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Abstract

Currently, animal-to-human transmission of SARS-CoV-2 (COVID-19) has not yet been confirmed, whereas the main mode 
of transmission is human-to-human. Droplets are the main route of human-to-human transmission, whereas aerosols could 
be another route in addition to stool-based transmission. Currently, no evidence is available to indicate intrauterine vertical 
transmission of SARS-CoV-2 (COVID-19) in pregnant women. In the host, the life cycle of coronavirus consists of 5 steps: 1) 
attachment, 2) penetration, 3) biosynthesis, 4) maturation, and 5) release. Once viruses bind to host receptors (attachment), 
they enter host cells, particularly type II pneumocytes via endocytosis or membrane fusion (penetration). Once viral contents 
are released inside the host cells, viral RNA enters the host’s nucleus for replication and making viral proteins (biosynthesis). 
New viral particles are produced (maturation) and released. Spike protein of coronaviruses which determines the diversity 
of coronaviruses and host tropism is composed of a transmembrane trimetric glycoprotein protruding from the viral surface. 
Structural and functional studies demonstrated that the spike protein the of coronaviruses can bind to angiotensin converting 
enzyme 2 (ACE2), a functional receptor for SARS-CoV. ACE2 expression is high in lung (high expression on lung epithelial cells), 
heart, ileum, and kidney. The lungs of severe COVID-19 patients demonstrate infiltration of a large number of inflammatory 
cells. Due to high ACE2 expression on the apical side of lung epithelial cells in the alveolar space, SARS-CoV-2 (COVID-19) can 
enter and destroy lung epithelial cells. Significant ACE2 expression on innate lymphoid cells (ILC)2, ILC3, and endothelial 
cells is also demonstrated. Pulmonary endothelial cells represent one third of the lung cells. Endothelial function includes 
promotion of anti-aggregation, fibrinolysis, and vasodilatation. Due to a significant role playing in thrombotic regulation, 
hypercoagulable profiles that are demonstrated in severe COVID-19 patients likely suggest significant endothelial injury. 
Pulmonary thrombosis and embolism accompanying elevation of d-dimer and fibrinogen levels have been demonstrated in 
severe COVID-19. In conclusion, further studies on understanding the roles of ILC1, ILC2, ILC3, including the difference in 
response to SARS-CoV-2 (COVID-19) infection between children and adults are urgently needed to develop efficient targeted 
therapies.  
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Molecule-3-Grabbing Nonintegrin; DC-SIGNR; L-SIGN: DC-
SIGN-Related Protein; EAE: Experimental Autoimmune 
Encephalomyelitis; ESR: Erythrocyte Sedimentation Rate; 
FGF: Fibroblast Growth Factor; G-CSF: Granulocyte-Colony-
Stimulating Factor; GM-CSF: Granulocyte-Macrophage 
Colony-Stimulating Factor; IFN: Interferon; IL: Interleukin; 
ILC: Innate Lymphoid Cell; IP: Interferon-gamma-induced 
Protein; MCP: Monocyte Chemoattractant Protein; MERS-
CoV: Middle-East-Respiratory-Syndrome Coronavirus; MIP: 
Macrophage Inflammatory Protein, NK: Natural Killer; 
PD-1: Programmed cell Death-1; PDGF: Platelet-Derived 
Growth Factor; RNA: Ribonucleic Acid; SARS: Severe 
Acute Respiratory Syndrome; SARS-CoV: Severe Acute 
Respiratory Syndrome Coronavirus; SARS-CoV-2: Severe 
Acute Respiratory Syndrome Coronavirus Type 2; TCR: T 
Cell Receptor; Tim-3: T-cell Immunoglobulin and Mucin-3; 
TMPRSS2: Transmembrane Protease Serine 2; TNF: Tumor 
Necrosis Factor; VEGF: Vascular Endothelial Growth Factor

Introduction

Available data observed from China and India revealed 
that the individuals with age group of 20-50 year are likely to 
be infected by the SARS-CoV-2 (COVID-19) [1,2]. Singapore 
and Germany took measures by ramping up COVID-19 testing 
capacity quite early and by ensuring that all persons had equal 
opportunity to get tested, thus ensuring positive COVID-19 
results early during COVID-19 progression. This meant that 
most cases were mild symptoms [3]. South Korea constantly 
informed their people about the development of COVID-19 
by using the acentralized messaging system and media. 
South Korea also used the Trace, Test, and Treat protocol 
to rapidly identify and isolate COVID-19 patients, while the 
United States limited this to severe COVID-19 patients with 
later broadening of this criterion as well as India and many 
European countries. South Korea also ensures free COVID-19 
diagnostic testing through the universal healthcare, unlike 
the United States. 

