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Abstract: As of December 2021, SARS-CoV-2 had caused over 250 million infections and 5 million
deaths worldwide. Furthermore, despite the development of highly effective vaccines, novel variants
of SARS-CoV-2 continue to sustain the pandemic, and the search for effective therapies for COVID-19
remains as urgent as ever. Though the primary manifestation of COVID-19 is pneumonia, the disease
can affect multiple organs, including the kidneys, with acute kidney injury (AKI) being among
the most common extrapulmonary manifestations of severe COVID-19. In this article, we start by
reflecting on the epidemiology of kidney disease in COVID-19, which overwhelmingly demonstrates
that AKI is common in COVID-19 and is strongly associated with poor outcomes. We also present
emerging data showing that COVID-19 may result in long-term renal impairment and delve into the
ongoing debate about whether AKI in COVID-19 is mediated by direct viral injury. Next, we focus
on the molecular pathogenesis of SARS-CoV-2 infection by both reviewing previously published data
and presenting some novel data on the mechanisms of cellular viral entry. Finally, we relate these
molecular mechanisms to a series of therapies currently under investigation and propose additional
novel therapeutic targets for COVID-19.

Keywords: SARS-CoV-2; COVID-19; acute kidney injury

1. Introduction

The major focus of healthcare since the identification of the novel coronavirus SARS-
CoV-2 in December 2019 has been on the prevention of infection and treatment of patients
who have contracted the virus. As of December 2021, SARS-CoV-2 has infected over
250 million people worldwide, resulting in over five million deaths [1]. Though its pri-
mary manifestation is respiratory disease, COVID-19, especially when severe, can induce
dysfunction or failure of multiple organs, including the kidneys [2]. Indeed, it has been
claimed that the kidney is the second most common organ affected by COVID-19 after the
lungs [3]. This review will focus on the epidemiology, clinical features, and pathogenesis of
kidney injury in SARS-CoV-2 infection and its long-lasting effects on kidney function.

2. Epidemiology and Clinical Impact of Kidney Injury in COVID-19
2.1. Epidemiology of AKI in COVID-19

Acute kidney injury (AKI) and particularly AKI requiring renal replacement ther-
apy (RRT) have previously been associated with increased mortality across a variety of
settings, but renal dysfunction may carry particular prognostic significance in the setting
of COVID-19 [4,5]. The rates of AKI complicating COVID-19 have varied throughout the
pandemic. Early published reports of hospitalized patients with COVID-19 from China
reported relatively low rates of AKI, at 10% or less [6–10]. However, subsequent reports
of Chinese cohorts revealed substantially higher rates of kidney involvement, particularly
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among critically ill patients [11–14]. In contrast, the rates of AKI among patients hospi-
talized during the first COVID-19 wave in the United States were substantially higher
than those reported from China [15–17]. More recently, studies from the US have report
AKI rates ranging from 32 to 57% overall, with 9–20% developing AKI requiring RRT
(AKI-RRT) [18–20]. In one of these US studies, 3345 COVID-19 patients were compared to
nearly 10,000 COVID-19-negative historical controls. COVID-19-positive patients devel-
oped AKI at twice the rate (57% vs. 25%), suggesting COVID-19 specifically predisposes
patients to AKI more than other forms of acute illness. The COVID-19 patients also had an
increased need for RRT, ICU admission, and mechanical ventilation and experienced higher
in-hospital mortality [19]. Published rates of AKI in European cohorts have been similarly
high, with one retrospective cohort of 4700 patients found to have an AKI rate of 26% [21].
Smaller European cohorts of ICU patients with COVID-19 have been reported with AKI
rates ranging between 50 and 80% [22–25]. Some analyses have suggested that AKI rates
have decreased through subsequent waves of the pandemic; although the reasons for this
are unclear, it has been speculated that AKI rates have decreased as patient demograph-
ics have changed and management of COVID-19 has improved [20,26–28]. Nonetheless,
in even these more recent COVID-19 cohorts, 15–30% of hospitalized patients develop
AKI [20,26]. A recent international meta-analysis found a pooled prevalence of AKI in 28%
of hospitalized patients, a rate that rose to 45% when considering only ICU patients, with
AKI-RRT rates of 9% among all hospitalized patients and 19% among ICU patients [29].
Notably, AKI appears to disproportionately affect racial and ethnic minorities [15,19,20,30].

2.2. Mortality of COVID-19-Associated AKI

Despite significant geographic variability in AKI risk, the impact on outcomes has been
consistent, with AKI and other renal abnormalities consistently linked with an increased
risk of death [14,20]. In a prospective cohort of 701 patients admitted with COVID-19 in
China, the rate of AKI was only 5.1%, with proteinuria seen in 44% and hematuria in 27%
of patients [7]. In multivariable analysis, moderate-to-severe AKI was found in 1.3 and
1.2% (stages 2 and 3, respectively) of COVID-19 patients and associated with increased
mortality [7]. Likewise, proteinuria and hematuria were independently associated with
an increased risk of death, with hazard ratios ranging from 2.5 for low-grade proteinuria
to 8.9 for high-grade hematuria [7]. Similarly, in a retrospective cohort of 333 Chinese
patients admitted with COVID-19 pneumonia, over 75% presented with some type of renal
abnormality, which was associated with a nearly 10-fold increased mortality rate (11.2%
vs. 1.2%) [31]. The prognostic significance of hematuria and proteinuria was replicated
in a US cohort in which proteinuria or hematuria was associated with AKI development,
need for ICU admission or mechanical ventilation, and death [32]. Even studies with a
low overall incidence of AKI found it to be independently associated with an increased
risk of death [25,33,34]. As expected, outcomes are worst in those who develop severe AKI,
especially AKI-RRT. In US cohorts, AKI-RRT develops in 20–45% of critically ill COVID-19
patients, with AKI-RRT in COVID-19 consistently associated with an increased risk of
death and carrying a short-term mortality rate of ≥50% across diverse cohorts, a finding
that we replicated in a cohort of the first 30 COVID-19 patients with AKI treated locally
with continuous renal replacement therapy (CRRT) [15–19,35–37]. A recent multinational
cross-sectional observational study from 168 hospitals in 16 countries comprising over
20,600 patients admitted with COVID-19 reported an overall hospital mortality rate of 19%.
However, the mortality in the cohort increased in association with higher levels of organ
support (namely mechanical ventilation, vasopressors, or new RRT), ranging from 9% in
patients who did not require organ support to >70% in patients requiring all three forms of
organ support [38].

