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ABSTRACT

From 2019 to the present day, the coronavirus
infection COVID-19 continues to be a serious
health problem. Scientists and clinicians from all
over the world have joined efforts in studying the
molecular interaction mechanisms between SARS-
CoV-2 and ACE2, including virus-induced changes in
ACE2 transcription, expression, and functionalities
leading to disruption of basic regulatory pathways
for vascular homeostasis, and reprogramming of key
proteases, co-receptors and adhesion molecules.
Here, we aimed to clarify the mechanisms and signals
that would restore the virus-induced imbalance
between destructive and protective effects of ACE2.
Understanding why only certain individuals are
predisposed to infection with SARS-CoV-2, and
development of severe pathology is at the center of
scientific interest, and the strategies for prevention
and therapy.
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INTRODUCTION

Over the past 20 years, society has witnessed an
increasing number of pandemics that have led to
the hospitalization and death of millions of people
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worldwide, causing an unprecedented strain on the
healthcare systems: the severe acute respiratory
syndrome (SARS) in 2002, the Middle East respiratory
syndrome (MERS) in 2012 and the COVID-19 infection
in 2019, all caused by beta-coronaviruses, SARSCoV,
MERS-CoV and SARS-CoV-2, respectively.! Despite
the enormous efforts of the research community, the
new SARS-CoV-2 virus has infected globally more than
771,679,618 people worldwide (as of 2 November
2023)and causedthedeath of morethan6,977,023.2A
large percentage of those had multiorgan dysfunction
including pulmonary, cardiovascular, neurological
and endocrine symptoms with a powerful cytokine
storm unfolding.? Understanding the mechanisms
underlying the individual predisposition to infection
with SARS-CoV-2, as well as the reasons for the
development of severe pathology only among certain
individuals is at the center of scientific interest,
strategies for prevention and therapy.? Despite the
vast amount of data illuminating the effects of SARS-
CoV-2 on the human body, there are still numerous
unanswered questions. The mechanisms and signals
that would restore the virus-induced imbalance
between destructive and protective effects of ACE2
are of interest, as well as the intimate interactions
between the regulators of receptor-bound signaling
cascades.

Specificity of SARS-COV-2

The mechanism underlying the attachment of SARS-
CoV-2 to the cell membrane is well studied and
described. The receptor-binding domain (RBD) of S1-
subunit of the spike protein of SARS-CoC-2, exhibits
a 10- to 20-fold greater affinity for ACE2 than SARS-
CoV, which is explained by a greater number of
matches between the N-terminus of ACE2 and SARS-
CoV-2 (1204 A) as compared to SARS-CoV (998 A)
(4). Kowever, in order to attach to the receptor and
the cell membrane, the spike protein of SARS-CoV-2
needs to be previously “functionalized” by separating
the S1 and S2 subunits: a process known as priming.
Unlike SARS-CoV-1, the SARS-CoV-2 virus cannot
self-attach. The attachment is realized by using the
human transmembrane serine protease 2 (TMPRSS2)
through proteolytic-mediated activation of the virus.
The enzyme FURIN, a type 1 membrane-bound
protease, also assists in the process of separating the




Probl. Inf. Parasit. Dis.

two subunits of SARS-CoV-2 and plays an alternative
role in the process of attachment of the virus to ACE2.
Inthis way, SARS-CoV-2 is less dependent on TMPRSS2
and has a “backup plan” in its pathophysiological
endocytosis program. This gives SARS-CoV-2 the
advantage to interact with cells with low TMPRSS2
expression, and to adhere to membranes with high
FURIN expression.”¥ This is another distinguishing
feature of SARS-CoV-2 as compared to SARS-CoV-1,
which lacks a FURIN-binding domain. The cellular co-
expression of ACE2, TMPRSS2 and FURIN and tissue
localization of the proteases are important factors in
the pathogenetic mechanism of cell binding (4).
Another key factor in this intermolecular play is
ADAM17 (disinterring and metalloproteinase domain
17) popularly known as TNFa-converting enzyme as
it releases proteolytically the precursor of TNFa (pro-
TNFa) into the extracellular space when expressed on
the cell surface membrane. There, TNFa exerts auto-
and paracrine functions associated with activation
of systemic pro-inflammatory cytokines (IL-18 and
IL-6) as well as autonomous effects resulting in
TNFaR activation. Thus a key signaling pathway is
realized resulting in ADAM17 activation, proteolytical
cleavage of the ectodomain of the membrane-bound
long-chain ACE2 and its conversion to soluble ACE2
with a short half-life (5,6).