Currently, animal-to-human transmission of SARS-CoV-2 
(COVID-19) has not yet been confirmed, whereas the main 
mode of transmission is human-to-human. Droplets are 
the main route of human-to-human transmission, whereas 
aerosols could be another route [4] in addition to stool-
based transmission [5,6]. Currently, no evidence is available 
to indicate intrauterine vertical transmission of SARS-CoV-2 
(COVID-19) in pregnant women [7]. The Indian government 
concerns on how to identify and contain asymptomatic 
SARS-CoV-2 (COVID-19) carriers, who could account for 
approximately 80 % of COIVID-19-infected individuals [8]. As 
all of SARS-CoV-2 (COVID-19) may not develop the disease, 
asymptomatic SARS-CoV-2 (COVID-19)-infected carriers are 
at major risk of being superinfector with COVID-19 [9]. Some 
investigators hypothesize that a warm climate could reduce 

transmission by preventing SARS-CoV-2 (COVID-19) from 
surviving for longer periods of time on surfaces. 

Mechanism of SARS-CoV-2 (COVID-19) 
Invasion into Host Cells

Coronaviruses are enveloped and single-stranded 
ribonucleic acid (RNA) viruses of approximately 30 kb 
with infections of various host species [10]. SARS-CoV-2 
(COVID-19) are divided into four genera; α, β, γ, and δ based 
on their genomic structure. Alpha and beta coronaviruses 
infect only mammals [11]. SARS-CoV-2 (COVID-19), SARS-
CoV, and Middle-East-Respiratory-Syndrome coronavirus 
(MERS-CoV) are classified to β coronaviruses. 

In the host, the life cycle of coronavirus consists of 
5 steps: 1) attachment, 2) penetration, 3) biosynthesis, 
4) maturation, and 5) release. Once viruses bind to host 
receptors (attachment), they enter host cells, particularly 
type II pneumocytes via endocytosis or membrane fusion 
(penetration). Once viral contents are released inside the 
host cells, viral RNA enters the host’s nucleus for replication 
and making viral proteins (biosynthesis). New viral particles 
are produced (maturation) and released. 
 

Coronaviruses consist of four structural proteins; spike 
(S), membrane (M), envelop (E), and nucleocapsid (N) 
[12]. Spike protein of coronaviruses which determines the 
diversity of coronaviruses and host tropism is composed of 
a transmembrane trimetric glycoprotein protruding from 
the viral surface. Spike protein comprises two functional 
subunits; S1 subunit is responsible for binding to the 
host cell receptor and S2 subunit is responsible for the 
fusion of the viral and cellular membranes. Structural and 
functional studies demonstrated that the spike protein the 
of coronaviruses can bind to angiotensin converting enzyme 
2 (ACE2) [13-15], a functional receptor for SARS-CoV [16]. 
ACE2 expression is high in lung (high expression on lung 
epithelial cells), heart, ileum, and kidney [17]. Further 
studies are needed for additional SARS-CoV-2 (COVID-19) 
binding targets. 

After binding of SARS-CoV-2 (COVID-19) to the host 
protein, protease cleavage is underwent by the spike protein. 
Activation of the spike protein of SARS-CoV-2 (COVID-19) 
and MERS-CoV as a two-step sequential protein cleavage has 
been proposed as a model that consists of cleavage at the 
S1/S2 cleavage site for priming and a cleavage for activation 
at a position adjacent to a fusion peptide within the S2 
subunit “ S2 ” site [18-20]. Following the cleavage at the S1/
S2 cleavage site, S1 and S2 subunits remain non-covalently 
bound and the distal S1 subunit leads to the stabilization 
of the membrane-anchored S2 subunit at the pre-fusion 
state [14]. Presumably activation of the spike protein for 
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membrane fusion through irreversible and conformational 
changes is due to subsequent cleavage at the S2 site [21]. 
Existence of furin cleavage site ( “ RPPA ” sequence) at 
the S1/S2 site is the unique characteristics of SARS-CoV-2 
(COVID-19) among coronaviruses. During biosynthesis, the 
S1/S2 site of SARS-CoV-2 (COVID-19) is entirely subjected 
to cleavage in a drastic contrast to SARS-CoV spike protein 
that is incorporated without cleavage [14]. The expression 
of furin makes SARS-CoV-2 (COVID-19) very pathogenic 
although the S1/S2 site is also subjected to cleavage by other 
protease, such as cathepsin L and transmembrane protease 
serine 2 (TMPRSS2) [20,22]. 

T-cell mediated responses against coronaviruses are 
antigen presentation through dendritic cells (DCs) and 
macrophage that can phagocytize virus-infected-apoptotic 
epithelial cells contributing to antigen presentation to T 
cells. The expression of ACE2 on (splenic) dendritic cells 
and pulmonary alveolar macrophages is present but limited, 
based on the Immunological Genome database (http://
rstats.immgen.org). DCs and macrophages may be primarily 
infected with virus. SARS-CoV-2 (COVID-19) uses another 
protein to bind to antigen presenting cells (ACPs) or not 
should be investigated. These ACPs move to the draining 
lymph nodes to present viral antigens to T cells. In addition 
to ACE2, SARS-CoV can also bind to dendritic-cell specific 
intercellular adhesion molecule-3-grabbing nonintegrin (DC-
SIGN, high expression on dendritic cells and macrophages) 
and DC-SIGN-related protein (DC-SIGNR, L-SIGN) [23-25]. 
CD8+ T cells kill viral infected cells, whereas CD4+ T cells 
activate B cells to promote the virus-specific antibody 
production. 

