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Definition: Infection with SARS-CoV-2 and the resulting COVID-19 can cause both lung and kidney
damage. SARS-CoV-2 can directly infect renal cells expressing ACE2 receptors, resulting in kidney
damage, and acute kidney injury (AKI) has been reported in COVID-19 hospitalized patients. The
pathophysiology of COVID-19-associated AKI is multifactorial. Local and systemic inflammation,
immune system dysregulation, blood coagulation disorders, and activation of the renin-angiotensin-
aldosterone system (RAAS) are factors that contribute to the development of AKI in COVID 19 disease.
COVID-19 patients with kidney involvement have a poor prognosis, and patients with chronic kidney
disease (CKD) infected with SARS-CoV-2 have an increased mortality risk. CKD patients with
COVID-19 may develop end-stage renal disease (ESRD) requiring dialysis. In particular, patients
infected with SARS-CoV-2 and requiring dialysis, as well as patients who have undergone kidney
transplantation, have an increased risk of mortality and require special consideration. Nephrologists
and infectious disease specialists face several clinical dilemmas in the prophylaxis and treatment of
CKD patients with COVID-19. This entry presents recent data showing the effects of COVID-19 on the
kidneys and CKD patients and the challenges in the management of CKD patients with COVID-19,
and discusses treatment strategies for these patients.

Keywords: chronic kidney disease; COVID-19; hemodialysis; kidney transplantation; peritoneal
dialysis; SARS-CoV-2

1. Introduction

COVID-19 has a broad clinical spectrum. In the context of COVID-19 disease, the
organ most commonly affected is the lung. The kidney is another organ that can be affected
by SARS-CoV-2 [1].

SARS-CoV-2 invades cells by binding its spike protein to the angiotensin-converting
enzyme2 (ACE2) receptor on the cell surface [1]. Therefore, SARS-CoV-2 can affect any
system in which ACE-2 receptors are present, including cardiovascular, nervous, immune,
gastrointestinal, and renal systems [1].

In addition to the spike protein, SARS-CoV-2 encodes several accessory proteins,
including ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, and ORF9c. These accessory

Encyclopedia 2023, 3, 1085–1104. https://doi.org/10.3390/encyclopedia3030079 https://www.mdpi.com/journal/encyclopedia

https://doi.org/10.3390/encyclopedia3030079
https://doi.org/10.3390/encyclopedia3030079
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/encyclopedia
https://www.mdpi.com
https://orcid.org/0000-0001-5548-7002
https://orcid.org/0009-0005-5186-5527
https://orcid.org/0000-0002-6901-3681
https://doi.org/10.3390/encyclopedia3030079
https://www.mdpi.com/journal/encyclopedia
https://www.mdpi.com/article/10.3390/encyclopedia3030079?type=check_update&version=2


Encyclopedia 2023, 3 1086

proteins play various roles in viral replication, immune evasion, and pathogenesis. Studies
have shown that SARS-CoV-2 can directly infect renal cells expressing ACE2 receptors,
resulting in kidney damage [2]. The virus can disrupt normal kidney function and cause
inflammation and injury. The presence of SARS-CoV-2 RNA was detected in kidney tissue
samples from COVID-19 patients, indicating active virus replication in the kidneys. In
addition, some accessory proteins of SARS-CoV-2 were found to contribute to kidney injury.
The ORF3a protein, for example, has been associated with the promotion of apoptosis and
inflammation in kidney cells. It can disrupt ion transport mechanisms and impair renal
filtration function [2,3]. Other studies suggest that dysregulation of the Renin-Angiotensin-
Aldosterone System (RAAS), which plays a critical role in regulating blood pressure and
fluid balance, may also be involved in kidney complications associated with COVID-19 [4].
The interaction between the spike protein and the ACE2 receptor may disrupt the RAAS
and lead to kidney dysfunction.

It should be noted that research into the specific mechanisms underlying renal prob-
lems associated with COVID-19 is ongoing and our understanding is constantly evolving.
Nevertheless, the available evidence suggests that accessory proteins of SARS-CoV-2, to-
gether with the interaction between the spike protein and the ACE2 receptor, contribute to
kidney complications in COVID-19 patients.

SARS-CoV-2 activates the immune system, resulting in the production of cytokines
known as cytokine release syndrome [5]. This dysregulated immune response can cause
systemic inflammatory syndrome, acute distress syndrome, and multi-organ damage. This
inflammatory response persists even when the viral load decreases [5].

Infection of endothelial cells causes endotheliitis, which leads to vasoconstriction.
Furthermore, the synergistic effect of inflammation and hypercoagulability leads to hypop-
erfusion, organ ischemia, and tissue damage [6].

SARS-CoV-2 is detected in the renal parenchyma [7]. Proteinuria, hematuria, and
elevated BUN and creatinine levels have been noted in SARS-CoV-2 patients. Tubular
damage and collapsing glomerulopathy were observed in affected patients [8,9]. Acute
tubular damage characterized by mild focal acute tubular necrosis is the predominant
finding in renal biopsies from COVID-19 patients with AKI [9]. In addition, peritubu-
lar erythrocyte aggregation and glomerular fibrin thrombi with ischemic collapse have
been reported [9]. Moreover, collapsing glomerulopathy associated with COVID-19 is
characterized by podocyte damage [10]. The collapsing glomerulopathy associated with
COVID-19 has been associated with high-risk APOL1 genotypes [11]. The relationship
between COVID-19 and CKD appears to be bidirectional and complicated.

The risk of dying in hospital is higher in hospitalized COVID-19 patients with acute
kidney injury (AKI) or CKD (46.4%) than in hospitalized patients without AKI or CKD
(7.3%) [12]. Interestingly, hospitalized patients affected with AKI or CKD require renal
replacement therapy after discharge [12].