In this way, the first axis of influence on the
pathologically low cell membrane expression of
ACE2, suppressed hydrolysis of Ang Il to Ang(1-7) and
reduced activity of MasR is involved. The resulting
excess of Ang Il exerts its destructive general effects
(oxidative stress through increased ROS production,
hypertrophy, fibrosis, vasoconstriction and intestinal
dysbiosis) (7).

On the other hand, excess Angll also causes local
overactivationof AT1R, whichisanessentialmodulator
of ADAM17 overactivity through AT1R, thus realizing
the second axis of suppressing membrane expression
of ACE2 and deepening the effects of Angll in a vicious
circle. A third ADAM17 over-activation signaling
pathway related to endocytosis of the ACE2-SARS-
CoV-2 complex is added to both axes (5).

The
expression and function are associated with inability

cumulative effects of suppressed ACE2

to metabolize Angll and, hence, increased AT1R/

Angll-ADAM17/TNFa/IL-1B/IL-6  signaling  with
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multiorgan dysfunction and cytokine storm-driven
hyperinflammation (5).

Effect of SARS-COV-2 on ACE2 functions

In addition to an imbalance in the renin-angiotensin-
(RAAS), the
program of SARS-CoV-2 includes adverse effects on

aldosterone system pathological
the Kkallikrein-kinin system (KKS), the alpeinergic
system (AS), th eamino acid transport in the gastro
intestinal tract (GIT), and intestinal dysbiosis (ACE2-
BOAT1). These add to and amplify the adverse
effects of COVID-19. Although most studies have
focused on the RAAS, due to the potent destructive
effects of Angll and the wide tissue distribution of
the AT1R, changes in the regulation of KKS and AS
cannot be neglected. The involvement of ACE2 as a
key protease makes them closely linked; they share
common signaling pathways and receptor apparatus,
interrelated effects and consequences in the course
of the COVID-19 disease (2,8,9,10).

Hepatic angiotensinogen is hydrolyzed to Angl by
the renal protease renin, then through the receptor
with proteolytic function ACE, Angl is metabolized to
Angll with a direct effect on AT1R and an alternative
effect on AT2R. Negative regulation of Angll activity
is realized by ACE2 at two points: directly on Angll
to Ang(1-9) and on Angl to Ang(1-7), followed by
MasR activation. An additional pathway to reduce
the activity and effects of Angll is via APA to Anglll,
again with effects on AT1R and AT2R. The balance
between the protective and destructive effects of
Angll is maintained through two signaling pathways:
destructive Angl/Angll/AT1R; Angl/Angll/AT2R and
Angl/Ang(1-9); Angll/Ang(1-7)/MasR.
ACE2 plays a central role as a switch between the

protective

two opposite effects.>®#91° Accumulation of Angll
and overactive AT1R lead to activation of three
intracellular signaling pathways: 1) via NADPH/
COX-2/ROS/cytochrome C/ to
through Caspase 3 to apoptosis; 3) via p38MAPK/

apoptosis;  2)

JNK to hypertrophy. An alternative signaling is
also discussed, which leads to overproduction of
reactive oxygen species (ROS) under oxidative stress,
and direct activation of transcription factor (NF)-
Kb resulting in over-expression of IL-6, IL-1B and
TNFa (2,10). Thus, the vicious cycle involving cell-
autonomous overproduction of proinflammatory
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cytokines, pathological over-activation of ADAM17,
persistently suppressed ACE2 expression, and Angll
accumulation is closed