Patients with severe COVID-19 demonstrated 
lymphopenia, especially in peripheral blood T cells [26,27] 
and increased plasma concentrations of granulocyte-
colony stimulating factor (G-CSF), interleukin (IL)-6, IL-10, 
macrophage inflammatory protein (MIP)-1α, monocyte 
chemoattractant protein 1 (MCP-1), and tumor necrosis 
factor (TNF)-α [26-28]. The higher levels of IL-6 are, the 
more severe conditions the COVID-19 patients are in. Higher 
expression of CD38, CD44, and CD69 is demonstrated in 
COVID-19 patients with activation of CD4+ and CD8+ T cells. 
T cells exhaustion that could have led to the progression of 
COVID-19 is indicated by higher percentage of checkpoint 
receptor Tim-3+ PD-1+ subsets in CD4+ and CD8+ T cells. 
Another marker for T cells exhaustion is elevation of NK 
group 2 member A (NKG2A) on CD8+ T cells [29]. Aberrant 
pathogenic CD4+ T cells with co-expressing interferon 
(IFN)-γ and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) are demonstrated in severe COVID-19 
patients [26]. Significant decrease in circulating T cells, the 
majority of infiltrating adaptive immune cells is primary 
cytotoxic CD8+ T cells. CD4+ T cells are also pathological 

cytotoxic T cells found in severe COVID-19 patients [30] 
with lung injury [31]. These pathological CD4+ T cells 
release circulating monocytes responding to GM-CSF. 
Significant higher percentage of CD14+CD16+ inflammatory 
subsets is also identified in COVID-19 patients, but they are 
seldom existing in health individuals. These inflammatory 
CD14+CD16+ inflammatory monocytes demonstrate high 
IL-6 expression that accelerates the progression of systemic 
inflammatory response. GM-CSF, a response to virus infection 
can assist in differentiation of innate immune cells augment 
T cell function, but GM-CSF can trigger tissue damage 
at excess [32,33]. Previous experimental autoimmune 
encephalomyelitis (EAE) models in adults revealed that GM-
CSF+IFN-γ+CD4+T cells were demonstrated upon strong 
T cell receptor (TCR) responses, whereas CD8+ T cells 
expressing GM-CSF were identified at higher percentage and 
secreted IL-6. Neutrophils, the majority of innate immune 
cells can induce lung injury [34-36]. 

In addition to IL-6 production, SARS-CoV-infected lung 
epithelial cells produce IL-8, a well-known chemoattractant 
for neutrophils and T cells [37]. The three main components 
for innate immunity in human airway are epithelial cells, 
pulmonary alveolar macrophages, and dendritic cells (DCs), 
whereas DCs are located underneath the epithelium and 
macrophages reside at the apical side of the epithelium 
[37]. The lungs of severe COVID-19 patients demonstrate 
infiltration of a large number of inflammatory cells 
[38,39]. Due to high ACE2 expression on the apical side of 
lung epithelial cells in the alveolar space [40,41], SARS-
CoV-2 (COVID-19) can enter and destroy lung epithelial 
cells. Significant ACE2 expression on innate lymphoid 
cells (ILC)2, ILC3 [42], and endothelial cells [43,44] is also 
demonstrated. NK cells, a member of ILC1 constitute a 
majority of pulmonary ILCs, approximately 95 %, whereas 
ILC2 and ILC3 are responsible for mucous homeostasis. 
Nevertheless, there is a very limited knowledge of ILC2- and 
ILC3-involved coronavirus infection. Pulmonary endothelial 
cells represent one third of the lung cells [45]. Endothelial 
function includes promotion of anti-aggregation, fibrinolysis, 
and vasodilatation [46]. Due to a significant role playing in 
thrombotic regulation [46], hypercoagulable profiles that 
are demonstrated in severe COVID-19 patients likely suggest 
significant endothelial injury. Pulmonary endothelial injury 
can facilitate viral invasion through abnormal microvascular 
permeability. Pulmonary thrombosis and embolism 
accompanying elevation of d-dimer and fibrinogen levels 
have been demonstrated in severe COVID-19. The clinical 
features of SARS-CoV-2-infected patients vary from minimal 
symptoms to severe respiratory failure with multiple organ 
failure, in addition to pulmonary thrombosis and embolism. 
Computed tomography (CT) of the chest in COVID-19 
patients reveals the characteristic pulmonary ground glass 
opacification even in the asymptomatic patients [47]. 
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The difference of pathophysiology between children 
and adults in COVID-19 is hypothesized as the following: 1) 
The expression level of ACE2 may differ between children 
and adults [41], 2) Children have a qualitatively different 
response to the SARS-CoV-2 (COVID-19) virus to adults 
[48], and 3) The simultaneous presence of other viruses in 
the mucosa of lungs and airways that are common in young 
children can contribute to SARS-CoV-2 (COVID-19) virus 
compete with them and limit its growth [49]. 