2.3. Relationship between COVID-19, Pre-Existing CKD, and Risk of Future CKD

Patients presenting with pre-existing kidney conditions, such as chronic kidney disease
(CKD), including both end-stage kidney disease (ESKD) and pre-dialysis CKD, are also
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at greater risk for poor outcomes from COVID-19. Baseline kidney disease has been
consistently found to be an independent risk factor for severe disease or mortality from
COVID-19, even when adjusting for confounding risk factors, such as underlying diabetes,
hypertension, and cardiovascular disease [18,39–54]. Despite the clear connection between
baseline kidney function and COVID-19 severity, far fewer data have been published to
elucidate the effect of survival from COVID-19 on subsequent long-term kidney function,
but four recent analyses of large datasets suggest a link [55–58]. In particular, data are
emerging suggesting that “long COVID”, the clinical syndrome of post-acute sequelae
involving pulmonary and extrapulmonary organ systems, may significantly affect the
kidneys [55].

In a cohort study of over 1700 admissions for COVID-19 in China, 35% of patients
had reduced kidney function, defined as estimated glomerular filtration rate
(eGFR) < 90 mL/min/1.73 m2, six months after discharge, notably including 13% who did
not have AKI during the index admission [57]. Similarly, a retrospective-propensity-score
analysis of over 27,000 COVID-19 patients in the US found the hazard ratio for both AKI
and CKD development to be higher than that of general-population controls or controls
with other viral lower respiratory infections [58].

The largest and most comprehensive analysis to date of the long-term renal effects
of COVID-19 is a cohort study from the US Veterans Health Administration. The study
examined nearly 90,000 30-day COVID-19 survivors and determined that they had a higher
risk of adverse kidney outcomes, including AKI, eGFR decline, and major adverse kidney
events (MAKE, a composite of decline in eGFR≥ 50%, ESKD, or death) compared to control
patients [55]. Notably, though the association with decreased kidney function was strongest
in more severe COVID-19 cases, the relationship was attenuated but persisted in patients
that did not require hospitalization or develop AKI [55,56].

Finally, a fourth study supports the idea that COVID-19 may somehow predispose
to worsening long-term kidney function independently of AKI diagnosed during the
index COVID-19 admission. A retrospective analysis of 1612 patients with AKI, including
182 with COVID-19-associated AKI and 1430 without COVID-19 admitted to five US
hospitals, found, after adjusting for comorbidities and severity of AKI, that eGFR declined
by over 11 mL/min/1.73 m2 per year faster in the COVID-19-associated AKI patients than
in the COVID-19-negative AKI patients [59].

Taken together, these data suggest that COVID-19 may predispose patients to CKD
independently of clinically apparent AKI. Though the mechanism for such an effect remains
to be elucidated, a preliminary study of 23 COVID-19-positive inpatients suggests that
subclinical AKI may be common in patients with COVID-19, as determined by elevated
levels of the product of urinary biomarker tissue inhibitors of metalloproteinases-2 and
insulin-like growth factor binding protein 7 ([TIMP-2] • [IGFBP7]) without significant
change in serum creatinine [24].

3. Clinical and Histopathological Features of Kidney Injury in COVID-19
3.1. Tubular Injury and Tubular Dysfunction as Primary Features of COVID-19-Associated AKI

Multiple case series, including autopsy and biopsy studies, have shown that kidney
disease in the setting of COVID-19 is most commonly due to acute tubular injury (ATI),
often somewhat less severe than would be expected for the clinical severity of AKI; how-
ever, multiple glomerular pathologies, especially collapsing glomerulopathy, have also
been reported [17,60–74]. Collapsing glomerulopathy appears to occur most commonly
in patients expressing high-risk APOL1 alleles [65–71]. Thrombotic findings, including
arterial thrombi, arteritis, and glomerular microthrombi, have been reported to a lesser
degree [69–76].

ATI as the predominant cause of AKI in COVID-19 has been confirmed in additional
observational studies in which the cause of AKI is determined, rather than by histopathol-
ogy, on clinical grounds combined with urine microscopy [17,77]. ATI as the primary lesion
of COVID-19-associated AKI is also consistent with a urinary-biomarker study demon-
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strating that COVID-19 patients with stage 2 and 3 AKI have elevated levels of urinary
[TIMP-2] • [IGFBP7] and tubular (α-1-microglobulin) proteinuria [24,78]. In another study
of 49 COVID-19 patients hospitalized in Belgium, investigators found that most patients
had evidence of specific dysfunction of the proximal tubules, with low-molecular-weight
proteinuria in 70–80%, aminoaciduria in 46%, abnormal uricosuria in 46%, and abnor-
mal phosphaturia in 19%, with abnormal uricosuria associated with increased disease
severity [79]. In six patients that underwent autopsy, the investigators found prominent
ATI of the initial segment of the proximal tubule, with disruption of the brush border.
Another report of 42 patients with COVID-19 in France similarly documented the pres-
ence of incomplete Fanconi syndrome in the majority of patients and noted that tubular
dysfunction often precedes clinically overt AKI [80].

More recent data suggest that, though not entirely overlapping, ATI in COVID-19
may share similar molecular mechanisms as septic AKI. A recent multi-omics study of
seven COVID-19 kidney autopsy specimens demonstrated a similar transcriptomic and
proteomic profile to that of seven control samples with non-COVID-19 septic AKI, with
both profiles prominently featuring the presence of mitochondrial dysfunction [62].

