen, G.; Wu, D.; Guo, W.; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and
immunological features of severe and moderate coronavirus disease 2019. J. Clin. Investig. 2020, 130, 2620—-2629.

Xiong, Y.; Liu, Y.; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W.; Yang, J.; Tang, Z.; et al. Transcriptomic
characteristics of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg.
Microbes Infect. 2020, 9, 761-770.

Song, J.-W.; Zhang, C.; Fan, X.; Meng, F.-P.; Xu, Z.; Xia, P.; Cao, W.-J.; Yang, T.; Dai, X.-P.; Wang, S.-Y.; et al.
Immunological and inflammatory profiles in mild and severe cases of COVID-19. Nat. Commun. 2020, 11, 3410.

Barnes, B.J.; Adrover, J.M.; Baxter-Stoltzfus, A.; Borczuk, A.; Cools-Lartigue, J.; Crawford, J.M.; Dal3ler-Plenker, J.;
Guerci, P.; Huynh, C.; Knight, J.S.; et al. Targeting potential drivers of COVID-19: Neutrophil extracellular traps. J. Exp.
Med. 2020, 217, e20200652.

Zuo, Y.; Yalavarthi, S.; Shi, H.; Gockman, K.; Zuo, M.; Madison, J.A.; Blair, C.; Weber, A.; Barnes, B.J.; Egeblad, M.; et
al. Neutrophil extracellular traps in COVID-19. JCI Insight 2020, 5, €138999.

Jimenez-Alcazar, M.; Rangaswamy, C.; Panda, R.; Bitterling, J.; Simsek, Y.J.; Long, A.T.; Bilyy, R.; Krenn, V.; Renne,
C.; Renne, T.; et al. Host DNases prevent vascular occlusion by neutrophil extracellular traps. Science 2017, 358,
1202-1206.

Golonka, R.M.; Saha, P.; Yeoh, B.S.; Chattopadhyay, S.; Gewirtz, A.T.; Joe, B.; Vijay-Kumar, M. Harnessing innate
immunity to eliminate SARS-CoV-2 and ameliorate COVID-19 disease. Physiol. Genom. 2020, 52, 217-221.

Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.; Damoraki, G.;
Gkavogianni, T.; Adami, M.-E.; Katsaounou, P.; et al. Complex Immune Dysregulation in COVID-19 Patients with
Severe Respiratory Failure. Cell Host Microbe 2020, 27, 992-1000.e1003.

Zhou, J.; Chu, H.; Li, C.; Wong, B.H.; Cheng, Z.S.; Poon, V.K.; Sun, T,; Lau, C.C.; Wong, K.K.; Chan, J.Y.; et al. Active
replication of Middle East respiratory syndrome coronavirus and aberrant induction of inflammatory cytokines and
chemokines in human macrophages: Implications for pathogenesis. J. Infect. Dis. 2014, 209, 1331-1342.

Wang, W.,; Ye, L.; Ye, L,; Li, B.; Gao, B.; Zeng, Y.; Kong, L.; Fang, X.; Zheng, H.; Wu, Z.; et al. Up-regulation of IL-6 and
TNF-a induced by SARS-coronavirus spike protein in murine macrophages via NF-kB pathway. Virus Res. 2007, 128,
1-8.

Dosch, S.F.; Mahajan, S.D.; Collins, A.R. SARS coronavirus spike protein-induced innate immune response occurs via

activation of the NF-kB pathway in human monocyte macrophages in vitro. Virus Res. 2009, 142, 19-27.

Chen, Y.; Feng, Z.; Diao, B.; Wang, R.; Wang, G.; Wang, C.; Tan, Y.; Liu, L.; Wang, C.; Liu, Y.; et al. The Novel Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Directly Decimates Human Spleens and Lymph Nodes.
MedRxiv 2020.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66

67.

68.

He, Z.; Zhao, C.; Dong, Q.; Zhuang, H.; Song, S.; Peng, G.; Dwyer, D.E. Effects of severe acute respiratory syndrome
(SARS) coronavirus infection on peripheral blood lymphocytes and their subsets. Int. J. Infect. Dis. 2005, 9, 323-330.