According to secondary meta-analyses [13] and nationwide analyses [14], hospitalized
COVID-19 patients with CKD, including CKD stages 3–5, maintenance dialysis, and kidney
transplantation, had a higher mortality rate than COVID patients without CKD [14]. An
increased mortality rate of over 25–30% has been reported in hemodialyzed patients
with COVID-19 [15,16]. Hemodialysis (HD) patients have several comorbidities such as
diabetes and cardiovascular disease, which makes them more susceptible to SARS-CoV-
2 infection [17]. In addition, HD patients have a weaker immune system, and CKD is
considered a secondary immunodeficiency that increases the risk of infection and leads
to increased mortality [17]. Therefore, special considerations should be made in medical
management and prophylaxis.

Management of COVID-19 kidney transplant patients is another challenge. The
balance between medical treatment of COVID-19 and immunosuppressive drugs to prevent
graft rejection is an important clinical problem [18]. In addition, renal transplant patients
usually present with atypical symptoms that complicate the diagnosis of COVID-19 [18].
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CKD patients or ESRD patients on dialysis and kidney transplant patients are at
increased risk of infection. Vaccination against SARS-CoV-2 has been reported to reduce
severe infections and deaths in both CKD patients and renal transplant patients [18,19].
However, isolated cases of glomerulopathy have been reported after vaccination against
COVID-19 [20].

The medical management of COVID-19 CKD patients is more complicated. Drug
treatment includes anti-inflammatory (nonsteroidal) agents, anticoagulants, monoclonal
antibodies, and multiple antiviral therapies alone or in various combinations [21].

Even after the approval of various antiviral therapies and vaccines, the mortality rate
is not under control because new variants of the virus with altered genome sequences
continue to emerge [21].

Long-term effects of COVID-19 on renal function have been reported [22]. Further
studies are needed to explore and understand the long-term effects of the COVID-19
pandemic. Although the World Health Organization declared the end of the COVID-19
global emergency on 5 May 2023, COVID-19 remains a public health threat.

2. Acute Kidney Injury (AKI) Associated with COVID-19

AKI is a clinical syndrome characterized by abrupt deterioration of renal function.
According to initial reports, COVID-19 was not associated with AKI [23–25]. In con-
trast, recent data reported an increased incidence of AKI in hospitalized patients with
COVID-19 [12,26,27]. Interestingly, the incidence and severity of AKI vary by region. This
discrepancy is due to both the different clinical conditions and the different definitions
used to determine AKI. Several studies that used the Kidney Disease Improving Global
Outcomes (KDIGO) consensus definition of AKI (characterized by a decrease in GFR over
7 days or a decrease in 6-hour urine output) reported an increased incidence (over 30–50%)
of AKI in hospitalized COVID-19 patients. The incidence of AKI was higher in patients
who required intensive care [25,27–29].

Data from a large meta-analysis that included 49,048 hospitalized COVID-19 patients
reported an increased incidence of AKI (a total of 5152 patients with AKI) in the United
States and Europe (over 28.6%), whereas the incidence of AKI was lower in China (over
5.5%) [30]. Interestingly, 45% of ICU patients with AKI required renal replacement therapy
(RRT) [12,26,27]. According to another large retrospective study from New York City, 46%
of 3993 hospitalized patients developed AKI, and 420 patients with COVID-19-associated
AKI had persistent CKD [31]. Of these patients, 35% had stage 1 AKI, 19% had stage 2 AKI,
and 42% had stage 3 AKI, according to the KDIGO definition and classification. Continuous
renal replacement therapy, prolonged intermittent hemodialysis, conventional intermittent
hemodialysis, and peritoneal dialysis have been used to treat patients with COVID-19-
associated AKI [32]. It is known that the need for RRT indicates a more severe form of AKI
and is an independent mortality risk factor for these patients [33]. The incidence of AKI in
hospitalized US veterans ranged from 10% to 56% [34].

In-hospital mortality was 50% in patients with AKI and 8% in patients without AKI [31].
Interestingly, renal function did not recover in one-third of patients with AKI [22]. In an-
other study from China involving 333 hospitalized patients with COVID-19, the percentage
of patients who fully recovered renal function was less than 50% [8]. It should be empha-
sized that incomplete recovery of AKI and/or inadequate resolution of AKI may lead to
long COVID-19 renal disease with poor clinical outcome. An important difference of AKI in
COVID-19 patients is that renal function in other types of AKI usually recovers after 10 days
in 80% of patients [8], whereas renal function in patients with COVID-19-associated AKI
recovers only after 3 weeks. The impact on the development of CKD after AKI, progression
of prior CKD, and end-stage renal disease remains to be determined.

It should be emphasized that the incidence of AKI has decreased over time due to
our better understanding of the disease process and changes in patient management [35].
In addition, increasingly lower rates of kidney replacement therapy were observed in the
second and third waves of the pandemic. Increased age, male sex, and COVID-19 disease
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severity were independent mortality factors in hospitalized COVID-19 patients. Mortality
risk was higher in patients with advanced AKI, hematuria, and proteinuria [36]. The
etiology of the association between the high mortality risk and proteinuria and hematuria
in COVID-19 patients with AKI is not clear. It could be hypothesized that the presence
of proteinuria and/or hematuria indicates a more severe stage of AKI. In addition, more
severe stages of AKI correlate with an increased mortality risk. It should be noted that
proteinuria and hematuria are not specific for COVID-19-associated AKI.

Advanced age, the presence of diabetes and obesity, cardiovascular disease, persistent
CKD, acute respiratory distress syndrome and mechanical ventilation, nephrotoxic drugs,
and hypotension with tissue hypoxia and vasopressor recruitment are several risk factors
for the development of AKI in COVID 19 patients [37].

3. Clinical Presentation of COVID-19-Associated AKI

COVID-19-associated AKI usually presents with proteinuria or/and hematuria [8,23].
According to a study that included 701 patients with COVID-19, 44% of them had protein-
uria and 26% had hematuria. Of note, the severity of proteinuria and/or hematuria was
associated with the risk of mortality in these patients, indicating a significant prognostic
value of these two parameters [24].

