S International Journal of 7z

S Molecular Sciences ﬂ“\D\Py
Commentary
Acute Kidney Injury in SARS-CoV-2 Infection:

Direct Effect of Virus on Kidney Proximal
Tubule Cells

Manoocher Soleimani

Medicine and Research Services, VA Medical Center, Department of Medicine, University of New Mexico Health
Sciences Center, Albuquerque, NM 87106, USA; MSoleimani@salud.unm.edu

check for
Received: 7 April 2020; Accepted: 29 April 2020; Published: 5 May 2020 updates

Keywords: acute kidney injury; SARS-CoV-2; proximal tubule cells; ACE2; lysosomes

1. Introduction

Coronaviruses (CoVs), including Severe Acute Respiratory Syndrome (SARS), Middle East
Respiratory Syndrome (MERS), and the novel coronavirus disease-2 (SARS-CoV-2) are a group
of enveloped RNA viruses that cause a severe respiratory infection which is associated with a
high mortality [1,2]. Amongst these viruses, SARS-CoV-2 is the most virulent and is spreading
rapidly around the world. In addition to the lungs, SARS-CoV-2 can affect the heart, kidney, and
gastrointestinal tract [3,4]. Presently, more than 2.0 million people have been infected worldwide with
over 180,000 deaths.

All coronaviruses utilize common cellular pathways to gain entry into the host cells. Patients
predominantly present with an infection of the respiratory system, where the virus binds to the
angiotensin-converting enzyme-2 (ACE2) in both the upper and lower airway epithelia in order to
enter the cell [1]. In addition, co-receptors/auxiliary proteins from protease families such as TMPRSS2
(Trans Membrane Serine Protease 2) may work in collaboration with ACE2 by priming the viral S
(spike) protein and therefore facilitating the entry of SARS coronaviruses into target cells, including
airway epithelia [1,2]. Following the binding to the receptor (ACE2) and the co-receptor (TMPRSS2 or
other proteases), the virus utilizes the host endocytosis machinery to fuse with the membrane and
internalize [1,5]. The endocytosed virus is transported to the early endosome, late endosome, and
eventually lysosome, where it becomes activated and acquires the capability to start replication and
infection [1,5,6].

1.1. Acute Kidney Injury in SARS-CoV-2 Infection: Impact on Mortality

There is a high incidence of acute kidney injury (AKI) in patients with SARS-CoV-2 infection. In a
very recent study of critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China, 29% of those
admitted to the hospital developed acute kidney injury [3]. In a separate study, out of 163 critically
ill patients who recovered from the SARS-CoV-2 infection, only one patient had developed AKI,
whereas out of the 113 patients who died, 28 patients had developed AKI during the course of their
hospitalization [4]. These results indicate a much higher mortality rate in critically ill SARS-CoV-2
patients with AKI vs. those without AKI [3,7] *. In a large cohort of 536 SARS patients from London in
2005, 36 patients exhibited elevated plasma creatinine levels during their clinical course [7]. Those
patients with AKI were older and had higher systolic blood pressure than other SARS patients with
no AKI [7]. The post-mortem kidney histology showed acute tubular necrosis, with the majority of
the damage detected in the proximal tubule, and no evidence of glomerular injury [7]. Patients with
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SARS-CoV-2 develop acute kidney injury (AKI), with a significant number exhibiting proteinuria and
a smaller fraction displaying hematuria [3,4].