Conclusion

Some questions involving SARS-CoV-2 (COVID-19) are 
needed to be answered include: 1) Do asymptomatic persons 
develop the disease at any point in time at all?, 2) How long do 
the patients shed the virus for?, 3) Do the patients eventually 
develop antibodies?, and 4)Is SARS-CoV-2 (COVID-19) stored 
in any individuals’ tissue in a dormant state? Additionally, 
further studies on understanding the roles of ILC1, ILC2, 
ILC3, including the difference in response to SARS-CoV-2 
(COVID-19) infection between children and adults are 
urgently needed to develop efficient targeted therapies.
 

Authors Contributions

Dr. Attapon Cheepsattayakorn conducted the study 
framework and wrote the manuscript. Associate Professor 
Dr. Ruangrong Cheepsattayakorn contributed to scientific 
content and assistance in manuscript writing. Both authors 
read and approved the final version of the manuscript.

Competing Interests

 The authors declare that they have no actual or potential 
competing financial interests. 

Funding Sources

 The authors disclose no funding sources. 
 

References 

1. Eighty-three percent of India’s coronavirus patients are 
below the age of 50: Health Ministry data.

2. Forty-two percent of coronavirus patients in 21-40 age 
bracket: Govt.

3. Stafford N (2020) COVID-19: why Germany’s case fatality 
rate seems so low. British Medical Journal 7: 369:m1395.

4. World Health Organization (2020) Questions and 
answers on coronaviruses (COVID-19). 

5. Holshue ML, DeBolt C, Lindquist S, Lofy KH, Wiesman J, 
et al. (2020) First case of 2019-novel coronavirus in the 

United States. N Engl J Med 382(10): 929-936.

6. Yeo C, Kaushal S, Yeo D (2020) Enteric involvement of 
coronavirus: is fecal-oral transmission of SARS-CoV-2 
possible? Lancet Gastroenterol Hepatol 5(4): 335-337. 

7. Chen H, Guo J, Wang C, Luo F, Yu X, et al. (2020) Clinical 
characteristics and intrauterine vertical transmission 
potential of COVID-19 infection in nine pregnant women: 
a retrospective review of medical records. Lancet 
395(10226): 809-815. 

8. Coronavirus pandemic: 80 % of COVID-19 cases either 
asymptomatic or show mild symptoms. Health ministry. 

9. Rothe C, Schunk M, Sothmann P, Bretzel G, Froeschl G, 
et al. (2020) Transmission of 2019-nCoV infection from 
an asymptomatic contact in Germany. N Engl J Med 
382(10): 970-971.

10. Channappanavar R, Zhao J, Perlman S (2014) T cell-
mediated immune response to respiratory coronaviruses. 
Immunol Res 59(1-3): 118-128. 

11. Rabi FA, Al-Zoubi MS, Kasasbeh GA, Salameh DM, Al-
Nasser AD (2020) SARS-CoV-2 and coronavirus disease 
2019: what we know so far. J Virol 9(3): 231. 

12. Bosch BJ, der Zee van, de Haan CA, Rottier PJ (2003) 
The coronavirus spike protein is a class I virus fusion 
protein: structural and functional characterization of the 
fusion core complex. J Virol 77(16): 8801-8811. 

13. Chen Y, Guo Y, Pan Y, Zhao ZJ (2009) Structural analysis 
of the receptor binding of 2019-nCoV. Biochemical and 
Biophysical Research 525(1): 135-140. 

14. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, et al. 
(2020) Structure, function, and antigenicity of the SARS-
CoV-2 spike glycoprotein. Cell 181(2): 281-292. 

15. Letko M, Marzi V, Munster V (2020) Functional 
assessment of cell entry and receptor usage for SARS-
CoV-2 and other lineage B betacoronaviruses. Nat 
Microbiol 5(4): 562-569. 

16. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, et al. (2003) 
Angiotensin converting enzyme 2 is a functional receptor 
for the SARS coronavirus. Nature 426(6965): 450-454. 

17. Zou X, Chen K, Zou J, Han P, Hao J, et al. (2020) Single-cell 
RNA-seq data analysis on the receptor ACE2 expression 
reveals the potential risk of different human organs 
vulnerable to 2019-nCoV infection. Front Med 14(2): 
185-192. 