Panesar, N.S. What caused lymphopenia in SARS and how reliable is the lymphokine status in glucocorticoid-treated
patients? Med. Hypotheses 2008, 71, 298-301.

Tan, L.; Wang, Q.; Zhang, D.; Ding, J.; Huang, Q.; Tang, Y.-Q.; Wang, Q.; Miao, H. Lymphopenia predicts disease
severity of COVID-19: A descriptive and predictive study. Signal Transduct. Target. Ther. 2020, 5, 33.

He, R.; Lu, Z.; Zhang, L.; Fan, T.; Xiong, R.; Shen, X.; Feng, H.; Meng, H.; Lin, W.; Jiang, W.; et al. The clinical course
and its correlated immune status in COVID-19 pneumonia. J. Clin. Virol. 2020, 127, 104361.

Lagunas-Rangel, F.A. Neutrophil-to-lymphocyte ratio and lymphocyte-to-C-reactive protein ratio in patients with severe
coronavirus disease 2019 (COVID-19): A meta-analysis. J. Med. Virol. 2020, 92, 1733-1734.

Yang, A.-P.; Liu, J.-P.; Tao, W.-Q.; Li, H.-M. The diagnostic and predictive role of NLR, d-NLR and PLR in COVID-19
patients. Int. Immunopharmacol. 2020, 84, 106504.

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

Alter, G.; Malenfant, J.M.; Altfeld, M. CD107a as a functional marker for the identification of natural killer cell activity. J.
Immunol. Methods 2004, 294, 15-22.

Demaria, O.; Carvelli, J.; Batista, L.; Thibult, M.-L.; Morel, A.; André, P.; Morel, Y.; Vély, F.; Vivier, E. Identification of
druggable inhibitory immune checkpoints on Natural Killer cells in COVID-19. Cell Mol. Immunol. 2020, 17, 995-997.

Mudd, P.A.; Crawford, J.C.; Turner, J.S.; Souquette, A.; Reynolds, D.; Bender, D.; Bosanquet, J.P.; Anand, N.J.; Striker,
D.A.; Martin, R.S.; et al. Targeted Immunosuppression Distinguishes COVID-19 from Influenza in Moderate and Severe
Disease. MedRxiv 2020.

Kim, O.Y.; Monsel, A.; Bertrand, M.; Coriat, P.; Cavaillon, J.M.; Adib-Conguy, M. Differential down-regulation of HLA-DR
on monocyte subpopulations during systemic inflammation. Crit. Care 2010, 14, R61.

Gawlik, K.S.; Melnyk, B.M.; Tan, A. Associations Between Stress and Cardiovascular Disease Risk Factors Among
Million Hearts Priority Populations. Am. J. Health Promot. 2019, 33, 1063-1066.

Li, L.; Brennan, K.J.; Gaughan, J.P.; Ciccolella, D.E.; Kuzma, A.M.; Criner, G.J. African Americans and men with severe
COPD have a high prevalence of osteoporosis. COPD 2008, 5, 291-297.

Phillips, N.; Park, I.W.; Robinson, J.R.; Jones, H.P. The Perfect Storm: COVID-19 Health Disparities in US Blacks. J.
Racial Ethn. Health Disparities 2020, 1-8.

Roth, G.A.; Johnson, C.O.; Abate, K.H.; Abd-Allah, F.; Ahmed, M.; Alam, K.; Alam, T.; Alvis-Guzman, N.; Ansari, H.;
Arnlov, J.; et al. The Burden of Cardiovascular Diseases Among US States, 1990-2016. JAMA Cardiol. 2018, 3, 375—
3809.

Suleyman, G.; Fadel, R.A.; Malette, K.M.; Hammond, C.; Abdulla, H.; Entz, A.; Demertzis, Z.; Hanna, Z.; Failla, A.;
Dagher, C.; et al. Clinical Characteristics and Morbidity Associated With Coronavirus Disease 2019 in a Series of
Patients in Metropolitan Detroit. JAMA Netw. Open 2020, 3, e2012270.