1.2. Acute Kidney Injury in SARS-CoV-2 Infection: Etiologies and Pathogenesis

Is CoV-AKI the result of altered hemodynamics (Ischemic Reperfusion Injury), direct viral damage,
or both? The cause of AKI in SARS-CoV-2 is multi-factorial. Both sepsis-related and unrelated
pathways are likely contributing to kidney injury in patients with SARS-CoV-2 infection. While
those associated with sepsis (or septic shock) could develop kidney injury as a consequence of their
altered hemodynamic status, it seems that a portion of kidney injuries occurs independent of sepsis or
sepsis-related pathways **. It is plausible that kidney damage in the latter group reflects a significant
effect of the virus on the kidney tubules. This assumption is based on several findings. First, SARS
coronaviruses, including SARS-CoV-2, are detected in the urine via PCR where viral fragments are
identified, indicating that the virus has a direct interaction with or exposure to the kidney tubules [7,8]
*** Second, the tubular expression pattern of ACE2 (which functions as a receptor for the virus) is
limited to the proximal tubule [9,10] and parallels the sites of injury in the kidneys of patients with the
SARS-CoV infection [7]. Lastly, SARS-CoV shedding in the urine was detected between the second
and third week of the viral infection and correlated with the onset of AKI [7,11]. These data raise the
possibility that SARS-CoV-2 may directly damage the kidney tubules. Given the strong expression of
ACE2 along the apical membrane of proximal tubule cells, it is highly plausible that SARS-CoV gains
entry access to the proximal tubule cells by binding with ACE2.

Unlike airway epithelial cells, where viral entry is dependent on the presence of ACE2 working in
tandem with the viral S protein priming serine protease TMPRSS2 [1], kidney proximal tubules cells
express very low levels of TMPRSS2 [12,13]. However, kidney proximal tubule cells express abundant
levels of related proteases, including cysteine protease cathepsin B/L, glutamyl aminopeptidase, and
serine protease dipeptidyl peptidase 4 (DPP4) [14-16], all of which are potential viral S (spike) priming
proteases [2,16] and might substitute for TMPRSS2, thereby facilitating the entry of SARS-CoV-2 into
the proximal tubule cells by working with ACE2. Whereas cathepsins could be potential collaborators
for ACE2 in facilitating SARS-CoV’s entry [17], the role of DPP4 in SARS-CoV’s entry into cells has not
been settled [1,18]. DPP4, however, may play a critical role in facilitating MERS-CoV entry into the
pulmonary alveolar cells [19]. The kidney tropism of coronaviruses (both SARS-CoV and MERS-CoV)
has been demonstrated by the robust virus replication in cultured kidney proximal tubule cells [20].

1.3. It Is Therefore Plausible That ACE2 and Specific Proteases (E.G., Cathepsins) Work Together to Facilitate
the Entry of SARS-CoV-2 Tnto Kidney Proximal Tubule Cells

Following the binding to surface molecules (ACE2) on the plasma membrane of susceptible
cells—such as macrophages, alveolar cells, or kidney proximal tubule cells—the SARS coronavirus
internalizes into vesicles which traffic through the endosomal/lysosomal pathways [21,22]. Lysosomes
are a key component of the endocytic pathway and contain a very high acidic luminal pH, which
is generated by the actions of V-H"-ATPase, a proton-pumping transport protein, and the Na*/H*
exchanger isoform 6 (NHE-6) working in tandem with chloride channels (CLCs) [23]. The proposed
schematic diagram in Figure 1 depicts the localization of ACE2 on the apical membrane and binding
with the SARS-CoV-2 spike protein followed by the internalization of the virus protein and entry into
lysosomes in the kidney proximal tubule cells.

In a detailed study examining the interaction of Ang-II (angiotensin II) and ACE2 in cultured
(Neuro-2A) cells, the authors demonstrated that Ang-II treatment resulted in a significant attenuation
of ACE2 enzymatic activity along with ACE2 internalization and degradation into lysosomes [24].
These effects were prevented by the lysosomal inhibitor leupeptin as well as the Ang-II type 1 receptor
(AT1R) blocker losartan [24]. It is intriguing to examine the impact of leupeptin and Ang-II on the
ACE2 expression and the enzymatic activity in cultured pulmonary alveolar and proximal tubule cells,
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where ACE2 is abundantly expressed on the apical membrane and may play an important role in the
binding and internalization of SARS-CoV-2.
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Figure 1. Proposed schematic diagram depicting the binding of SARS-CoV-2 spike protein to the apical
membrane of the kidney proximal tubule cells followed by the internalization of the virus and its entry
into lysosomes. The proximal tubule specific ion transporters are shown.