Chan et al. [31] reported that 80% of 1835 patients with AKI had hematuria and pro-
teinuria. Of note, more than half of hospitalized patients without AKI had hematuria and
70% had proteinuria. The presence of proteinuria and hematuria in COVID-19 patients who
did not meet criteria for AKI suggests the presence of renal dysfunction predisposing to
AKI. In accordance with the new AKI definition for stage 1S (subclinical AKI), the presence
of Fanconi syndrome has been reported in COVID-19 patients before the development of
AKI [38]. Interestingly, the presence of acute proximal tubular injury observed in Fanconi
syndrome may predict AKI in COVID-19 patients. In addition, proteinuria, hypophos-
phatemia, hyperuricosuria, and glycosuria could be considered specific biomarkers of
kidney injury preceding AKI in COVID-19 patients.

The severity of proteinuria correlates with tubular damage, and can be used to identify
patients predisposed to the development of AKI or those with an increased risk factor
for future loss of renal function. Thus, it could be used as a marker for AKI [39]. The
contribution of proteinuria to the development of CKD in these patients is unknown and
remains to be determined. Identification of biomarkers for AKI in COVID-19 patients is
an unresolved challenge. Interestingly, functional biomarkers such as cystatin C, damage
biomarkers, and stress biomarkers could be efficient for early detection of COVID-19-
associated AKI. Delayed diagnosis of AKI in COVID-19 patients may increase the mortality
risk. COVID-19-associated AKI biomarkers could serve as molecular phenotyping tools
for risk stratification and earlier intervention, which could improve the clinical outcome
of patients.

In addition, urinalysis data should be integrated and discussed with renal biopsy
results to clarify the underlying mechanism. In this regard, renal biopsy results in COVID-
19 patients have shown that renal injury is predominantly tubular in critically ill patients,
whereas glomerulopathies have been observed in patients with mild disease [40]. To our
knowledge, there are no data combining biopsy results with urinalysis to determine the
underlying mechanism of COVID-19-associated AKI.

COVID-19-associated nephropathy (COVAN), which includes focal segmental glomeru-
losclerosis (FSGS) and collapsing glomerulopathy, frequently occurs in black patients be-
cause patients of African descent are carriers of APOL1 risk variants [10]. COVAN presents
with proteinuria in the nephritic range and microscopic hematuria [10].

4. Pathophysiology of AKI in COVID-19 Patients

The pathophysiology of AKI in COVID-19 patients is multifactorial and complicated.
Local and systemic inflammation, immune system activation, endothelial and coagulation
disorders, and RAAS activation are involved in the underlying pathophysiology [41]. In
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addition, nonspecific factors such as mechanical ventilation, cardiac dysfunction, hemody-
namic instability, and drug nephrotoxicity contribute to the development of AKI [41].

Data from autopsy studies have shown that acute tubular injury is the most common
finding in COVID-19 patients with AKI [42–44]. Acute tubular injury with mild focal acute
tubular necrosis has been observed in postmortem renal specimens from COVID-19 patients
with AKI [42–44]. Acute tubular injury, collapsing glomerulopathy, endothelial damage,
and thrombotic microangiopathy were noted in biopsies from patients with COVID-19-
associated AKI [45]. In these studies, viral renal infection was not detected or was detected
in only a fraction of biopsies. However, in other studies, direct viral tropism of the kidney
was detected [46–48]. In one study [47], viral RNA was detected in the renal tissue of 23 of
32 patients with AKI compared with 3 of 7 patients without AKI. In another study [48], virus
was detected in glomeruli; SARS-CoV-2 was also detected in urine samples, suggesting
release of virus from infected tubular epithelial cells or increased glomerular filtration of
viral fragments.

5. COVAN

Collapsing nephropathy is a variant of FSGS and is characterized by severe proteinuria,
hypertension, and rapid loss of renal function. COVAN has been reported in African
American patients with COVID-19, particularly those with apolipoprotein L1 allele [10,40].
COVAN has been observed in COVID-19 patients without severe respiratory disease and
with isolated AKI, and in patients with proteinuria in the nephritic range [49]. Collapsing
nephropathy has been described in HIV patients and in association with various viral
infections caused mainly byparvovirusB19, cytomegalovirus, and Epstein-Barr virus [10,49].
In addition, collapsing nephropathy is associated with black race [10,49]. Collapsing
glomerulopathy is characterized by collapse of glomerular tufts with hypertrophy and
hyperplasia of podocytes. It is accompanied by acute tubular injury and inflammation of
the interstitium [10,40].

The incidence, prognosis, and contribution to CKD and ESRD are unknown. In this
context, the pathophysiology of COVAN is also unclear. Because collapsing nephropathy
is observed in patients with HIV infection, COVAN might be thought to share the same
mechanism as HIVAN nephropathy. Podocyte damage might play a crucial role in this
pathophysiological mechanism.

Giannini et al. [50] reported that patients with COVAN have a poor prognosis, the
majority of patients with COVAN developed advanced CKD and one third required renal
replacement therapy or died after one year. A definitive treatment for COVAN remains
unclear. Treatment with high-dose steroids in combination with inhibitors of the renin-
angiotensin-aldosterone system may be beneficial in the treatment of COVAN, but this has
not yet been proven [50].