The kallikrein-kinin system is also involved in
the pathogenesis of COVID-19 via ACE2. Under
physiological conditions, it regulates coagulation,
inflammation and pain (11). The main activities are
associated with the peptides bradykinin (BK), Lys-
BK, [des-Arg9]-BK (DEABK) and Lys-[des-Arg9]-BK
(LDEABK. After binding to the receptor pore PB2, BK
and Lys-BK induce locally to increase the synthesis of
nitric oxide and realize a vasodilatory effect.

It opposes the vasopressor effects of the RAAS by
balancing them. Bradykinin regulates the secretion of
tissue plasminogen (tPA) and plays an important role
in thrombus formation (12). The peptides DEABK and
LDEABK interact with BB1 and play an important role
in inflammation (13,14). Unlike BB2, BB1 is weakly
expressed in endothelial cells, but is induced after
tissue injury and is overexpressed under the influence
of proinflammatory cytokines IL-1B, TNFa, IL-2,
and IFNy (13). Upon activation, BB1 can exacerbate
the
proinflammatory cytokines and promoting neutrophil

inflammatory response by hypersecreting
infiltration (15). The receptor with proteolytic activity
ACE2 cannot inactivate bradykinin, but is able to
hydrolyze the terminal chains of DEABK and LDEABK,
making them lose affinity for BPB1. Therefore,
internalization of ACE2 upon SARS-CoV-2 infection
will create an imbalance in the kallikrein-kinin system,
causing overstimulation of the DEABK/LDEABK/BRP1
axis and subsequent severe inflammation, vascular
(16). Although KKS
potentiates the pathology in COVID-19, its regulation

effusion, and angioedema
has not been targeted by the main therapies applied
to date. According to the available literature, there is
only one treatment regimen that targets RAAS and
KKS simultaneously (17).

Theinvolvement of ACE2 inthe apelinergicsystem (AS)
is also at the fringes of worldwide research interest.
Apelin peptides are a family of proteins that bind to
the apelin receptor and mediate protective effects on
the cardiovascular system (18). The apelin signaling
pathway leads to increased ACE2 mRNA transcription
and ACE2 expression (4). On the other hand, however,
ACE2 hydrolyzes the C-terminus of phenylalanine
in apelin and inactivates it. Thus, mutual regulation

between apelin and ACE2 is realized. In addition, the
pyr-apelin-13 peptide suppresses Ang ll-mediated
free radical (superoxide) production, myocardial
hypertrophy, dysfunction, and fibrosis (19). Through
its mono-carboxypeptidase activity, ACE2 cleaves and
inactivates apelin-13 and apelin-36 peptides (20).
The interrelationship between the apelin receptor
and the AT1R responsible for the destructive effects
of Angll is interesting. Active receptor leads to
heterodimerization of the AT1R and sequesters it,
thereby disrupting the Angll/AT1R axis (4).

The BOAT1 receptor is expressed in the intestinal
epithelium and kidney and hasaroleinthe absorption
of neutral amino acids. The ACE2-BOAT1 complex
occurs as a dimer or heterodimer (21). Thus, ACE2
performs a completely different function, regulating
amino acid transport, and antimicrobial peptides
expression, and interacting with the GIT microbiome
(22). The regulation of ACE2-BOAT1 in SARS-CoV-2
infection remains unexplored.