In addition, lysosomes contain many hydrolases and play an essential role in the maturation/
degradation stage of autophagy, which plays a critical role in SARS-CoV-2 replication. The acidic
pH-dependent endosomal proteases cleave the viral glycoprotein segments to cross the replication
events [21,22]. Inhibiting endosomal acidification will interrupt the cleavage processes and prevent
viral replication.

Three categories of pharmacologic agents which can inhibit endosomal/lysosomal acidification are
available and have been used to prevent the intracellular replication of various viruses. The first class of
agents is comprised of weak bases—such as chloroquine, ammonium chloride, and amantadine—which
diffuse across endo/lysosome membranes (along their concentration gradient) and become protonated,
thereby releasing the base equivalent OH™ and alkalinizing the endosomal/lysosomal internal
environment. The second class of agents comprises inhibitors of vacuolar H*-ATPases (e.g., bafilomycin
Al and concanamycin A), which have been used successfully to prevent endosomal/lysosomal
acidification and virus transport and replication. The last group is made up of the carboxylic
ionophores, such as monensin, which exchange endocytic protons for cytoplasmic potassium and
sodium, thereby alkalinizing the lysosomes.
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1.4. Targeting the Endosomal/Lysosomal Acidification and Their Acidic pH-Dependent Proteases by the Known
Therapeutic Agents Could Be an Effective Treatment in Preventing SARS-CoV-2 Replication and Cell Death in
Kidney Proximal Tubule Cells

It is worth mentioning that patients with pre-existing kidney disease (chronic kidney disease
(CKD)) will be at increased risk of developing AKI during SARS-CoV-2 infection due to a number of
factors, including the possibility of volume depletion as a consequence of decreased fluid intake and
increased loss of gastrointestinal fluid due to diarrhea, as well as the use of NSAIDs for headaches
and myalgias. A recently published large prospective study demonstrated that the presence of kidney
disease in patients with the SARS-CoV-2 infection on admission was associated with the development
of AKI and increased mortality during hospitalization [25].

2. Conclusions

There is a high incidence of acute kidney injury (AKI) in patients with the severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infection. The mortality rate of critically ill SARS-CoV-2
patients with AKI is three times higher than for those without AKI. Is coronavirus-AKI (CoV-AKI) the
result of altered hemodynamics (Ischemic Reperfusion Injury), direct viral damage, or both? While
altered hemodynamics is the presumed culprit in causing kidney failure in a SARS-CoV-2 infection, a
significant portion of kidney injuries occurs independent of sepsis-related pathways. It is plausible
that kidney damage in the latter group reflects specific effects of the virus on the kidney tubules. This
assertion is based on the appearance of coronavirus particles in the urine, the tubular expression
pattern of ACE2 (a receptor for the virus)—which parallels the sites of injury in the kidneys of patients
with SARS-CoV infection—and the correlation of the timeline of SARS-CoV viral shedding in the urine
with the onset of AKI (Kidney International, Feb. 2005). These data raise the strong possibility of
direct damage to the kidney tubules by the SARS-CoV-2 virus. We propose that SARS-CoV-2 enters
the proximal tubule cells by binding with ACE2, which works in collaboration with specific proteases
(e.g., Cathepsins) that modify the spike (S) protein to facilitate the entry of the virus into cells across
the apical membrane. Identifying the etiology and pathogenesis of kidney failure in SARS-CoV-2
infections can lead to specific therapies aimed at preventing the binding, internalization, or replication
of the virus in proximal tubule cells. Ultimately, these therapies should modulate the severity of kidney
failure and significantly improve clinical outcomes and mortality by alleviating the burden of AKI in
critically ill SARS-CoV-2 patients.

While this manuscript was under review, a manuscript demonstrating the presence of SARS-CoV-2
particles in kidney proximal tubule cells in patients with SARS-CoV-2 infection and renal failure
appeared online [26].

* There are numerous articles that are published daily on clinical presentations and laboratory
data from patients with the SARS-CoV-2 infection. Although a few articles have indicated that AKI
is not a major concern in SARS-CoV-2 patients, it should be noted that the data demonstrating the
development of AKI and its association with enhanced mortality in critically ill SARS-CoV-2 patients is
extremely convincing.