6. Coagulation Disorders and Endothelial Dysfunction

Systemic microvascular and macrovascular thrombosis in kidneys and lungs was
observed in COVID-19 patients [51]. SARS-CoV-2 affects the endothelium, and vascular
endotheliitis has been reported in association with COVID-19 [51]. Several biomarkers
of coagulation, fibrinolysis activation, and endothelial injury, including selectins and von
Willebrand factor antigen, have been associated with poor prognosis and increased mortal-
ity risk [52]. Microvascular inflammation leads to endothelial activation and vasodilation
with increased vascular permeability, resulting in prothrombotic states [53]. Furthermore,
activation of the C5 complement pathway promotes inflammation and the coagulation
cascade [54]. Necrotic cell-derived damage-associated molecular patterns may contribute
to endothelial injury [55]. SARS-CoV-2 binds to platelets via ACE2 and induces throm-
bosis in this manner [56]. Interestingly, in severe COVID-19, high titers of prothrombotic
autoantibodies were found to contribute to inflammation and thrombosis [57]. Thus, en-
dothelial damage, platelet activation, and coagulation disorders may contribute to the
pathophysiology of COVID-19-AKI.
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Thrombotic microangiopathy has been reported in COVID-19 patients [58]. COVID-
19-associated thrombotic microangiopathy is a severe complication with poor prognosis
and is characterized by hemolytic anemia, thrombocytopenia, and renal failure [59].

SARS-CoV-2 can cause atypical hemolytic syndrome (aHUS) through endothelial
dysfunction and direct activation of the alternative complement pathway [60].

The spike protein of SARS-CoV-2 is located in the renal tubules and activates the
alternative complement pathway by competing with complement factor H [61]. In addition,
complement elements were identified in the microvasculature of COVID-19 patients.

The membrane attack complex accumulates on renal tubules due to complement acti-
vation and promotes damage to microvascular epithelial cells, activation of the coagulation
cascade, and deposition of fibrin, leading to tissue damage [62].

The anti-inflammatory and antithrombotic effects of nitric oxide, which are due to
complement activation, are lost in aHUS associated with COVID-19 [63].

Thus, COVID-19-associated aHUS is an example of how SARS-CoV-2 can cause kidney
injury by promoting inflammation, endothelial dysfunction, complement activation, and
thrombotic microangiopathy. Interestingly, renal artery thrombosis with concomitant AKI
has been reported in COVID-19 patients [64].

7. Involvement of the Immune System

In COVID-19, altered innate and adaptive immune responses have been reported,
characterized by immunosenescence and including low-grade inflammation, contributing
to organ dysfunction and ineffective T-cell response and antibody production [65,66], likely
contributing to the high mortality risk observed in elderly patients [67].

Inflammation plays a critical role in the pathogenesis of AKI [41]. Increased production
of inflammatory mediators such as TNF-α and FAS has been observed in COVID-19 [68].
These mediators bind to their specific receptors expressed by renal endothelial and epithelial
cells, leading to direct injury [69]. Similar interactions have also been observed in animal
models of sepsis with AKI [70].

SARS-CoV-2 can inhibit the release of IFN [71], a cytokine that suppresses viral repli-
cation. In the context of COVID-19-AKI, IFN has opposite effects: IFN is a mediator of
glomerular injury and can lead to podocyte loss and glomerulosclerosis [72]. Activation
of the IFN pathway promotes podocyte damage, leading to proteinuria [73]. In addition,
APOL1 risk alleles trigger glomerular damage via the interferon signaling pathway [74].
On the other hand, administration of IFN to COVID-19 patients improves viral clearance
and lowers IL-6 and C-reactive protein levels [71]. Patients with severe COVID-19 have
autoantibodies against type I IFNs. In addition, patients with low INF-αlevels have a higher
risk of severe COVID-19 than patients with high interferon levels, indicating a protective
role of IFN against COVID-19 [75].

Uncontrolled and sustained activation of the complement cascade can lead to inflam-
mation with accompanying tissue injury. Detection of C3c and C3d in renal arteries and
glomerular capillaries, C3d in tubules, and C5b-9 in renal arterioles and tubular basement
membrane has been reported [75]. According to these results, activation of the lectin path-
way and the classical pathway appears to occur in peritubular capillaries and renal arteries,
whereas the alternative pathway mediates tubular injury [75].

Complement activation is involved in endothelial dysfunction. More specifically,
C5a binds to its endothelial receptor and promotes upregulation of tissue factor and loss
of thrombomodulin with concomitant activation of coagulation and platelet adhesion
and aggregation [76]. C5b-9 induces endothelial dysfunction, inflammation, and coag-
ulation [76,77]. Interestingly, binding of C5a to its receptor C5aR contributes to cellular
senescence by promoting DNA methylation of genes, and in this context, may play a role
in the pathogenesis of AKI [77].

Decreased numbers of CD4+ and CD8+ T lymphocytes have been observed in COVID-
19 patients [65]. In addition, the number of plasmacytoid dendritic cells, eosinophils, and
natural killer cells is decreased [78].
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Nuclear factor erythroid 2-related factor (NRF2), a transcription factor involved in
the regulation of antioxidant activity, is suppressed in COVID-19 [79]. NRF2 binds to
its inhibitor Kelch-like ECH-associated protein 1 (KEAP1) and remains inactive in the
cytosol. Viral infection promotes oxidative stress, which leads to inactivation of KEAP1;
consequently, NRF2 becomes active and induces the expression of genes responsible for
stress-induced cell death [79]. In addition, NRF2 agonists have antiviral effects [80]. Data
from experimental models of AKI showed that increased expression of NRF2 by T cells
protects renal function [80]; specifically, NRF2 protects against kidney injury caused by
ischemia and nephrotoxic drugs [81]. Thus, NRF2 is a promising therapeutic target for both
COVID-19 and AKI.

Soluble ACE-2 or plasma ACE-2 is the ACE-2 enzyme domain derived from the cell
surface. Soluble ACE-2 can bind SARS-CoV-2, and elevated levels of soluble ACE-2 were
found in the plasma of critically ill COVID-19 patients [82]. The high affinity of the spike
protein for ACE-2, which acts as a receptor for virus entry into cells, may promote the
formation of SARS-CoV-2-soluble ACE-2 complexes and the formation of autoantibodies
against ACE-2 in tissues [83,84]. Because ACE-2 has high homology (over 42%) with ACE,
which is expressed on the surface of most types of leukocytes, autoantibodies against
ACE-2 can cross-react with ACE and cause tissue inflammation and organ damage [84].