Anguiano, L.; Riera, M.; Pascual, J.; Soler, M. Circulating ACE2 in cardiovascular and kidney diseases. Curr. Med.
Chem. 2017, 24, 3231-3241.

Chhabra, K.H.; Xia, H.; Pedersen, K.B.; Speth, R.C.; Lazartigues, E. Pancreatic angiotensin-converting enzyme 2
improves glycemia in angiotensin ll-infused mice. Am. J. Physiol. Endocrinol. Metab. 2013, 304, E874—E884.

Jia, H. Pulmonary angiotensin-converting enzyme 2 (ACE2) and inflammatory lung disease. Shock 2016, 46, 239—-248.

de Wit, E.; van Doremalen, N.; Falzarano, D.; Munster, V.J. SARS and MERS: Recent insights into emerging
coronaviruses. Nat. Rev. Microbiol. 2016, 14, 523-534.

Imai, Y.; Kuba, K.; Rao, S.; Huan, Y.; Guo, F.; Guan, B.; Yang, P.; Sarao, R.; Wada, T.; Leong-Poi, H.; et al. Angiotensin-
converting enzyme 2 protects from severe acute lung failure. Nature 2005, 436, 112-116.

. Schijns, V.; Lavelle, E.C. Prevention and treatment of COVID-19 disease by controlled modulation of innate immunity.

Eur. J. Immunol. 2020, 50, 932—-938.

Puntmann, V.O.; Carerj, M.L.; Wieters, I.; Fahim, M.; Arendt, C.; Hoffmann, J.; Shchendrygina, A.; Escher, F.; Vasa-
Nicotera, M.; Zeiher, A.M.; et al. Outcomes of Cardiovascular Magnetic Resonance Imaging in Patients Recently
Recovered From Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020, 50, 932—-938.

Grimaud, M.; Starck, J.; Levy, M.; Marais, C.; Chareyre, J.; Khraiche, D.; Leruez-Ville, M.; Quartier, P.; Léger, P.L.;
Geslain, G.; et al. Acute myocarditis and multisystem inflammatory emerging disease following SARS-CoV-2 infection



69.

70.
71.

72.

73

74.

75.

76

in critically ill children. Ann. Intensive Care 2020, 10, 69.

Dhochak, N.; Singhal, T.; Kabra, S.K.; Lodha, R. Pathophysiology of COVID-19: Why Children Fare Better than Adults?
Indian J. Pediatr. 2020, 87, 537-546.

Shah, M.; Sachdeva, M.; Dodiuk-Gad, R.P. COVID-19 and racial disparities. J. Am. Acad. Dermatol. 2020, 83, e35.

Brandt, E.B.; Beck, A.F.; Mersha, T.B. Air pollution, racial disparities, and COVID-19 mortality. J. Allergy Clin. Immunol.
2020, 146, 61-63.

Alcendor, D.J. Racial Disparities-Associated COVID-19 Mortality among Minority Populations in the US. J. Clin. Med.
2020, 9, 2442.

. Qin, L.; Li, X.; Shi, J.; Yu, M.; Wang, K.; Tao, Y.; Zhou, Y.; Zhou, M.; Xu, S.; Wu, B.; et al. Gendered effects on

inflammation reaction and outcome of COVID-19 patients in Wuhan. J. Med. Virol. 2020, 92, 2684—2692.

Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Weli, Y.; et al. Epidemiological and
clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive study. Lancet
2020, 395, 507-513.

Wenham, C.; Smith, J.; Morgan, R. COVID-19: The gendered impacts of the outbreak. Lancet 2020, 395, 846—-848.

. Ghosh, S.; Klein, R.S. Sex Drives Dimorphic Immune Responses to Viral Infections. J. Immunol. 2017, 198, 1782—

1790.

Retrieved from https://encyclopedia.pub/entry/history/show/26211