** It is also plausible that the damage by SARS-CoV-2 could make the proximal tubules cells more
susceptible to the ischemic damage resulting from hemodynamic alterations.

*** Another issue is the frequency of the presence of the virus fragments in urine, with some
studies detecting the particles in very few and some finding them in larger numbers of patients.
This discrepancy may be due to a lack of standardized sample collection, the type of PCR technique
(regular PCR vs. nested primer PCR vs. real time PCR), performing the test in patients with a low
viral load or in the first 10 days of admission to the hospital, and in those without overt AKIL These
discrepancies only highlight the necessity for the standardization of testing and the need for a clear
understanding of the impact of this virus on the kidney structure and function.
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Abbreviations

NHE-6 Na*/H* exchanger isoform 6

CIC Electrogenic 2C17/H* exchanger (they were originally identified as chloride channels)
NHE3- Na*/H" exchanger isoform 3

NBC-el Na+:3HCOj;" cotransporter 1; NBC1

SGLT-2 Sodium glucose cotransporter 2

H*-ATPase Vacuolar Proton Pump ATPase

References

1.  Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.;

10.

11.

12.

13.

14.

Wu, N.H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically Proven Protease Inhibitor. Cell 2020. [CrossRef] [PubMed]

Zhou, Y.,; Vedantham, P; Lu, K.; Agudelo, J.; Carrion, R,, Jr.; Nunneley, ] W.; Barnard, D.; Poéhlmann, S.;
McKerrow, ].H.; Renslo, A.R;; et al. Protease inhibitors targeting coronavirus and filovirus entry. Antiviral
Res. 2015, 116, 76-84. [CrossRef] [PubMed]

Yang, X.; Yu, Y.; Xu, J.; Shu, H,; Liu, H.; Wu, Y,; Zhang, L.; Yu, Z.; Fang, M.; Yu, T; et al. Clinical Course
and Outcomes of Critically Il Patients With SARS-CoV-2 Pneumonia in Wuhan, China: A Single-Centered,
Retrospective, Observational Study. Lancet Respir. Med. 2020, in press. [CrossRef]

Chen, T.; Wu, D.; Chen, H.; Yan, W.; Yang, D.; Chen, G.; Ma, K.; Xu, D.; Yu, H.; Wang, H.; et al. Clinical
characteristics of 113 deceased patients with coronavirus disease 2019: Retrospective study. BM] 2020.
[CrossRef] [PubMed]

Yang, N.; Shen, H.M. Targeting the Endocytic Pathway and Autophagy Process as a Novel Therapeutic
Strategy in COVID-19. Int. |. Biol. Sci. 2020, 16, 1724-1731. [CrossRef]

Inoue, Y.; Tanaka, N.; Tanaka, Y.; Inoue, S.; Morita, K.; Zhuang, M.; Hattori, T.; Sugamura, K. Clathrin-
dependent entry of severe acute respiratory syndrome corona virus into target cells express-ing ACE2 with
the cytoplasmic tail deleted. J. Virol. 2007, 81, 8722-8729. [CrossRef]

Chu, K.H.; Tsang, W.K,; Tang, C.S.; Lam, M.E,; Lai, EM.; To, K.F,; Fung, K.S.; Tang, H.L.; Yan, WW.;
Chan, HW.; et al. Acute renal impairment in coronavirus-associated severe acute respiratory syndrome.
Kidney Int. 2005, 67, 698-705. [CrossRef]

Diao, B.; Wen, K; Chen, J.; Liu, Y.; Yuan, Z.; Han, C.; Chen, J.; Pan, Y.; Chen, L.; Dan, Y,; et al. Diagnosis of
Acute Respiratory Syndrome Coronavirus 2 Infection by Detection of Nucleocapsid Protein. medRxiv 2020.
[CrossRef]

Soler, M.].; Wysocki, J.; Batlle, D. ACE2 alterations in kidney disease. Nephrol. Dial Transpl. 2013, 28,
2687-2697. [CrossRef]