A cytokine storm is the result of hyperactivity of the immune system, including T
cells, macrophages, and natural killer cells [85]. A high release of mediators and inflam-
matory cytokines, including IL-6, indicates both hyperactivation of the humoral immune
system and a hyperinflammatory state [41]. In this context, a marked increase in acute-
phase inflammatory markers, lymphopenia, and coagulation disorders have been reported
in severe COVID-19 [41]. Of note, IL-6 mediates organ damage, including AKI [86,87].
According to a meta-analysis, elevated serum levels of IL-6 are associated with poor clin-
ical outcome including death [88]. Interestingly, serum levels of IL-6 are lower in severe
COVID-19 compared with those observed in sepsis and acute respiratory distress syndrome
(ARDS) [89].

8. Other Factors Contributing to the Development of AKI

The acute hypoxemia observed in COVID-19 patients requiring mechanical venti-
lation may increase renal vascular resistance, which in turn contributes to renal hypop-
erfusion leading to acute tubular injury and AKI [90,91]. The increased concentrations
of IL-6 caused by both decreased renal clearance and increased IL-6 production may
contribute to respiratory failure and AKI, suggesting a lung-kidney interaction [91]. In-
terestingly, mechanical ventilation is a risk factor for the development of AKI in severe
COVID-19 [92]. It appears that mechanical ventilation contributes to the pathophysiology
of AKI via immune-mediated processes and hemodynamic factors [92]. Notably, the
positive association between mechanical ventilation and AKI reflects the severity of the
disease [34].

Interaction between the cardiovascular system and the kidneys contributes to the
development of AKI. Cases of acute myocarditis and myocardial injury associated with
COVID-19 have been reported [93,94]. The impaired cardiac function with decreased
cardiac output and venous congestion seen in these pathological situations may contribute
to the development of AKI by decreasing renal perfusion [95].

In the context of ARDS, cardiac output may decrease due to decreased right ventric-
ular preload and increased right ventricular afterload caused by the use of high positive
end-expiratory pressure and/or high tidal volumes [92]. Right-sided heart failure, in com-
bination with increased venous pressure, leads to an increase in interstitial and tubular
hydrostatic pressure, resulting in a decrease in glomerular filtration rate (GFR) [96].

Nephrotoxicity of drugs is another important risk factor for the development of AKI in
COVID-19 patients. Vancomycin, colistin, and aminoglycosides must be used with caution
because of their potential nephrotoxicity [97]. Calculation of GFR and dose adjustment
according to renal function are required.
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Remdesivir is a nucleotide analog with antiviral activity. It is excreted through the
kidney and is potentially nephrotoxic, causing mitochondrial damage to renal tubular
epithelial cells. Nephrotoxicity of remdesivir has been observed after prolonged use or at
high doses [98,99].

Rhabdomyolysis is caused by skeletal muscle damage and commonly occurs after
various viral infections, including COVID-19. Rhabdomyolysis is another nonimmune
cause of AKI [100]. Myoglobin released into the blood after muscle injury exerts its
nephrotoxic effects via renal vasoconstriction, formation of intratubular deposits, and direct
action on tubular epithelial cells [100].

Patients on extracorporeal membrane oxygenation (ECMO) are at increased risk of
developing AKI. Shaefi et al. [101] reported that 22% of patients with respiratory failure
on ECMO required renal replacement therapy. Schmidt et al. [102] also reported that the
percentage of patients on ECMO who required renal replacement therapy was higher (over
46%). Secondary infections such as cannula infections and ventilator-associated pneumo-
nia, hemolysis, blending, venous congestion, and inflammation should be considered as
possible mechanisms for AKI in these patients [102,103].

Overall, acute tubular injury occurs in association with COVID-19. Endothelial dys-
function, microvascular thrombi, local and systemic inflammation, and altered immune
response contribute to AKI. Treatment and strategies to prevent progression of the disease
and avoid the need for mechanical ventilation may prevent AKI. Until there is a specific
treatment for AKI, the management of AKI associated with COVID-19 is no different from
that in other situations; (see Figure 1.)
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9. AKI and Progression to CKD

There is clinical evidence that AKI accelerates the progression to CKD [104]. Evidence
from animal models of AKI suggests several potential mechanisms of progression to
CKD, including fibrosis, microvascular rarefaction, tubular and interstitial damage, and
glomerulosclerosis [105]. In addition, older age is a risk factor for COVID-19-associated
AKI, and kidney aging is a risk factor for CKD. Thus, elderly patients with COVID-19 have
a double risk (kidney aging +COVID-19-associated AKI) for progression to CKD.
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AKI and CKD share several pathophysiological mechanisms, including glomerular
and tubular cell death, local and systemic inflammation, and fibrosis [106]. In addition,
several epidemiological studies reported that elderly patients with concomitant diseases
such as diabetes, hypertension, heart failure, and obesity are at increased risk for COVID-
19-associated AKI [103]. All of these parameters are also risk factors for CKD. Thus, there
is a reciprocal relationship between AKI and CKD.

AKI causes both a decrease in the number of peritubular capillaries and a decrease
in the quality of the remaining capillaries, leading to a decrease in renal blood flow [107].
At the same time, decreased renal blood flow leads to hypoxia, tubular epithelial cell
damage, and apoptosis. Hypoxia triggers collagen production by fibroblasts, leading to
fibrosis [108].

It must be emphasized that the long-term effects of AKI on renal function have not
been fully elucidated, as most studies have focused on in-hospital outcomes, including the
incidence of AKI and mortality. Therefore, there is a need for clinical studies focusing on
the long-term effects of AKI on renal function.