18. Belouzard S, Chu VC, Whittaker GR (2009) Activation 

https://medwinpublishers.com/OAJPRS/
https://www.indiatoday.in/india/story/83-of-india-s-coronavirus-patients-are-below-the-age-of-50-health-ministry-data-1663314-2020-04-04
https://www.indiatoday.in/india/story/83-of-india-s-coronavirus-patients-are-below-the-age-of-50-health-ministry-data-1663314-2020-04-04
https://health.economictimes.indiatimes.com/news/industry/42-of-coronavirus-patients-in-21-40-age-bracket-govt/74991812
https://health.economictimes.indiatimes.com/news/industry/42-of-coronavirus-patients-in-21-40-age-bracket-govt/74991812
https://www.bmj.com/content/bmj/369/bmj.m1395.full.pdf
https://www.bmj.com/content/bmj/369/bmj.m1395.full.pdf
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/question-and-answers-hub/q-a-detail/q-a-coronaviruses
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/question-and-answers-hub/q-a-detail/q-a-coronaviruses
https://www.nejm.org/doi/full/10.1056/NEJMoa2001191
https://www.nejm.org/doi/full/10.1056/NEJMoa2001191
https://www.nejm.org/doi/full/10.1056/NEJMoa2001191
https://www.thelancet.com/journals/langas/article/PIIS2468-1253(20)30048-0/fulltext
https://www.thelancet.com/journals/langas/article/PIIS2468-1253(20)30048-0/fulltext
https://www.thelancet.com/journals/langas/article/PIIS2468-1253(20)30048-0/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30360-3/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30360-3/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30360-3/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30360-3/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30360-3/fulltext
https://www.moneycontrol.com/news/india/coronavirus-pandemic-80-of-covid-19-cases-either-asymptomatic-or-show-mild-symptoms-health-ministry-5170631.html
https://www.moneycontrol.com/news/india/coronavirus-pandemic-80-of-covid-19-cases-either-asymptomatic-or-show-mild-symptoms-health-ministry-5170631.html
https://www.nejm.org/doi/full/10.1056/NEJMc2001468
https://www.nejm.org/doi/full/10.1056/NEJMc2001468
https://www.nejm.org/doi/full/10.1056/NEJMc2001468
https://www.nejm.org/doi/full/10.1056/NEJMc2001468
https://link.springer.com/article/10.1007/s12026-014-8534-z
https://link.springer.com/article/10.1007/s12026-014-8534-z
https://link.springer.com/article/10.1007/s12026-014-8534-z
https://pubmed.ncbi.nlm.nih.gov/32245083/
https://pubmed.ncbi.nlm.nih.gov/32245083/
https://pubmed.ncbi.nlm.nih.gov/32245083/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC167208/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC167208/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC167208/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC167208/
https://www.sciencedirect.com/science/article/pii/S0006291X20303399
https://www.sciencedirect.com/science/article/pii/S0006291X20303399
https://www.sciencedirect.com/science/article/pii/S0006291X20303399
https://pubmed.ncbi.nlm.nih.gov/32155444/
https://pubmed.ncbi.nlm.nih.gov/32155444/
https://pubmed.ncbi.nlm.nih.gov/32155444/
https://www.nature.com/articles/s41564-020-0688-y
https://www.nature.com/articles/s41564-020-0688-y
https://www.nature.com/articles/s41564-020-0688-y
https://www.nature.com/articles/s41564-020-0688-y
https://www.nature.com/articles/nature02145
https://www.nature.com/articles/nature02145
https://www.nature.com/articles/nature02145
https://link.springer.com/article/10.1007/s11684-020-0754-0
https://link.springer.com/article/10.1007/s11684-020-0754-0
https://link.springer.com/article/10.1007/s11684-020-0754-0
https://link.springer.com/article/10.1007/s11684-020-0754-0
https://link.springer.com/article/10.1007/s11684-020-0754-0
https://www.pnas.org/content/106/14/5871


Open Access Journal of Pulmonary & Respiratory Sciences
5

Cheepsattayakorn A and Cheepsattayakorn R. Pathogenesis and Pulmonary Pathology of 
COVID-19 in Host Cell Invasion. J Pulmon Respir Sci 2020, 5(S1): 000S1-007.

Copyright©  Cheepsattayakorn A and Cheepsattayakorn R.

of the SARS coronavirus spike protein via sequential 
proteolytic cleavage at two distinct sites. Proc Natl Acad 
Sci USA 106(14): 5871-5876.

19. Millet JK, Whittaker GR (2014) Host cell entry of Middle-
East-Respiratory-Syndrome coronavirus after two-step, 
furin-mediated activation of the spike protein. Proc Natl 
Acad Sci USA 111(42): 15214-15219. 

20. Ou X, Liu Y, Lei X, Li P, Mi D, et al. (2020) Characterization 
of spike glycoprotein of SARS-CoV-2 on virus entry and 
its immune cross-reactivity with SARS-CoV. N Engl J Med 
11(1): 1620. 

21. Belouzard S, Millet JK, Licitra BN (2012) Whittaker GR. 
Mechanisms of coronavirus cell entry mediated by the 
viral spike protein. Viruses 4(6): 1011-1033. 

22. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, 
Herrler T, et al. (2020) SARS-CoV-2 cell entry depends on 
ACE2 and TMPRSS2 and is blocked by a clinically proven 
protease inhibitor. Cell 181(2): 271-280. 