Reich, H.N.; Oudit, G.Y.; Penninger, ] M.; Scholey, ] W.; Herzenberg, A.M. Decreased glomerular and tubular
expression of ACE2 in patients with type 2 diabetes and kidney disease. Kidney Int. 2008, 74, 1610-1616.
[CrossRef]

Donnelly, C.A.; Ghani, A.C.; Leung, G.M.; Hedley, A ].; Fraser, C.; Riley, S.; Abu-Raddad, L.J.; Ho, L.M.;
Thach, T.Q.; Chau, P; et al. Epidemiological determinants of spread of causal agent of severe acute respiratory
syndrome in Hong Kong. Lancet 2003, 361, 1761-1766. [CrossRef]

Vaarala, M.H.; Porvari, K.S.; Kellokumpu, S.; Kyllonen, A.P,; Vihko, P.T. Expression of transmembrane serine
protease TMPRSS2 in mouse and human tissues. J. Pathol. 2001, 193, 134-140. [CrossRef]

Lucas, ].M.; True, L.; Hawley, S.; Matsumura, M.; Morrissey, C.; Vessella, R.; Nelson, P.S. The androgen-
regulated type II serine protease TMPRSS2 is differentially expressed and mislocalized in prostate
adenocarcinoma. J. Pathol. 2008, 215, 118-125. [CrossRef]

Nistala, R.; Savin, V. Diabetes, hypertension, and chronic kidney disease progression: Role of DPP4. Am. .
Physiol. Renal Physiol. 2017, 312, F661-F670. [CrossRef]


http://dx.doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://dx.doi.org/10.1016/j.antiviral.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25666761
http://dx.doi.org/10.1016/S2213-2600(20)30079-5
http://dx.doi.org/10.1136/bmj.m1091
http://www.ncbi.nlm.nih.gov/pubmed/32217556
http://dx.doi.org/10.7150/ijbs.45498
http://dx.doi.org/10.1128/JVI.00253-07
http://dx.doi.org/10.1111/j.1523-1755.2005.67130.x
http://dx.doi.org/10.1101/2020.03.07.20032524
http://dx.doi.org/10.1093/ndt/gft320
http://dx.doi.org/10.1038/ki.2008.497
http://dx.doi.org/10.1016/S0140-6736(03)13410-1
http://dx.doi.org/10.1002/1096-9896(2000)9999:9999&lt;::AID-PATH743&gt;3.0.CO;2-T
http://dx.doi.org/10.1002/path.2330
http://dx.doi.org/10.1152/ajprenal.00316.2016

Int. J. Mol. Sci. 2020, 21, 3275 60f6

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

Girardi, A.C.; Degray, B.C.; Nagy, T.; Biemesderfer, D.; Aronson, P.S. Association of Na(+)-H(+) exchanger
isoform NHE3 and dipeptidyl peptidase IV in the renal proximal tubule. |. Biol. Chem. 2001, 276, 46671-46677.
[CrossRef] [PubMed]

Qi, F; Qian, S.; Zhang, S.; Zhang, Z. Single cell RNA sequencing of 13 human tissues identify cell types and
receptors of human coronaviruses. Biochem Biophys Res Commun. 2020. [CrossRef]

Bosch, B.J.; Bartelink, W.; Rottier, PJ.; Cathepsin, L. functionally cleaves the severe acute respiratory syndrome
coronavirus class I fusion protein upstream of rather than adjacent to the fusion peptide. J. Virol. 2008, 82,
8887-8890. [CrossRef]

Li, Y,; Zhang, Z.; Yang, L.; Lian, X,; Xie, Y.; Li, S.; Xin, S.; Cao, P.,; Lu, ]. The MERS-CoV Receptor DPP4 as a
Candidate Binding Target of the SARS-CoV-2 Spike. Cell Press 2020. [CrossRef]