However, two studies with 10 years of follow-up suggest that AKI is an independent
risk factor for ESRD and all-cause mortality [109,110]. In addition, patients with a history
of AKI had a 9-fold higher adjusted risk for CKD and a 3-fold higher adjusted risk for
progression to ESRD [91].

As previously mentioned, hospitalized patients with COVID-19-associated AKI are at
higher risk for renal replacement therapy, and the mortality rate was higher compared with
patients without AKI [26]. Interestingly, only 30% of patients with COVID-19-associated
AKI survived and recovered renal function [26].

10. COVID-19 and Cardiorenal Syndrome

Cardiac events may occur in patients with COVID-19-associated AKI, suggesting a
possible role of cardiorenal syndrome [111]. As mentioned previously, in the clinical setting
of COVID-19, there is an interaction between the affected organs. AKI leads to volume
overload resulting in cardiac dysfunction, and conversely, cardiomyopathy caused by
COVID-19 may lead to hypotension, renal hypoperfusion, and renal congestion, resulting in
decreased GFR [111]. Cardiorenal syndrome carries a high risk of mortality and morbidity
for COVID-19 patients and increases the healthcare costs associated with the disease [111].

SARS-CoV-2 can affect both the heart and kidneys through several mechanisms:
first, a direct effect; second, a cytokine storm leading to multiorgan dysfunction; and
third, induction of thrombotic microangiopathy [112]. In addition, the systemic coagu-
lopathy associated with COVID-19 can lead to renal thrombosis and/or acute coronary
syndrome [112].

Hypertension and atherosclerosis are common risk factors for CKD and cardiac
dysfunction. According to the National Health Commission of China, 35% of patients
with COVID-19 had hypertension, which is considered a negative prognostic factor [113].
COVID-19 patients with hypertension have higher levels of the inflammatory cytokines
TNF-α and IL-6, which contributes to endothelial dysfunction and oxidative stress, which
in turn promote the development of CKD and heart failure [111].

Inflammation leading to atherosclerosis has become a major problem for COVID-19
patients because it can cause cardiovascular events. Dysregulation of T cells, uncontrolled
inflammation, and a cytokine storm likely contribute to the progression of atherosclerosis.
Several factors involved in the pathophysiology of atherosclerosis, such as IL-1β, IL-6, IL-7,
IL-8, TNF-α, IFNs, fibroblast growth factor, monocyte chemoattractant protein, macrophage
inflammatory protein-1α, Von Willebrand factor antigen, and factor VIII, were significantly
increased in COVID-19 patients [100,114].

In cardiorenal syndrome, angiotensin 2 promotes fibroblast proliferation, fibrosis, and
hypertrophy and increases blood pressure by acting as a vasoconstrictor and causing water
and salt retention. RAAS blockers have been successfully used to treat hypertension, CKD,
and heart failure because of their vasodilatory, antifibrotic, and antiproteinuric effects, and
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they have recently been shown to have a protective effect on COVID-19 patients regardless
of concomitant diseases [115].

11. COVID-19 in Dialysis Patients

The majority of patients on HD have advanced age and concomitant diseases, such as
diabetes, hypertension, and cardiovascular disease. In addition, due to the immunological
aging associated with uremia, these patients have a weak immune system with lower
numbers of circulating CD4+ and CD8+ T cells compared with patients who are not on
dialysis [116]. For these reasons, COVID-19 patients undergoing HD require more attention
in their management, as they have a higher mortality risk and a worse prognosis.

The different clinical symptoms of COVID-19 in HD patients complicate their man-
agement. According to initial reports, the most common symptoms of COVID-19 patients
in HD were diarrhea (80%), fever (60%), and fatigue (60%) [117]. In a study involving
65 HD centers, it was reported that 2% of HD patients tested positive for COVID-19; of
these patients, 50% had fever and 20% were asymptomatic [118]. However, symptoms may
vary due to infection with different SARS-CoV-2 variants. The proportion of asymptomatic
SARS-CoV-2 infections in HD patients varies from 10% to 50% of patients [119]. In patients
with advanced CKD infected with SARS-CoV-2, especially those on HD, viral clearance is
delayed. More than two-thirds of these patients are SARS-CoV-2-positive.

The majority of COVID-19 patients on HD develop a strong antibody response. This
may be due to HD patients developing more severe disease, likely associated with a
stronger immune response to the virus. In addition, symptomatic HD patients had higher
antibody titers to SARS-CoV-2 than asymptomatic patients [120]. Antibodies can protect
against reinfection with SARS-CoV-2, but this protection is incomplete. According to a large
observational study involving 2337 HD patients, serologic evidence of previous infection
was associated with a greater than 45% risk of reinfection [121]. The absence of antibodies
was found in 5% to 10% of HD patients. To note, these studies were conducted when the
wild-type strain of the virus was prevalent. Prevention of reinfection by the delta and
omicron variants of SARS-CoV-2 has not been studied in HD patients.

The mortality rate of COVID-19 patients on HD is 30% higher than in the general pop-
ulation with COVID-19 [118], and according to the European Dialysis and Transplantation
Association Registry report, the mortality rate is over 25% [15]. The mortality of the first
wave in HD patients was higher than the mortality of the subsequent viral variants, which
were less pathogenic than those of the first wave in HD patients.

Another important issue is the high risk of SARS-CoV-2 infection in HD centers.
According to a study in a single center in Wuhan, 20% of HD patients and 15% of staff
were COVID-19-positive [122]. Hsu et al. [123] proposed guidelines to reduce the risk of
SARS-CoV-2 transmission in HD centers.

Even now that the pandemic has subsided, there is still a risk of transmission. There-
fore, the authors suggest that both patients and staff should continue to be educated and
trained about COVID-19 prevention and management. In addition, screening strategies and
education of HD patients about COVID-19 should continue. Rapid testing for SARS-CoV-2
in HD patients and personnel should continue to identify asymptomatic patients. It should
be noted that patients and staff must be vaccinated against SARS-CoV-2.