23. Jeffers SA, Tusell SM, Gillim-Ross L, Hemmila EM, 
Achenbach JE, et al. (2004) CD209L (L-SIGN) is a receptor 
for severe acute respiratory syndrome coronavirus. Proc 
Natl Acad Sci USA 101(44): 15748-15753. 

24. Marzi A, Gramberg T, Simmons G, Moller P, Rennekamp 
AJ, et al. (2004) DC-SIGN and DC-SIGNR interact with 
the glycoprotein of Marburg virus and the S protein of 
severe acute respiratory syndrome coronavirus. J Virol 
78(21): 12090-12095. 

25. Yang ZY, Huang Y, Ganesh L, Leung K, Kong WP, et al. 
(2004) pH-dependent entry of severe acute respiratory 
syndrome coronavirus is mediated by the spike 
glycoprotein and enhanced by dendritic cell transfer 
through DC-SIGN. J Virol 78(11): 5642-5650. 

26. Zhou Y, Fu B, Zheng X, Wnag D, Zhao C, et al. (2020) 
Pathogenic T cells and inflammatory monocytes incite 
inflammatory storm in severe COVID-19 patients. Natl 
Sci Rev.

27. Qin C, Zhou L, Hu Z, Zhang S, Yang S, et al. (2020) 
Dysregulation of immune response in patients with 
COVID-19 in Wuhan, China. Clin Infect Dis 71(15): 762-
768. 

28. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. (2020) 
Clinical features of patients infected with 2019 novel 
coronavirus in Wuhan, China. The Lancet 395(10223): 
497-506. 

29. Zheng M, Gao Y, Wang G, Song G, Liu S, et al. (2020) 
Functional exhaustion of antiviral lymphocytes in 

COVID-19 patients. Cell Mol Immunol 17(5): 533-535. 

30. Fang M, Siciliano NA, Hersperker AR, Roscoe F, Hu A, 
et al. (2012) Perforin-dependent CD4+ T-cell cytotoxic 
contributes to control a murine poxvirus infection. Proc 
Natl Acad Sci USA 109(25): 9983-9988. 

31. Small BA, Dressel SA, Lawrence CW, Drake 3rd DR, Stoler 
MH, et al. (2001) CD8(+) T cell-mediated injury in vivo 
progresses in the absence of effector T cells. J Exp Med 
194(12): 1835-1846. 

32. Huang H, Wang S, Jiang T, Fan R, Zhang Z, et al. (2019) 
High levels of circulating GM-CSF (+) CD4(+) T cells 
are predictive of poor outcomes in sepsis patients: a 
prospective cohort study. Cell Mol Immunol 16(6): 602-
610. 

33. Croxford AL, Lanzinger M, Hartmann FJ, Schreiner 
B, Mair F, et al. (2015) The cytokine GM-CSF drives 
the inflammatory signature of CCR2+ monocytes and 
licenses autoimmunity. Immunity 43(3): 502-514. 

34. Young RE, Thompson RD, Larbi KY, La M, Roberts CE, 
et al. (2004) Neutrophil elastase (NE)-deficient mice 
demonstrate a nonredundant role for NE in neutrophil 
migration, generation of proinflammatory mediators, 
and phagocytosis in response to zymosan particles in 
vivo. J Immunol 172(7): 4493-4502. 

35. Liu S, Su X, Pan P, Zhang L, Hu Y, et al. (2016) Neutrophil 
extracellular traps are indirectly triggered by 
lipopolysaccharide and contribute to acute lung injury. 
Sci Rep 6: 37252. 

36. Koutsogiannaki S, Shimaoka M, Yuki K (2019) The use 
of volatile anesthetics as sedatives for acute respiratory 
distress syndrome. Transl Perioper Pain Med 6(2): 27-
38. 

37. Yoshikawa T, Hill T, Li K, Peters CJ, Tseng CT (2009) Severe 
acute respiratory syndrome (SARS) coronavirus-induced 
lung epithelial cytokines exacerbate SARS pathogenesis 
by modulating intrinsic function of monocyte-derived 
macrophages and dendritic cells. J Virol 83(7): 3039-
3048. 

38. Xu Z, Shi L, Wang Y, Zhang J, Huang L, et al. (2020) 
Pathological findings of COVID-19 associated with acute 
respiratory distress syndrome. Lancet of Respir Med 
8(4): 420-422. 