Iwata-Yoshikawa, N.; Okamura, T.; Shimizu, Y.; Kotani, O.; Sato, H.; Sekimukai, H.; Fukushi, S.; Suzuki, T.;
Sato, Y.; Takeda, M.; et al. Acute Respiratory Infection in Human Dipeptidyl Peptidase 4-Transgenic Mice
Infected with Middle East Respiratory Syndrome Coronavirus. J. Virol. 2019, 93, e01818-18. [CrossRef]
Eckerle, I.; Miiller, M.A.; Kallies, S.; Gotthardt, D.N.; Drosten, C. In-vitro renal epithelial cell infection reveals
a viral kidney tropism as a potential mechanism for acute renal failure during Middle East Respiratory
Syndrome (MERS) Coronavirus infection. Virol. J. 2013, 10, 359. [CrossRef]

Heald-Sargent, T.; Gallagher, T. Ready, set, fuse! The coronavirus spike protein and acquisition of fusion
competence. Viruses 2012, 4, 557-580. [CrossRef]

Burkard, C.; Verheije, M.H.; Wicht, O.; van Kasteren, S.I.; van Kuppeveld, F].; Haagmans, B.L.; Pelkmans, L.;
Rottier, PJ.; Bosch, B.].; de Haan, C.A. Coronavirus cell entry occurs through the endo-/lysosomal pathway
in a proteolysis-dependent manner. PLoS Pathog. 2014, 10, e1004502. [CrossRef] [PubMed]

Xu, H.; Ren, D. Lysosomal physiology. Annu. Rev. Physiol. 2015, 77, 57-80. [CrossRef] [PubMed]
Deshotels, M.R.; Xia, H.; Sriramula, S.; Lazartigues, E.; Filipeanu, C.M. Angiotensin Il mediates angiotensin
converting enzyme type 2 internalization and degradation through an angiotensin Il type I receptor-dependent
mechanism. Hypertension 2014, 64, 1368-1375. [CrossRef] [PubMed]

Cheng, Y,; Luo, R.; Wang, K.; Zhang, M.; Wang, Z.; Dong, L.; Li, J.; Yao, Y.; Ge, S.; Xu, G. Kidney disease is
associated with in-hospital death of patients with COVID-19. Kidney Int. 2020. [CrossRef]

Su, H.; Yang, M.; Wan, C.; Yi, L.X,; Tang, F.; Wan, C.; Zhu, H.Z,; Yi, F,; Yang Fogo, A.B.; Xiu Nie, C. Renal
histopathological analysis of 26 postmortem findings of patients with COVID-19 in China. Kidney Int. 2020,
in press. [CrossRef]

® © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1074/jbc.M106897200
http://www.ncbi.nlm.nih.gov/pubmed/11590171
http://dx.doi.org/10.1016/j.bbrc.2020.03.044
http://dx.doi.org/10.1128/JVI.00415-08
http://dx.doi.org/10.2139/ssrn.3570560
http://dx.doi.org/10.1128/JVI.01818-18
http://dx.doi.org/10.1186/1743-422X-10-359
http://dx.doi.org/10.3390/v4040557
http://dx.doi.org/10.1371/journal.ppat.1004502
http://www.ncbi.nlm.nih.gov/pubmed/25375324
http://dx.doi.org/10.1146/annurev-physiol-021014-071649
http://www.ncbi.nlm.nih.gov/pubmed/25668017
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03743
http://www.ncbi.nlm.nih.gov/pubmed/25225202
http://dx.doi.org/10.1016/j.kint.2020.03.005
http://dx.doi.org/10.1016/j.kint.2020.04.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Acute Kidney Injury in SARS-CoV-2 Infection: Impact on Mortality 
	Acute Kidney Injury in SARS-CoV-2 Infection: Etiologies and Pathogenesis 
	It Is Therefore Plausible That ACE2 and Specific Proteases (E.G., Cathepsins) Work Together to Facilitate the Entry of SARS-CoV-2 Tnto Kidney Proximal Tubule Cells 
	Targeting the Endosomal/Lysosomal Acidification and Their Acidic pH-Dependent Proteases by the Known Therapeutic Agents Could Be an Effective Treatment in Preventing SARS-CoV-2 Replication and Cell Death in Kidney Proximal Tubule Cells 

	Conclusions 
	References