According to a multicenter study from Wuhan involving 818 patients on peritoneal
dialysis (PD), the incidence of symptomatic COVID-19 in PD patients was the same as in
the general population [124].

PD is home dialysis, where the patient is isolated and the risk of infection is lower
compared with HD patients. In addition, PD patients have been trained and educated in
their method, and they follow hygiene rules and measures to prevent peritonitis. Therefore,
PD patients should be more aware of the risk of infection.

Compared with HD, PD associated with COVID-19 may have some disadvantages.
The introduction of intraperitoneal fluid from PD solutions may increase intraperitoneal
pressure, which affects respiratory function.
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Peritonitis is the most common complication of PD. It is well known that after peri-
tonitis, the function of peritoneal membrane transport is impaired. Ultrafiltration failure
due to peritonitis may lead to hypervolemia and dyspnea due to overload. Therefore, in
severe COVID-19 and PD peritonitis, pulmonary function may worsen.

Gastrointestinal symptoms of COVID-19 have also been reported. Therefore, confusion
of gastrointestinal symptoms of COVID-19 with those of PD peritonitis could lead to
misdiagnosis of PD peritonitis.

Interestingly, Jeloka et al. [125] suggested that in the COVID-19 pandemic era, PD
patients with peritonitis could be managed by video consultation to avoid hospitalization.

Data from a study of 419 hospitalized patients with ERSD, only 11 patients were on
PD. PD patients had mild disease and 9 of 11 patients were discharged [126].

Data from an observational study in Turkey reported that the mortality rate was high
(46.2%) in PD-hospitalized patients with COVID-19 [127]. In addition, according to the
European Renal Association database, COVID-19 PD patients had a higher mortality risk
than HD patients, even after accounting for patient characteristics and disease severity [15].

12. COVID-19 and Kidney Transplantation

Data from Spain and France revealed an average infection rate of 14/1000 transplants
at risk [128]. Similar incidences have been reported by the Belgian Society of Nephrology
and by other multicenter studies [129].

In the first wave, the hospitalization rate exceeded 80%. The mean age of transplant
recipients with COVID-19 was 60 years, two-thirds were male, 80% had hypertension, and
25% had diabetes [129].

Kidney transplant patients may be at increased risk for severe disease due to immuno-
suppressive drugs and comorbidities. However, data are limited, and the incidence of
ARDS in hospitalized kidney transplant patients varies from 12.1% to 68% [128].

The mortality risk is extremely high in hospitalized transplant patients with COVID-19.
According to a meta-analysis that included 20 studies, the risk of mortality is higher in
kidney transplant patients than in the general population. The risk of mortality ranges from
18% to 43% [129]. Older age, higher plasma viral load, and higher levels of proinflammatory
markers were risk factors for mortality [130].

Most studies involved long-term stable recipients, and there are few data for the short-
term period. However, the mortality rate in early transplant recipients with COVID-19 is
high, ranging from 37% to 46%. Older age, high steroid doses, and mechanical ventilation
were mortality risk factors [131].

Of note, the majority of studies were conducted in the first and second waves. Recent
data from the United States report lower hospitalization rates (26% vs. 60%) and mortality
rates (over 2%) during the predominance of the omicron variants. The mortality rate of
transplant patients infected with the omicron variants was 4% [131]. Thus, the overall
impression is that mortality is lower with omicron variants but higher than in the general
population [131].

Previous recommendations for the use of immunosuppressive drugs (reduced dose
and/or discontinuation) were for the first and second waves [132].

Given the prevalence of the “milder” variants, there is currently no need to change
immunosuppressive therapy in asymptomatic transplant patients or in patients with mild
disease. However, in severe disease with COVID-19 pneumonia, the recommendation of
the DESCARTES working group of ERA-EDTA should be considered [131,132]. Current
recommendations depend on disease severity and risk stratification [132].

13. Therapeutic Strategies for COVID-19 in CKD Patients
Antiviral Drugs and Monoclonal Antibodies

Remdesivir, nirmatrelvir with ritonavir and molnupiravil are currently approved for
the treatment of COVID-19. Remdesivir is an intravenous antiviral agent approved for the
treatment of COVID-19 in adults and paediatric patients who require hospitalization. Its
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nephrotoxicity and dose adjustments in CKD patients have not been well evaluated, but it
is not recommended in eGFR < 30 mL/min. The excipient sulfobutylether-β-cyclodextrin
accumulates in patients with reduced renal function. For eGFR ≥ 30 mL/min, no dosage
adjustment is needed. Regarding the oral therapeutic options for COVID-19, for molnupi-
ravir, there is no need for dosage adjustment in renal impairment, while nirmatrelvir with
ritonavir require dosage adjustments according to eGFR level (<30, 30–60, ≥60 mL/min).

The antiviral monoclonal antibodies Sotrovimab and casirivimab + imdevimaband
bamlanivimab + etesevimab are not active against Omicron variants and are not currently
used (Sotrovimab has activity against Omicron BA.1 but not BA.2). No renal dose adjust-
ments were required for these treatment options. Bebtelovimab presents activity against
Omicron BA.1 and BA.2 and does not require dosage adjustment in patients with renal im-
pairment. The tixagevimab-cilgavimab combination used for the pre-exposure prophylaxis
against COVID-19 in immunosuppressed high-risk patients does not need dosage adjust-
ments according to renal function impairment, but also possess limited activity against
currently circulating SARS-CoV-2 variants.

With regard to monoclonal antibodies used for their anti-inflammatory action, tocili-
zumab is an IL-6 inhibitor with no need for dosage adjustments in patients with mild or
moderate renal impairment, but there are only scarce data on severe renal impairment.
Baricitinib and tofacitinib are JAK-inhibitors whose dose is adjusted according to eGFR.
Anakinra is an anti-IL-1 factor that should not be used in patients with eGFR < 30 mL/min.
Vilobelimab is an anti-complement factor with lack of adequate data in patients with renal
impairment [21] (Table 1).