ACE2 tropism: physiological conditions after SARS-
COV-2 infection

The expression of ACE2 under physiological and
pathological conditions (SARS-CoV-2 infection, chronic
cardiovascular, pulmonary, hepatic, and endocrine
diseases) in various human tissues has been the subject
of scientific interest due to its key role as a gateway
to COVID-19. The influence of the demographic, and
geographic factors on the occurrence, progression
and prognosis of the disease is interesting. High
expression of ACE2 was found in the small intestine,
testis, kidney, heart, thyroid gland, adipose tissue and
salivary glands. Moderate expression is described in
the pancreas, esophagus, lung, colon, liver, adrenal
gland, while low expression of ACE2 is found in nervous
tissue, stomach, uterus, blood vessels, bone marrow,
and spleen (23). No gender- or age-related differences
in receptor expression were found (23). Other similar
studies have focused on ACE2 gene expression
specifically targeting the respiratory system and found
similar tissue tropism (24). High expression of ACE2
was found in type Il epithelial cells of alveoli and nasal
epithelium, in which very high co-expression of ACE2
and TMPRSS2 was detected. This would explain the
predisposition of these cells as a gateway in SARS-
CoV-2 pathogenesis (24).
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An interesting finding in a study by Xu et al., who
found ACE2 expression in oral mucosa, the epithelial
cells of the dorsum of the tongue and in lymphocytes
(25). This also provides a logical explanation for
the serious lymphocytopenia especially in severe
cases of COVID-19 (26). Despite local oral lesions
associated with SARS-CoV-2 infection such as taste
loss, xerostomia, mucosal ulcerations, enanthemas,
and macules, the role of the oral mucosa in the
pathogenesis of the disease is poorly understood. In
a March 2021 publication in Nature Medicine, Huang
and colleagues presented a detailed comparative
multi-methodology study of ACE2 and the TMPRSS
family (TMPRSS2, TMPRSS4, TMPRSS11D). They
found that the investigated biomarkers are expressed
in the gingiva, minor and major salivary glands,
buccal mucosa, ventral and dorsal part of the tongue,
soft and hard palate, palatine tonsils (27). The oral
cavity is an important portal of entry for SARS-
CoV-2, and saliva is a potential route for the virus to
spread, including extraoral, oral-pulmonary, and oral-
intestinal transmission (27).

Studies on the cellular expression of ACE2 are linked
to the study of ACE2 gene polymorphism. More
than 1,700 gene variations in ChinaMAP and 1KGP
databases are annotated,?”?® seeking to answer how
do the structural and spatial variations of proteins in
the binding domains of ACE2 affect (in the protective
or destructive way) the adherence of SARS-CoV-2
(28,29).

Molecules modulating ACE2 expression and activity
Despite an intensive scientific research, there is still
uncertainty about the pathogenetic mechanism of
SARS-CoV-2 binding to the cell wall. An additional
curious fact raising discussion is the low expression
of ACE2 in the respiratory system on the one hand,
and the severe lung pathology on the other. Trying
to explain this lack of correlation, alternative
modulators, co-receptors and adhesion factors were
investigated: neurothelin’s, heparan sulfate (HS),
sialic acids (SA), CD147 and GRP78 (24,25).

The neurothelin receptor NRP1 (VEGF165R) may
be a co-receptor for SARS-CoV-2 along with ACE2,
potentiating virus binding (29). Heparin sulfate
binds to the Spike protein of SARS-CoV-2 and

induces a conformational change that stabilizes the
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open configuration of the S1 subunit. Since only in
this form a binding to ACE2 occurs, HS promotes
infection.®® A similar role was described for SA (31).
Hoffmann et al. found that ammonium chloride, an
endosomal pH modulator, could block the activity
and inhibit the entry of SARS-CoV-2 in TMPRSS2-
293T cell lines (32). Another TMPRSS2 inhibitor,
camostat mesylate, partially blocks the virus, and in
combination with E-64d (inhibitor of cathepsin B and
L), it can completely stop the attachment of SARS-
CoV-2 to the cell membrane and realize a protective
effect (32).