3.2. Hemoproteinuria in COVID-19-Associated AKI

Despite tubular injury being the predominant pathologic lesion, proteinuria and
hematuria appear to be relatively prominent in COVID-19-associated AKI [7,15,17,24,31,32].
Specifically, >40% of patients hospitalized for COVID-19 have proteinuria when assessed by
qualitative urinalysis [7,15,32,81,82]. Similarly high rates of proteinuria were observed in
two studies in which patients admitted with COVID-19 underwent quantitative proteinuria
assessment, with 19 (83%) of 23 patients (of which 12 developed AKI) having proteinuria
>150 mg per g creatinine in one study and 33 (63.5%) of 52 patients (of which 34 developed
AKI) having albuminuria of >30 mg per g creatinine in the other [24,83].

3.3. Time Course of COVID-19-Associated AKI

Though several studies suggest that most AKI in patients hospitalized with COVID-19
is diagnosed within the first day of admission [15,16,20], hospital-acquired AKI appears
to carry a significantly worse prognosis [30], likely representing worsening multiorgan
dysfunction and development of critical illness associated with excess systemic inflamma-
tion [64,84,85]. Likewise, AKI in COVID-19 appears to be closely tied to the development
and progression of respiratory failure. In a large cohort of over 5000 patients from New
York, compared to 22% of non-ventilated patients, 90% of patients on mechanical ventila-
tion developed AKI, with approximately 50% developing AKI within 24 h of initiation of
mechanical ventilation [15]. It is unclear whether this temporal relationship is due to the ef-
fects of invasive mechanical ventilation itself or due to the overall progression of COVID-19,
leading to multiorgan dysfunction simultaneously affecting the kidney and lungs.

4. Pathogenesis of Kidney Injury in COVID-19: Indirect vs. Direct Kidney Injury
4.1. Indirect Contributors to COVID-19-Associated AKI

It has been proposed that kidney disease in COVID-19 is a result of both indirect and
direct effects of SARS-CoV-2 infection [2,86]. Many cases appear to be clearly attributable to
indirect effects, such as ischemic injury from hypotension and hypoxemia, non-COVID-19
sepsis, and/or toxic injury from nephrotoxins or rhabdomyolysis [17,84,87].

Interestingly, some studies suggest that even indirect contributors to AKI may be
somewhat specifically enhanced in patients with COVID-19. For example, mechanical ven-
tilation is known, in part via decreased renal blood flow and potentially the hemodynamic
effects of intravenous sedation, to be associated with an increased risk of AKI [88–91].
However, in a prospective pilot study of 30 mechanically ventilated patients (15 with
COVID-19 and 15 with ARDS due to other causes), the COVID-19 patients had decreased
renal blood flow despite similar ventilatory management [92]. Similarly, in an analysis of
over 750 patients hospitalized with influenza or COVID-19, the risk of stage 3 AKI was
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higher in the COVID-19 cohort than the influenza group, and mechanical ventilation was
associated with an increased risk of AKI in the COVID-19 group but not the influenza
cohort [93].

Other than toxic or ischemic injury, additional indirect causes of AKI that have been
proposed include cytokine storm, activation and dysregulation of the angiotensin II path-
way and complement system, endothelial dysfunction, abnormal platelet activation, hyper-
coagulation, and microangiopathy [2,3,28,94–97]. The direct contribution of viral infection
to AKI in the setting of COVID-19 has been highly debated [28,86,96–108]. For example,
in one cohort study of over 500 patients admitted with COVID-19, 161 (28%) developed
AKI, and a detailed clinical analysis was carried out to determine the cause of AKI. The
bulk of the 161 AKI patients were felt to have suffered ischemic or toxic renal insults, but in
13% of cases, the investigators found no potential cause of AKI other than possible direct
SARS-CoV-2-mediated renal damage [17].

4.2. COVID-19 as a Direct Cause of AKI: Tissue Studies

The presence of AKI with no overt hemodynamic or toxic origin in 13% of the patients
in the abovementioned study raises the possibility that the virus can directly affect the
kidney. The plausibility of direct infection of the kidney by SARS-CoV-2 stems, in part,
from the fact that the receptors for cellular viral entry, including angiotensin-converting
enzyme-2 (ACE2), are highly expressed in the proximal tubule, particularly in the apical
brush border of the proximal tubule [109–114]. ACE2 is also expressed, to a lesser degree,
by glomerular parietal cells/podocytes, which could potentially be related to the significant
proteinuria seen in COVID-19-associated AKI, although preliminary analyses suggest this
proteinuria is primarily tubular in origin [24,110,111]. Noteworthy is the fact that the
localization of ACE2 receptors in the kidney matches the regions of damage found in
COVID-19 patients with AKI.

Many of the initial studies arguing for a direct viral effect in COVID-19-associated
AKI included reports of virus-like particles detected in the renal epithelium of autopsy
and biopsy samples by electron microscopy (EM) [60,79,98,115–118]. However, multiple
publications have questioned the specificity of EM findings for SARS-CoV-2 detection,
as the virus-like particles appear similar to normal endocytic vesicles or multivesicular
bodies, and particles with a similar appearance have been found in COVID-19-negative
patients [101–105]. As result, subsequent studies on the possible direct effect of viral
infection in COVID-19-associated AKI have shifted towards the attempted detection of
viral protein, RNA, or intact virus in the renal epithelium.

The first published study to demonstrate the presence of SARS-CoV-2 protein in kid-
ney tissue was an autopsy series by Su et al. of 26 patients who died of COVID-19 [60].
Of these patients, nine developed AKI and/or new-onset proteinuria, and five required
CRRT. In addition to reporting virus-like particles on EM, the authors were able to detect
SARS-CoV-2 nucleoprotein by immunofluorescence (IF) in the tubular epithelium in three
of six patients with AKI [60]. In another study of autopsy samples from COVID-19 patients,
analysis of viral load in multiple tissue types demonstrated that the kidneys had high de-
tectable levels of viral RNA copies per cell. Viral spike protein was also detected by indirect
IF in multiple kidney compartments (i.e., glomeruli, endothelium, and tubules) [119].