39. Tian S, Hu W, Niu L, Liu H, Xu H, et al. (2020) Pulmonary 
pathology of early-phase 2019 novel coronavirus 
(COVID-19) pneumonia in two patients with lung cancer. 
J Thorac Oncol 15(5): 700-704. 

https://medwinpublishers.com/OAJPRS/
https://www.pnas.org/content/106/14/5871
https://www.pnas.org/content/106/14/5871
https://www.pnas.org/content/106/14/5871
https://www.pnas.org/content/111/42/15214
https://www.pnas.org/content/111/42/15214
https://www.pnas.org/content/111/42/15214
https://www.pnas.org/content/111/42/15214
https://www.nature.com/articles/s41467-020-15562-9
https://www.nature.com/articles/s41467-020-15562-9
https://www.nature.com/articles/s41467-020-15562-9
https://www.nature.com/articles/s41467-020-15562-9
https://www.mdpi.com/1999-4915/4/6/1011
https://www.mdpi.com/1999-4915/4/6/1011
https://www.mdpi.com/1999-4915/4/6/1011
https://www.sciencedirect.com/science/article/pii/S0092867420302294
https://www.sciencedirect.com/science/article/pii/S0092867420302294
https://www.sciencedirect.com/science/article/pii/S0092867420302294
https://www.sciencedirect.com/science/article/pii/S0092867420302294
https://www.pnas.org/content/101/44/15748
https://www.pnas.org/content/101/44/15748
https://www.pnas.org/content/101/44/15748
https://www.pnas.org/content/101/44/15748
https://jvi.asm.org/content/78/21/12090
https://jvi.asm.org/content/78/21/12090
https://jvi.asm.org/content/78/21/12090
https://jvi.asm.org/content/78/21/12090
https://jvi.asm.org/content/78/21/12090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC415834/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC415834/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC415834/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC415834/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC415834/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7108005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7108005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7108005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7108005/
https://pubmed.ncbi.nlm.nih.gov/32161940/
https://pubmed.ncbi.nlm.nih.gov/32161940/
https://pubmed.ncbi.nlm.nih.gov/32161940/
https://pubmed.ncbi.nlm.nih.gov/32161940/
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30183-5/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30183-5/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30183-5/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30183-5/fulltext
https://www.nature.com/articles/s41423-020-0402-2
https://www.nature.com/articles/s41423-020-0402-2
https://www.nature.com/articles/s41423-020-0402-2
https://www.pnas.org/content/109/25/9983
https://www.pnas.org/content/109/25/9983
https://www.pnas.org/content/109/25/9983
https://www.pnas.org/content/109/25/9983
https://pubmed.ncbi.nlm.nih.gov/11748284/
https://pubmed.ncbi.nlm.nih.gov/11748284/
https://pubmed.ncbi.nlm.nih.gov/11748284/
https://pubmed.ncbi.nlm.nih.gov/11748284/
https://pubmed.ncbi.nlm.nih.gov/30327490/
https://pubmed.ncbi.nlm.nih.gov/30327490/
https://pubmed.ncbi.nlm.nih.gov/30327490/
https://pubmed.ncbi.nlm.nih.gov/30327490/
https://pubmed.ncbi.nlm.nih.gov/30327490/
https://www.sciencedirect.com/science/article/pii/S1074761315003222
https://www.sciencedirect.com/science/article/pii/S1074761315003222
https://www.sciencedirect.com/science/article/pii/S1074761315003222
https://www.sciencedirect.com/science/article/pii/S1074761315003222
https://www.jimmunol.org/content/172/7/4493
https://www.jimmunol.org/content/172/7/4493
https://www.jimmunol.org/content/172/7/4493
https://www.jimmunol.org/content/172/7/4493
https://www.jimmunol.org/content/172/7/4493
https://www.jimmunol.org/content/172/7/4493
https://pubmed.ncbi.nlm.nih.gov/27849031/
https://pubmed.ncbi.nlm.nih.gov/27849031/
https://pubmed.ncbi.nlm.nih.gov/27849031/
https://pubmed.ncbi.nlm.nih.gov/27849031/
https://pubmed.ncbi.nlm.nih.gov/30923729/
https://pubmed.ncbi.nlm.nih.gov/30923729/
https://pubmed.ncbi.nlm.nih.gov/30923729/
https://pubmed.ncbi.nlm.nih.gov/30923729/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2655569/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2655569/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2655569/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2655569/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2655569/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2655569/
https://pubmed.ncbi.nlm.nih.gov/32085846/
https://pubmed.ncbi.nlm.nih.gov/32085846/
https://pubmed.ncbi.nlm.nih.gov/32085846/
https://pubmed.ncbi.nlm.nih.gov/32085846/
https://www.jto.org/article/S1556-0864(20)30132-5/fulltext
https://www.jto.org/article/S1556-0864(20)30132-5/fulltext
https://www.jto.org/article/S1556-0864(20)30132-5/fulltext
https://www.jto.org/article/S1556-0864(20)30132-5/fulltext


Open Access Journal of Pulmonary & Respiratory Sciences
6

Cheepsattayakorn A and Cheepsattayakorn R. Pathogenesis and Pulmonary Pathology of 
COVID-19 in Host Cell Invasion. J Pulmon Respir Sci 2020, 5(S1): 000S1-007.

Copyright©  Cheepsattayakorn A and Cheepsattayakorn R.

40. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, 
et al. (2004) Tissue distribution of ACE2 protein, the 
functional receptor for SARS coronavirus: a first step in 
understanding SARS pathogenesis. J Pathol 203(2): 631-
637. 

41. Jia HP, Look DC, Shi L, Hickey M, Pewe L, et al. 
(2005) ACE2 receptor expression and severe acute 
respiratory syndrome coronavirus infection depend on 
differentiation of human airway epithelia. J Virol 79(23): 
14614-14621. 

42. Yuki K, Jujiogi M, Koutsogiannaki S (2020) COVID-19 
pathophysiology: a review. Clinical Immunology 215: 
108427. 

43. Lovren F, Pan Y, Quan A, Teoh H, Wang G, et al. (2008) 
Angiotensin converting enzyme-2 confers endothelial 
protection and attenuates atherosclerosis. Am Physiol 
Heart Circ Physiol 295(4): H1377-H1384.

44. Sluimer JC, Gasc JM, Hamming I, van Goor H, Michaud A, 
et al. (2008) Angiotensin converting enzyme-2 (ACE2) 
expression and activity in human carotid atherosclerotic 
lesions. J Pathol 215(3): 273-279. 

45. Zeng H, Pappas C, Belser JA, Houser KV, Zhong W, et al. 

(2012) Human pulmonary microvascular endothelial 
cells support productive replication of highly pathogenic 
avian influenza viruses: possible involvement in the 
pathogenesis of human H5N1 virus infection. J Virol 
86(2): 667-678. 

46. Wang M, Hao H, Leeper NJ, Zhu L, Early Career C 
(2018) Thrombotic regulation from the endothelial 
cell perspectives. Arterioscler Thromb Vasc Biol 38(6): 
e90-e95. 

47. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, et al. (2020) 
Clinical characteristics of coronavirus disease 2019 in 
China. N Engl J Med 382(18): 1708-1720. 

48. Saule P, Trauet J, Dutriez V, Lekeux V, Dessaint JP, et al. 
(2006) Accumulation of memory T cells from childhood 
to old age: central and effector memory cells in CD4(+) 
versus effector memory and terminally differentiated 
memory cells in CD8(+) compartment. Mech Ageing Dev 
127(3): 274-281. 

49. Nickbakhsh S, Mair C, Matthews L, Reeve R, Johnson 
PCD, et al. (2019) Virus-virus interactions impact the 
population dynamics of influenza and the common cold. 
Proc Natl Acad Sci USA 116(52): 27142-27150. 

https://medwinpublishers.com/OAJPRS/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://pubmed.ncbi.nlm.nih.gov/15141377/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1287568/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1287568/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1287568/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1287568/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1287568/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7169933/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7169933/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7169933/
https://pubmed.ncbi.nlm.nih.gov/18660448/
https://pubmed.ncbi.nlm.nih.gov/18660448/
https://pubmed.ncbi.nlm.nih.gov/18660448/
https://pubmed.ncbi.nlm.nih.gov/18660448/
https://pubmed.ncbi.nlm.nih.gov/18498093/
https://pubmed.ncbi.nlm.nih.gov/18498093/
https://pubmed.ncbi.nlm.nih.gov/18498093/
https://pubmed.ncbi.nlm.nih.gov/18498093/
https://pubmed.ncbi.nlm.nih.gov/22072765/
https://pubmed.ncbi.nlm.nih.gov/22072765/
https://pubmed.ncbi.nlm.nih.gov/22072765/
https://pubmed.ncbi.nlm.nih.gov/22072765/
https://pubmed.ncbi.nlm.nih.gov/22072765/
https://pubmed.ncbi.nlm.nih.gov/22072765/
https://pubmed.ncbi.nlm.nih.gov/29793992/
https://pubmed.ncbi.nlm.nih.gov/29793992/
https://pubmed.ncbi.nlm.nih.gov/29793992/
https://pubmed.ncbi.nlm.nih.gov/29793992/
https://www.nejm.org/doi/full/10.1056/NEJMoa2002032
https://www.nejm.org/doi/full/10.1056/NEJMoa2002032
https://www.nejm.org/doi/full/10.1056/NEJMoa2002032
https://pubmed.ncbi.nlm.nih.gov/16352331/
https://pubmed.ncbi.nlm.nih.gov/16352331/
https://pubmed.ncbi.nlm.nih.gov/16352331/
https://pubmed.ncbi.nlm.nih.gov/16352331/
https://pubmed.ncbi.nlm.nih.gov/16352331/
https://pubmed.ncbi.nlm.nih.gov/16352331/
https://www.pnas.org/content/116/52/27142
https://www.pnas.org/content/116/52/27142
https://www.pnas.org/content/116/52/27142
https://www.pnas.org/content/116/52/27142
https://creativecommons.org/licenses/by/4.0/

	Abstract
	Introduction
	Mechanism of SARS-CoV-2 (COVID-19) Invasion into Host Cells
	Conclusion
	Authors Contributions
	Competing Interests
	Funding Sources
	References 