The alternative receptor CD147 was found to be highly
expressed by IHC in alveolar epithelium, and a direct
association with the spike protein was demonstrated
(33,34). The chaperone BiP (HSPA5, GRP78), which is
expressed upon cellular stress, can also bind SARS-
CoV-2, although literature data are debatable (32).
Recently, due to the great interest in ACE2 and with
the help of bioinformatics and RNA-sequencing, the
whole human ACE2 genomic region was revised and
a new isoform of ACE2, called deltaACE2 (8ACE2),
was discovered, which is different from the full-
length ACE2 (full-length ACE2, fIACE2) in the 356 aa
N-terminal region (35,36). This renders deltaACE2
unable to bind to SARS-CoV-2 (36). Analysis of
fIACE2 and dACE2 found that IFNa, IFNy, and IFN-I3
could induce 8ACE2 expression in human bronchial
epithelial cells and prevent binding to SARS-CoV-2
(32). The interferon-dependent regulation of ACE2
mMRNA remains to be elucidated, though low plasma
levels of IFNa were found in critically ill patients
with COVID-19 as compared to those with milder
symptoms, and IFNa plasma levels remained stable
for 17 days in mild cases (37,38).

CONCLUSION

The RASS system and the ACE2/angiotensin-(1-7)/
MAS axis play important roles in various physiological
and pathophysiological processes.

Since ACE2 is a major player in the SARS-CoV-2
binding and host cell entry, and is highly expressed in
various organs and tissues, it is particularly important
to trace the signaling pathways through which this
connection may be affected.

Knowing the main mechanisms of action would allow
the development of appropriate cytoprotective
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substances blocking critical points or reducing the
multiorgan dysfunction and hyperinflammation.

REFERENCES

1. Zhu N, Zhang D, Wang W, et al. China Novel Coronavirus
Investigating and Research Team. A novel coronavirus from
patients with pneumonia in China, 2019. N Engl J Med 2020;
382 (8): 727-733.

2. https://covid19.who.int/

3. Genova SN, Genova N, Pencheva MM, Ivanov A G. A case of
severe acute respiratory syndrome coronavirus 2 with acute
thrombotic cerebral infarction and generalized thrombosis.
Indian J. Case Reports 2021; 7(9): 405-408. https://doi.
org/10.32677/ijcrv7i9.3045

4. Abd El-Aziz TM, Al-Sabi A, Stockand JD. Human recombinant
soluble ACE2 (hrsACE2) shows promise for treating severe
COVID-19. Signal Transduct Target Ther 2020; 5(1): 258.
https://doi.org/10.1038/s41392-020-00374-6

5. Lippi G, Lavie CJ, Henry BM, Sanchis-Gomar F. Do genetic
polymorphisms in angiotensin converting enzyme 2 (ACE2)
gene play a role in coronavirus disease 2019 (COVID-19)?.
Clin Chem Lab Med 2020; 58(9): 1415-1422. https://doi.
org/10.1515/cclm-2020-0727

6. Pencheva M, Genova S. SARS-CoV-2 Induced Changes in
the Lungs Based on Autopsy Cases. Indian J. Pathology
Microbiology 2023; 66:19-19. https://doi.org/10.4103/ijpm.
ijpom_734_21.

7. Genova S, Pencheva M, Uchikov P. Comorbidity and cause
of death in the different variants of SARS-COV-2 virus, with
contribution of 20 autopsy cases. Probl Infect Parasit Dis
2023; 51(1): 26-36. https://doi.org/10.58395/m27hv064

8. GheblawiM, WangK, Viveiros A, et al. Angiotensin-Converting
Enzyme 2: SARS-CoV-2 Receptor and Regulator of the Renin-
Angiotensin System: Celebrating the 20th Anniversary of
the Discovery of ACE2. Circ Res 2020; 126(10): 1456-1474.
https://doi.org/10.1161/CIRCRESAHA.120.317015

9. Robinson EL, Alkass K, Bergmann O, et al. Genes encoding
ACE2, TMPRSS2 and related proteins mediating SARS-
CoV-2 viral entry are upregulated with age in human
cardiomyocytes. ) Mol Cell Cardiol 2020; 147: 88-91. https://
doi.org/10.1016/j.yjmcc.2020.08.009