In a recently published manuscript, Diao et al. described a cohort of 85 patients
admitted with COVID-19 with a 27% rate of AKI [106]. Post-mortem analyses of the patients
with moderate or severe acute tubular injury demonstrated the accumulation of SARS-
CoV-2 viral protein in kidney tubules by immunohistochemistry (IHC) and viral RNA by
in situ hybridization (ISH). The presence of viral proteins (e.g., nucleocapsid and spike
proteins) was restricted to tubules that were also ACE2-positive by IHC. The presence of
the virus was associated with tubulointerstitial infiltration of macrophages and deposition
of the complement membrane attack complex (C5b-C9), implicating these components of
the inflammatory and immune systems as possible mediators of tubular damage resulting
from viral infection.
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A study by Braun et al. demonstrated that infective virus can be isolated from kidney
tissue [120]. In these studies, non-transfected cultured Vero E6 cells were incubated with
kidney homogenates from SARS-CoV-2 PCR-positive and PCR-negative samples [120].
The authors found that cells incubated with PCR-positive homogenates had significantly
increased (1000-fold) viral mRNA compared to cultured cells exposed to PCR-negative
homogenates [120].

However, not all attempts to detect SARS-CoV-2 protein or RNA in the kidneys of
pathologic specimens have been successful [64,108,121–123]. In one such study, IHC and
ISH examination of 10 kidney biopsy samples failed to detect SARS-CoV-2 nucleoproteins
or RNA [123]. In another, the investigators also failed to detect viral RNA by single-
nucleus RNA sequencing in autopsy samples [124]. Furthermore, another autopsy study,
which failed to demonstrate significant inflammatory infiltration of the kidneys, despite
demonstration of viral RNA in kidney tissue and spike protein in renal tubular epithelium,
suggested that the presence of virus does not always correlate with kidney injury [125].
Delorey et al. used sn-RNAseq to detect the expression of SARS-CoV-2 in the heart, kidney,
and lungs. The replication of virus was entirely cytoplasmic and never occurred anywhere
near the nucleus. If sc-RNAseq rather than sn-RNAseq had been performed, the results
may have been different.

4.3. COVID-19 as a Direct Cause of AKI: Detection of Virus and Viral Particles in Urine

In addition to attempting to isolate virus or viral particles in kidney tissue, multiple
studies have attempted to detect SARS-CoV-2 in urine, with highly variable results. While
multiple studies have reported the presence of detectable viral RNA in the urine of COVID-
19 patients, many others have failed to do so [8–10,107,126–139]. Two systemic reviews
suggest that the rate of PCR positivity for SARS-CoV-2 of urine from COVID-19-infected
patients is 0–4% [140,141]. Although the overall rates of PCR positivity of urine appear
to be low, interestingly, urine or stool samples from COVID-19 patients may remain PCR-
positive even after respiratory symptoms have resolved and nasopharyngeal PCR has
turned negative [130,132].

The presence of virus in the urine not only suggests the possibility of a direct viral effect
upon the kidney, but a recent study implies that SARS-CoV-2 viruria may have additional
important clinical implications [83]. The analysis of spun urinary sediments of patients
with PCR-confirmed COVID-19 using qRT-PCR demonstrated that the average viral load
was four times higher in COVID-19 patients with AKI than those who did not develop AKI.
Further analysis of the results suggested that viral load strongly correlated with mortality
but not with AKI stage or albuminuria [83]. These results are in contrast with another
observational study in which SARS-CoV-2 RNA levels were measured by qRT-PCR in the
urine of 81 patients with COVID-19 admitted to the ICU [107]. Despite a high rate of AKI
(63%), urinary PCR was positive in only 7% (n = 6) of the overall cohort and only 10% (n = 5)
of the AKI patients. Detection of viral RNA was not associated with development of renal
dysfunction, need for RRT, overall severity of illness, or mortality [107]. The discrepant
results of these studies may be due to the use of differentially processed samples (e.g.,
urinary sediment, which may be enriched with viral RNA, versus whole urine) and the use
of different qRT-PCR methodologies [83].

4.4. COVID-19 as a Direct Cause of AKI: Experiments Using Kidney Spheroids and Organoids

Additional studies of the possible viral effects on kidney tissue have been carried
out using kidney organoids or spheroids. Organoids and spheroids, with organoids be-
ing somewhat more complex and larger, are 3D multicellular in vitro tissue constructs
designed to mimic the corresponding in vivo organs or tissues, such as renal tubular epithe-
lium [142–144]. To test whether SARS-CoV-2 can infect kidney tubular cells, Monteil et al.
generated kidney organoids from pluripotent stem cells [145]. These organoids expressed
podocyte and proximal tubular cell markers, as well as ACE2, and could be infected by
SARS-CoV-2 [145]. Soluble ACE2 blocked SARS-CoV-2 infection in a dose-dependent
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manner, confirming that ACE2 is the SARS-CoV-2 binding entity in proximal tubule cells
and podocytes [145]. Omer et al. took these results a step further by generating human
kidney monolayers and spheroids, grafting the latter into mice by subcutaneous injec-
tion to generate tubular structures, and demonstrated that the monolayers and spheroids
express ACE2 and the co-receptor for SARS-CoV-2 viral entry, transmembrane protease
serine 2 (TMPRSS2) [84,146]. They subsequently demonstrated that SARS-CoV-2 can in-
fect the monolayers and spheroids by measuring viral load in the cells by qRT-PCR and
performing IF microscopy [84]. However, notably, unlike a control Vero E6 cell line, the
monolayers and spheroids did not demonstrate any cytopathic effect when examined by
light microscopy [84]. Furthermore, though the more rapidly proliferating monolayers did
demonstrate changes in gene expression typical of AKI, including fibrosis-related genes and
those involved in dedifferentiation and epithelial–mesenchymal transition, such changes
were absent in the more slowly replicating spheroids [84]. In contrast, unlike the Vero
E6 cells, the spheroids and monolayer cells expressed genes associated with activation of
the type 1 interferon response, which may have conferred resistance to viral cytopathic
damage [84]. Omer et al. argue that their results suggest that non-human Vero cells, despite
extensive use in prior coronavirus studies, may not be the best cell model in which to study
the renal effects of SARS-CoV-2 [83,84,120,127,147]. They also suggest that the differences
in AKI-related gene activation in the monolayers and the spheroids imply that direct viral
infection may not cause significant tubular damage in uninjured quiescent renal tissue but,
once AKI-induced cell proliferation is triggered by non-viral kidney injury, viral infection
and replication aggravate the damage.