10. MarchesiC, Paradis P, Schiffrin EL. Role of the renin-angiotensin
system in vascular inflammation. Trends Pharmacol Sci 2008;
29(7): 367-374. https://doi.org/10.1016/j.yjmcc.2020.08.009

11. Schmaier AH. The plasma kallikrein-kinin  system
counterbalances the renin-angiotensin system. J Clin Invest
2002; 109(8): 1007—-1009. https://doi.org/10.1172/JCI15490

12. Rahman AM, et al. Endothelium-derived hyperpolarizing
factor mediates bradykinin-stimulated tissue plasminogen
activator release in humans. J Vasc Res 2014; 51(3): 200-208.
https://doi.org/10.1159/000362666

13. Howl J, Payne SJ. Bradykinin receptors as a therapeutic
target. Expert Opin Ther Targets 2003; 7(2): 277-285. https://
doi.org/10.1517/14728222.7.2.277

14. Murugesan P, et al. Kinin Bl receptor inhibition with
BI113823 reduces inflammatory response, mitigates organ
injury, and improves survival among rats with severe sepsis.
J Infect Dis 2016; 213(4): 532-540. https://doi.org/10.1093/
infdis/jiv426

15. Sodhi CP, et al. Attenuation of pulmonary ACE2 activity
impairs inactivation of des-Arg9 bradykinin/BKB1R axis and
facilitates LPSinduced neutrophil infiltration. Am J Physiol
Lung Cell Mol Physiol 2018; 314(1): L17-L31. https://doi.
org/10.1152/ajplung.00498.2016

16. vande Veerdonk FL, Netea MG, van Deuren M, et al. Kallikrein-
kinin blockade in patients with COVID-19 to prevent acute

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

respiratory distress syndrome. Elife 2020; 9:e57555. https://
doi.org/10.7554/elife.57555

Gouda AS, Mégarbane B. Snake venom-derived bradykinin-
potentiating peptides: A promising therapy for COVID-197?.
Drug Dev Res 2021; 82(1): 38-48. https://doi.org/10.1002/
ddr.21732

Zhong JC, et al. Targeting the apelin pathway as a novel
therapeutic approach for cardiovascular diseases. Biochim
Biophys Acta Mol Basis Dis 2017; 1863: 1942—1950. https://
doi.org/10.1016/j.bbadis.2016.11.007

Zhang ZZ, Wang W, Jin HY, et al. Apelin is a negative regulator
of angiotensin limediated adverse myocardial remodeling
and dysfunction. Hypertension 2017; 70: 1165-1175. https://
doi.org/10.1161/HYPERTENSIONAHA.117.10156

Wang W, McKinnie SM, Farhan M, et al. Angiotensin-
Converting Enzyme 2 Metabolizes and Partially Inactivates
Pyr-Apelin-13 and Apelin-17: Physiological Effects in the
Cardiovascular System. Hypertension 2016; 68(2): 365-377.
https://doi.org/10.1161/HYPERTENSIONAHA.115.06892
Hashimoto T, Perlot T, Rehman A, et a. ACE2 links amino
acid malnutrition to microbial ecology and intestinal
inflammation. Nature 2012; 487(7408): 477-481. https://doi.
org/10.1038/nature11228

Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for
the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020; 367: 1444-1448. https://doi.org/10.1126/
science.abb2762

Li MY, Li L, Zhang Y, Wang XS. Expression of the SARS-CoV-2
cell receptor gene ACE2 in a wide variety of human tissues.
Infect Dis Poverty 2020; 9: 45. https://doi.org/10.1186/
s40249-020-00662-x

Sungnak W, Huang N, Bécavin C, et al. SARS-CoV-2 entry
factors are highly expressed in nasal epithelial cells together
with innate immune genes. Nat Med. 2020;26(5):681-687.
https://doi.org/10.1038/s41591-020-0868-6

Xu H, Zhong L, Deng J, et al. High expression of ACE2 receptor
of 2019-nCoV on the epithelial cells of oral mucosa. Int J Oral
Sci 2020; 12: 8. https://doi.org/10.1038/s41368-020-0074-x
Henry BM. Hematologic, biochemical and immune biomarker
abnormalities associated with severe illness and mortality
in coronavirus disease 2019 (COVID-19): a meta-analysis.
Clin Chem Lab Med 2020; 58(7): 1021-1028. https://doi.
org/10.1515/cclm-2020-0369

Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2
Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by
a Clinically Proven Protease Inhibitor. Cell 2020; 181(2): 271-
280.e8. https://doi.org/10.1016/j.cell.2020.02.052

Li MY, Li L, Zhang Y, Wang XS. Expression of the SARS-CoV-2
cell receptor gene ACE2 in a wide variety of human tissues.
Infect Dis Poverty 2020; 9: 45. https://doi.org/10.1186/
s40249-020-00662-x

Banerjee A, El-Sayes N, Budylowski P, et al. Experimental and
natural evidence of SARS-CoV-2-infection-induced activation
of type | interferon responses. iScience 2021; 24(5): 102477.
https://doi.org/10.1016/j.isci.2021.102477

HadjadjJ, Yatim N, Barnabei L, et al. Impaired type | interferon
activity and inflammatory responses in severe COVID-19
patients. Science 2020; 369(6504): 718-724. https://doi.
org/10.1126/science.abc6027

Cantuti-Castelvetri L, Ojha R, Pedro LD, et al. Neuropilin-1
facilitates SARS-CoV-2 cell entry and infectivity. Science
2020; 370(6518): 856-860. https://doi.org/10.1126/science.
abd2985

Wang K, Chen W, Zhang Z, et al. CD147-spike protein is a novel
route for SARS-CoV-2 infection to host cells. Signal Transduct
Target Ther 2020; 5(1): 283. https://doi.org/10.1038/s41392-
020-00426-x




Probl. Inf. Parasit. Dis.

33.

34.

35.

36.

37.

38.

Clausen TM, Sandoval DR, Spliid CB, et al. SARS-CoV-2
Infection Depends on Cellular Heparan Sulfate and ACE2. Cell
2020; 14: 33. https://doi.org/10.1016/j.cell.2020.09.033

34. Park YJ, Walls AC, Wang Z et al. Structures of MERS-
CoV spike glycoprotein in complex with sialoside attachment
receptors. Nat Struct Mol Biol 2019; 26(12): 1151-1157.
https://doi.org/10.1038/s41594-019-0334-7

Henry BM. et al. Hematologic, biochemical and immune
biomarker abnormalities associated with severe illness and
mortality in coronavirus disease 2019 (COVID-19): a meta-
analysis. Clin Chem Lab Med 2020; 58(7): 1021-1028. https://
doi.org/10.1515/ccIm-2020-0369

Zamorano CN, Grandvaux N. ACE2: Evidence of role as entry
receptor for SARS-CoV-2 and implications in comorbidities.
Elife 2020; 9: e61390. https://doi.org/10.7554/eLife.61390
Onabajo 00, Banday AR, Stanifer ML, et al. Interferons and
viruses induce a novel truncated ACE2 isoform and not the
full-length SARS-CoV-2 receptor. Nat Genet 2020; 52(12):
1283-1293. https://doi.org/10.1038/s41588-020-00731-9
Blume C, Jackson CL, Spalluto CM, et al. A novel ACE2
isoform is expressed in human respiratory epithelia and is
upregulated in response to interferons and RNA respiratory
virus infection. Nat Genet 2021; 53(2): 205-214. https://doi.
org/10.1038/s41588-020-00759-x

Vol. 51,2023, 2

10