5. Pathogenesis of Kidney Injury in COVID-19: Molecular Mechanisms and Potential
Molecular Targets
5.1. Interaction of SARS-CoV-2 with the Cell Membrane

Cellular infection by SARS-CoV-2 is a multi-step process [148]. The virus initiates
the process of cellular entry by binding to the ACE2 receptor via the S1 region of its
spike protein. Upon binding to ACE2, SARS-CoV-2 spike protein undergoes proteolytic
processing by furin and TMPRSS2, a process that is necessary for the virus to enter the
cell [146,149]. This process of viral entry has been the subject of intense research, including
in our own lab, where we have analyzed this process in human kidney tissue and cultured
kidney epithelial cells. Using IF microscopy, we examined the presence of ACE2 on the
apical membrane of human kidney proximal tubule cells (Figure 1). These studies were
performed using antibodies against ACE2 and the basolateral Na+-HCO3

− cotransporter
NBCe1. As indicated, ACE2 shows distinct localization on the apical membrane of kidney
proximal tubule cells (Figure 1). These data are consistent with the published literature
and support the notion that human kidney proximal tubule cells can potentially bind
with SARS-CoV-2. Next, we examined the binding of GFP-tagged S1 protein (S1-IgG1Fc-
GFP) to the cell surface of Vero E6 cells. Vero 6 cells, kidney epithelial cells isolated
from African green monkey, display many properties of human kidney proximal tubule
cells and are used extensively in laboratory experiments of coronavirus infection and
replication [147]. The results were compared to those of IgG1Fc protein adsorbed to protein-
G-coated fluorescent beads (IgG1Fc-GFP) not bound to S1 protein in order to determine the
non-specific background binding. Comparison of fluorescence staining of the top left panel
(non-specific binding) vs. the top right and bottom panels (S1-mediated binding), as shown
in Figure 2, indicated significant binding of S1-IgG1Fc-GFP to Vero-E6 cells vs. IgG1Fc-GFP.
These results strongly support the binding of SARS-CoV-2 to the kidney proximal tubule
cell membrane.
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Figure 1. Immunofluorescence labeling of ACE2 in human kidney sections. Double-label immunoflu-
orescence images in human kidney using antibodies against ACE2 and NBCe1. As indicated, the
images depict the apical labeling of ACE2 (right panel; green) and basolateral labeling of NBC-e1
(left panel; red) in proximal tubule cells. Merged image is present in the middle panel. Green arrows
indicate basolateral NBC-e1 staining and yellow arrows denote apical ACE2 staining. G represents
glomerulus. (Unpublished data from the author’s laboratory).

Figure 2. Binding of S1-spike-conjugated IgG1 Fc fragment to Vero E6 cells. Spike protein, specifically
the S1 component, mediates the binding of SARS-CoV-2 to the cell membrane via angiotensin-
converting enzyme 2 (ACE II). Binding of S1 Fc-GFP and Fc-GFP (with no S1 component) to Vero
E6 cells, as visualized by a Zeiss Airyscan microscope (Section 7.2), shows significant and specific
binding of S1 Fc-GFP beads to Vero E6 cells. The top panels were performed in the presence of DAPI
nuclear stain. The bottom panel depicts the binding of spike protein (S1 Fc-GFP) to Vero 6 cells in the
absence of DAPI nuclear stain. These studies clearly indicate that the SARS-CoV-2 spike protein can
directly bind with the kidney epithelial Vero 6 cells. The orange arrows indicate specific S1 Fc-GFP
signal. (Unpublished data from the author’s laboratory).
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5.2. Potential Therapeutic Targets: An Overview

The steps of virus–cell membrane fusion, entry via endocytosis and processing within
endosomal vesicles, and RNA replication by RNA-dependent RNA polymerase (RdRP)
have all been investigated as potential targets of antiviral therapies. For example, vaccines
against the spike protein can lead to the generation of antibodies that prevent the virus
from binding to its target. Interference with preprocessing of the spike protein by furin has
been shown, in preclinical investigations, to reduce viral infectivity and syncytia formation
and may be an effective therapeutic approach [149–151]. Likewise, inhibition of TMPRSS2
may potentially be used to prevent the processing of the spike protein and thwart cellular
entry by the virus [146]. As outlined below, interfering with the acidification of endosomes
may potentially avert viral uncoating and the release of its RNA genome into the cytosol.
Finally, inhibition of viral RdRP by agents such as remdesivir blocks the synthesis of viral
RNA needed for virion formation [152–154].

5.3. Potential Therapeutic Targets: Lysosomal Acidification

As previously alluded to, a key step in cellular infection by SARS-CoV-2 and other
coronaviruses is lysosomal acidification, which is essential for the pH-dependent cleavage
of viral glycoproteins by endosomal proteases and, ultimately, viral replication [155,156].
Three categories of pharmacologic agents can potentially inhibit endosomal/lysosomal
acidification [156]. The first class of agents is comprised of weak bases, such as chloroquine,
ammonium chloride, and amantadine, which diffuse across endosomal/lysosome mem-
branes and become protonated, thereby releasing base-equivalent OH− and alkalinizing
the endosomal/lysosomal internal environment. The second class of agents comprises
inhibitors of vacuolar H+-ATPases (e.g., bafilomycin A1 and concanamycin A), which have
been successfully used to prevent endosomal/lysosomal acidification and transport, as well
as the replication of other viruses. The last group is made up of the carboxylic ionophores,
such as monensin, which exchange endocytic protons for cytoplasmic potassium and
sodium. Among these categories, chloroquine and hydroxychloroquine have been inves-
tigated as possible treatments for COVID-19. However, despite demonstrating efficacy
in preventing SARS-CoV-2 replication both in vitro and in animal models of COVID-19,
these agents failed to produce significant clinical benefit in humans in large randomized
controlled trials (RCTs) [157–164].

A potential novel approach to inhibit lysosomal acidification could be via the use of
acetazolamide (ACTZ), a potent carbonic anhydrase (CA) inhibitor. There are distinct CA
isoforms, such as CA IX, that are expressed in the lysosomal compartment and may play
a critical role in intra-lysosomal pH regulation. No prior experiments have specifically
examined the role of CA inhibitors in lysosomal acidification. For this reason, we studied
the role of acetazolamide on lysosomal acidification using Vero E6 cells. Our results demon-
strated a significant inhibition of lysosomal acidification using physiologic concentrations
of acetazolamide (Figure 3). Based on these results, we propose that ACTZ may be a
potential therapeutic agent for inhibiting the uncoating and release of the viral genome
from the late-stage endosome and serve as a possible treatment for early COVID-19 without
the cardiotoxicity associated with hydroxychloroquine.

Whether or not treatments with inhibitors of endosomal acidification will prove
clinically effective will depend on developing a better understanding of the course of SARS-
CoV-2 infection and the stage of the disease at which interventions are the most effective.
We posit that, similarly to other antiviral agents, inhibitors of endosomal acidification,
such as acetazolamide, may be most effective in the treatment of respiratory disease in
the very early symptomatic or pre-symptomatic stages of SARS-CoV-2 infection, when
viral entry and endosomal processing of the virus can be meaningfully inhibited. Similarly,
we speculate that prophylactic treatment with acetazolamide may prove effective in the
prevention of direct, virally induced AKI, with timing of therapy and patient selection
likely crucial to providing benefit. Acetazolamide must be used with caution in patients
with respiratory acidosis or volume depletion. However, the vast majority of patients with
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respiratory failure from COVID-19 (in the absence of chronic pulmonary disease) present
initially with hypoxemia and develop hypercarbia later in the course of disease, typically
only after initiation of mechanical ventilation [165,166]. As such, the use of acetazolamide
may be well tolerated from an acid–base perspective early in the course of COVID-19, when
inhibition of viral cellular entry is more likely to be effective.

Figure 3. Acetazolamide interferes with lysosomal acidification. Acetazolamide (ACTZ) is a pan-
carbonic anhydrase (CA) inhibitor. These enzymes are important in the catalysis of the dissociation
of H2CO3 to HCO3

− and H+. Based on the activity of CA in endo/lysosomal compartments,
we examined the effect of ACTZ on lysosomal pH using LysoSensor blue reagent. Treatment of
Vero 6 cells with ACTZ at 50 nm significantly prevented the acidification of lysosomes. Both lower
(10 nm) and well higher concentrations of ACTZ (100 nm) were able to significantly inhibit the
acidification of lysosomes (Figure 3). (Unpublished data from the author’s laboratory).

5.4. Potential Therapeutic Targets: Modulation of the Renin–Angiotensin–Aldosterone System

Given that ACE2 serves as a receptor for cellular viral entry, tremendous interest
has been generated in the interaction between the renin–angiotensin–aldosterone system
(RAAS) and the virus [167]. Initial concerns that the use of RAAS inhibitors, namely
angiotensin-converting enzyme inhibitors (ACEi) or angiotensin-receptor blockers (ARB),
may increase the risk or severity of COVID-19 via upregulation of ACE2 have been re-
futed [168–170], and the risk of harm from ACEi or ARB use in the setting of COVID-19
has been clearly disproven [171–179]. This has led to multiple RCTs of ACEi or ARB
initiation for patients newly diagnosed with COVID-19, which are still largely under-
way or pending publication (NCT04311177, NCT04312009, NCT04345406, NCT04355429,
NCT04366050) [180].

Further attempts to modulate the RAAS system have expanded beyond the traditional
RAAS axis towards studies of the relatively novel ACE2/angiotensin-(1-7) axis. In con-
trast to angiotensin II, which has vasoconstrictive, proinflammatory, prothrombotic, and
profibrotic effects, angiotensin-(1-7) has vasodilatory, anti-inflammatory, antithrombotic,
and antifibrotic properties in multiple organs, including the lungs and kidneys [181,182].
Animal studies carried out before the pandemic suggested that the balance between an-
giotensin II and angiotensin-(1-7) may determine the outcome of acute lung injury from
other viruses or non-viral causes, leading to a human pilot RCT in 2017 of recombinant
human ACE2 (rhACE2) in ARDS [183–187].

The relationship between RAAS and lung injury, however, is clearly complex, as
evidenced by a study of over 100 patients admitted with COVID-19, which demonstrated
that lower angiotensin II levels were correlated with worsening lung damage and need for
ICU admission [188]. Likewise, these results were subsequently replicated in another study
using a distinct methodology, which found that the ratio of the plasma levels of angiotensin-
(1-7) to angiotensin II was higher in 88 patients admitted with COVID-19 compared to
38 age- and sex-matched healthy controls [189]. This study and others also implicate a role
for ADAM17 (a disintegrin and metalloproteinase 17), a membrane-bound protease that
is upregulated in SARS-CoV and SARS-CoV-2 infections and cleaves membrane-bound
ACE2, releasing it into the circulation and thereby potentially diminishing ACE2-mediated
protection against angiotensin II tissue activity [189,190]. ADAM17 inhibition may therefore
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be protective in COVID-19, though additional studies are needed [191]. On the other
hand, these two studies, which seemingly contradict the RCTs that have demonstrated
RAAS inhibitor continuation is safe in COVID-19, demonstrate that the interplay between
COVID-19 and the two counterbalancing axes of the RAAS system is clearly more complex
than we currently understand.

In addition to lung injury, the RAAS may play an important role in the development
of AKI in COVID-19. For example, in one study of 51 patients with COVID-19 admitted
to a French ICU, over 50% (n = 26) developed AKI, and in comparison with non-AKI
patients, the AKI patients exhibited features of activation of the traditional RAAS axis, with
statistically higher serum renin and aldosterone concentrations [192].

In the case of COVID-19, exogenous soluble rhACE2 may decrease severity of illness
both through the tissue-protective effects of angiotensin-(1-7) and by acting as a dummy
receptor or virus-inactivating molecule and directly interfering with viral cellular uptake
and viral replication, as was demonstrated in the in vitro study by Monteil et al. refer-
enced above [145]. Multiple RCTs of soluble rhACE2 or other novel therapeutics aimed at
restoring the balance between angiotensin II and angiotensin-(1-7) are currently underway
(NCT04335136, NCT04401423, NCT04419610, NCT04924660, NCT02735707).

5.5. Potential Therapeutic Targets: Complement

Complement activation plays a central role in a variety of glomerular diseases, such
as atypical hemolytic uremic syndrome (aHUS) and dense deposit disease, for which com-
plement inhibitors, such as eculizumab, are being increasingly employed. As previously
discussed, a substantial minority of patients with COVID-19-associated AKI appear, based
on histopathology, to have glomerular microangiopathy reminiscent of aHUS. A possi-
ble role of complement activation in the pathogenesis of COVID-19-associated AKI is
suggested by a French study in which elements of the complement system, particularly
components of the alternative and lectin pathways, were found in kidney histopathologic
specimens: six biopsies and three autopsies, from nine patients with COVID-19 and AKI,
as well as histologic ATI [3]. The investigators also analyzed the proteinaceous material
clogging plasma adsorbers of extracorporeal circuits used to treat patients with severe
COVID-19 and found significant deposition of C3 and other peptides involved in com-
plement activation [3]. Another study of autopsy specimens from 12 COVID-19 patients
who died of respiratory failure found, despite minimal histopathological ATI, deposition of
multiple components of the complement cascade in kidney tissue, especially in the tubules,
vessels, and periglomerular regions, with only mild staining restricted to C5b-9 in the
glomeruli [95]. Whether complement inhibition or modulation has a role in the treatment
of COVID-19-associated AKI remains to be seen.

6. Discussion and Conclusions
6.1. Discussion

Approximately two years into the COVID-19 pandemic, while we still have many
unanswered questions, we have an increasing understanding of the interplay between
viral infection in COVID-19 and AKI. An overwhelming amount of data demonstrates
that AKI afflicts a substantial number of patients with COVID-19 and is independently
associated with poor overall outcomes. Likewise, there is no doubt that pre-existing kidney
disease, including both ESKD and pre-dialysis CKD, greatly increases the risk of harm from
COVID-19. However, there are also increasing data that suggest COVID-19 has lasting
effects on the kidney, including an increased risk of long-term renal dysfunction—effects
that are not fully explained by AKI diagnosed during the index infection. Though additional
studies are needed, the accumulating data suggest that COVID-19-associated AKI is often
caused, at least in part, by the direct effect of SARS-CoV-2 upon renal tissue.

Indeed, the molecular mechanisms of SARS-CoV-2 infection reviewed in this article
are all associated with potential novel therapeutic targets for the treatment of COVID-19-
associated AKI or COVID-19 in general. These targets include the steps of the viral cellular-
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entry process; components, both traditional and non-traditional, of the RAAS system; and
elements of the complement system. For example, inhibitors of lysosomal acidification,
a process essential to cellular infection, may hold promise for treatment of COVID-19.
Specifically, while the antimalarial agent hydroxychloroquine is clearly ineffective, other
potentially less toxic blockers of lysosomal acidification, such as acetazolamide, may be
effective and warrant further study.

However, blockers of viral cellular entry similar to remdesivir and other antivirals are
most likely to be effective early in the course of SARS-CoV-2 infection [153,154,193]. While
the importance of introducing antiviral therapy early is also characteristic of other respira-
tory viral infections, such as influenza, it seems especially true of COVID-19, in which most
patients who develop severe illness appear to progress from an early viral phase into a late
hyperinflammatory or “cytokine storm” phase in which multiorgan dysfunction, including
AKI, often develops [28,64,85,194,195]. The role of cytokine storm in severe COVID-19 and
whether the syndrome is more relevant to COVID-19 than other types of critical illness
remains a debated topic [196–199]. The most compelling evidence that a maladaptive
immune response plays a fundamental role in the development of severe COVID-19 may
be the fact that the only therapies shown to provide convincing benefit for the treatment
of patients are immunomodulatory agents, including corticosteroids, IL-6 inhibitors, and
Janus kinase inhibitors [200–204]. Notably, these trials of immunomodulatory therapy,
specifically of dexamethasone and tocilizumab, demonstrated statistically significant renal
benefit in the form of decreased need for RRT as secondary endpoints; however, whether
this benefit is mediated by specific effects of these agents upon the kidneys or due to overall
decreased severity of illness is unclear [200,203].

In this regard, modulators of the RAAS system may hold particular promise as poten-
tially effective therapies throughout the course of COVID-19. First, they may potentially
interfere with cellular viral entry by blocking the binding of the viral spike protein S1
domain and the membrane-bound ACE2 receptor. Second, RAAS modulators may prevent
the progression from early infection to the life-threatening hyperinflammatory stage of
COVID-19 by rebalancing the RAAS system towards higher angiotensin-(1-7) activity and
lower angiotensin II activity, the latter of which may mediate harmful proinflammatory,
prothrombotic, and profibrotic effects upon the kidneys, lungs, and other organs.

6.2. Conclusions

The debate about whether COVID-19-associated AKI is caused purely by indirect
insults or is mediated, at least in part, by the direct effect of SARS-CoV-2 upon renal
tissue is likely to continue [28,102]. However, the experimental studies outlined above,
combined with the epidemiologic data presented, suggest the following: (1) kidney cells
can be targeted by SARS-CoV-2 via the interaction of their surface receptor complexes,
ACE2 and TMPRSS2; (2) SARS-CoV-2 can lead to renal epithelial injury via indirect and
direct means; (3) direct viral damage to the renal epithelium may be the primary cause of
AKI in some, but not all, cases of COVID-19-associated AKI; and (4) for many patients,
including those with either subclinical or clinically overt AKI, SARS-CoV-2 may aggravate
or perpetuate kidney injury initiated by non-viral causes. The schematic diagram in
Figure 4 summarizes the above steps by demonstrating the binding of SARS-CoV-2 with
the ACE2 receptor on the apical membrane of kidney proximal tubule cells, followed by
the entry of the virus into the cell via endocytosis. Once inside the cell, the COVID-19
virus crosses into the lysosome, where the acidic pH-dependent endosomal proteases
cleave the viral glycoprotein segments to prepare the virus for replication and propagation.
Disrupting any of the above processes (binding with ACE-2, inhibiting the endocytosis, and
interrupting the endosomal acidification) can potentially prevent kidney-tubule damage
from COVID-19.
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Figure 4. Binding of SARS-CoV-2 with the ACE2 receptor and entry into kidney proximal tubule
cells. 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 through
endocytosis and its entry into lysosomes. The crucial transporters responsible for lysosomal acidi-
fication are shown. The role of carbonic anhydrase inhibitors, such as acetazolamide, in impairing
lysosomal acidification via interference with the activity of acid-importing H+-ATPase and NHE-6 is
highlighted. The proximal-tubule-specific plasma membrane transporters are shown. Image created
with BioRender. PT: proximal tubule; DCT: distal convoluted tubule; CCD: cortical colleting duct; IMCD:
inner medullary collecting duct.

As we have all witnessed over the last 12 months, the introduction of highly effective
vaccines for COVID-19, while vital to mitigating further widespread loss of life, has not
brought about the rapid end of the COVID-19 pandemic as many had hoped. Though
the virus and its spread remain as unpredictable as ever, with new SARS-CoV-2 variants
emerging monthly, experts are increasingly predicting a transition from a pandemic to
endemic COVID-19 [205]. As such, the ongoing study of the molecular mechanisms of
SARS-CoV-2 infection, including those described in this review, remains as important as
ever as we continue to strive to develop effective treatments for COVID-19 and its major
complications, including AKI.

7. Material and Methods
7.1. Materials

Spike protein fragment S1 tagged with IgG1 Fc (S1. Fc) was purchased from SinoBi-
ological (Wayne, PA, USA). Protein-G-conjugated green fluorescent protein beads were
purchased from Spherotech (Lake Forest, IL, USA). LySosensor blue DND-167 was pur-
chased from Thermofisher Scientific (Waltham, MA, USA). Acetazolamide was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

7.2. Immunofluorescence Microscopy

Human kidney sections were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 24 h at 4 degrees C, then transferred to 70% ethanol for the same period of
time and at the same temperature. Fixed samples were paraffin-embedded, cut into 5 mm
sections, and stored until used. To prepare for immunofluorescence staining, slides were
baked at 60 ◦C for 1.5 h and underwent citrate antigen retrieval. Next, slides were incubated
with the primary antibodies overnight in a humidity chamber at 4 ◦C. The following day,
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slides were incubated in secondary antibodies (AlexaFluor 594 or 488, Invitrogen, Waltham,
MA, USA) in a humidity chamber at room temperature for 2 h. Slides were washed in PBS
and, after drying, were cover-slipped with Vectashield Hard Set (Vector Labs, Burlingame,
CA, USA). The expression of ACE2 (antibody purchased from R & D Systems) and NBCe-1
(antibody generated by our lab) was examined using a Zeiss Airyscan (Zeiss, Dublin, CA,
USA). M2 microscopy and images were obtained via Zen Software 2.3 (Zeiss, Dublin,
CA, USA).

7.3. S1 Fragment Binding to Vero 6 Cells

Binding of the S1 fragment of spike protein to Vero 6 cells was examined using
S1-tagged IgG1 Fc recombinant protein adsorbed to green fluorescent protein (GFP) beads-
coated with protein G (S1. Fc-GFP). Fluorescent beads conjugated with protein G were
washed in PBS with 1% BSA and incubated overnight at 4 ◦C with S1.Fc. The following day,
beads were washed in PBS with 1% BSA, blocked with PBS with 4% BSA overnight at 4 ◦C,
and washed again with PBS with 1% BSA. For the binding assay, 90% confluent monolayers
of Vero E6 cells were washed twice using PBS with 1% BSA, incubated with S1. Fc adsorbed
to GFP-protein-G-coated beads (S1. Fc-GFP) in PBS with 1% BSA overnight at 4 ◦C, and
washed with PBS with 1% BSA before fixation with 4% paraformaldehyde in PBS. Staining
was performed in the presence or absence of DAPI (4′,6-diamidino-2-phenylindole), a
fluorescent marker of nuclei. Binding of S1. Fc-GFP and Fc-GFP (with no S1 component) to
Vero E6 cells was visualized by a Zeiss Airyscan microscope utilizing Zen 2.3 software.

7.4. Effect of Acetazolamide on Lysosomal Acidification

In vitro studies suggest that treatments that interfere with lysosome acidification
suppress the infectivity of SARS-CoV-2 in Vero 6 cells (text). The effect of inhibition of
CA with ACTZ on lysosomal pH was examined using LysoSensor blue reagent. Vero E6
monolayers were grown to confluence, incubated in complete medium, and treated with
20 µm ammonium chloride (NH4Cl) or ACTZ (10, 50, and 100 nm) for 24 h. Lysosomal
acidification (presence of yellow fluorescence) was assessed using LysoSensor blue DND-
167. Untreated cells showed significant fluorescent signaling, indicating the presence of
acidified lysosomes (HBSS), whereas treatment with NH4Cl completely abrogated lyso-
somal acidification. Treatment with increasing ACTZ levels significantly inhibited the
acidification of lysosomes.
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