Table 1. Antiviral drugs and monoclonal antibodies used in COVID-19 patients.

Antiviral Drugs
(1) Intravenous

Remdesevir: no renal dosage adjustment is needed but not recommended in e-GFR ≤ 30 mL/min
(2) Oral

Molnupiravir: no renal dosage adjustement
Nirmatrelvir + Ritonavir : renal dosage adjustement
Monoclonal Antibodies
Sotrovimab: no renal dosage adjustement
Casirivimab + imdevimaband: no renal dosage adjustement
Bamlanivimab + etesevimab: no renal dosage adjustement
Bebtelovimab: no renal dosage adjustement
Tixagevimab-cilgavimab: no renal dosage adjustement
Baricitinib: renal dosage adjustement
Tofacitinib: renal dosage adjustement
Anakinra: not recommended in e-GFR ≤ 30 mL/min
Vilobelimab: no data in CKD patients

14. Vaccines

There is clinical evidence that the immunogenicity of the mRNA-1273 vaccine is better
than that of the BNT162b2 vaccine in HD patients.

Anand et al. [133] reported that more than one in five HD patients had an attenuated
immune response to the vaccines, suggesting that vaccination against COVID-19 is less
effective in this subgroup. The authors concluded that poor health, uremia, and prolonged
duration of end-stage kidney disease increase the risk of a suboptimal response.

Interestingly, the development of a serologic response is delayed in HD patients. A
third dose of vaccine increases antibody titers in all HD patients, and patients with a poor
initial response benefit from the third dose [17].

Antibody titers to SARS-CoV-2 were higher with the mRNA-1273 vaccine than with the
BNT162b2 vaccine in patients who reached the threshold of 590 BAU/mL [17]. Accordingly,
the cellular response was more intense with mRNA-1273 than with BNT162b2 vaccine [17].
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Both mRNA vaccines appear to have near-maximal clinical efficacy, but these studies
were conducted when wild-type virus was prevalent in healthy subjects [17]. Whether the
better immunogenicity of mRNA-1273 translates into better protection for HD patients
remains to be determined. In this regard, the protection of mRNA-1273 appears to be
inadequate.

Limited data are available on the immunogenicity of the other vaccines in HD patients.
Neutralizing antibodies to the alpha, beta, and delta variants were higher after vaccination
with BNT162b2 vaccine than when AZD1222 was used.

Of note, in HD patients, antibody responses to Ad26.COV2.S vaccine were lower
compared with mRNA vaccines [17].

Hsu et al. [134] reported that 67.5% ofAd26.COV2.S, 32.1%of BNT162b2, and 12.3% of
mRNA-1273 recipients had no antibodies to SARS-CoV-2 four months after vaccination.

According to a recent large meta-analysis that included 5628 HD patients, the vaccines
elicited an adequate immune response (immune efficiency 87.5%) and may be protective
against SARS-CoV-2 despite lower immunogenicity rates compared with the general pop-
ulation [135]. Notably, data from a meta-analysis have shown that vaccines are effective
against SARS-CoV-2 variants [136–138].

There are limited data on humoral response to vaccination in HD and PD patients. Some
studies reported that antibody titers were higher in PD patients compared with HD patients,
whereas in other studies, antibody titers were similar in PD and HD patients [139,140].

IgA nephropathy, minimal change disease, membranous nephropathy, and pauci-
immune necrotizing glomerulonephritis have been reported after mRNA-based SARS-CoV-2
vaccination, but causality remains unproven [141]. In addition, many of the reported vaccine-
associated glomerulonephritides have been associated with COVID-19 infection itself [142].

Diebolt et al. [143] reported that sporadic cases of new-onset glomerulonephritis after
mRNA-based SARS-CoV-2 vaccination were due to temporal coincidence. Overall, cases
of glomerulopathyhave been reported after vaccination against COVID-19, but there is no
evidence for the role of the vaccines.

15. Post-COVID-19 Syndrome

At the beginning of the pandemic, there were several reports of the long-term conse-
quences of COVID-19. Post-COVID-19 syndrome is defined as a heterogeneous clinical
syndrome of new onset. Usually, it appears 3 months after COVID-19 infection and it
is characterized by symptoms lasting at least 2 months, which are not explained by an
alternative diagnosis. Huang et al. [144] reported the long-term consequences of COVID-19
patients after discharge. In 35% of patients with COVID-19-associated AKI, GFR had de-
creased after a follow-up period of 6 months [145]. A retrospective cohort study found that
patients with COVID-19-associated AKI had a greater decrease in GFR than patients with
other types of AKI [145]. Another large retrospective study reported that 90,000 patients
had a higher incidence of AKI 30 days after the diagnosis of COVID-19 [146]. In addition, a
higher incidence of ESRD was found in COVID-19. In this regard, Gu et al. [147] reported
similar findings. More specifically, COVID-19 patients with stage 3 AKI had 17.8% higher
deterioration of renal function compared with patients without AKI.

The long-term consequences of COVID-19 on renal function are of great concern.
COVID-19 can affect the kidney through direct and indirect effects. It is likely that many
of these effects will persist after COVID-19 recovery and lead to an increased risk of
CKD or/and recurrent AKI. In addition, the presence of diabetes may delay recovery or
exacerbate the disease. Interestingly, the decline of renal function in the post COVID-19
period is multifactorial. Chronic inflammation, tubular injury, maladaptive and delayed
repair of AKI, cardiac disease, and diabetes may contribute to the pathogenesis of post-
COVID-19 syndrome [148]. A nephrological follow-up at 3 months for at least 12 months
after hospital discharge for AKI-associated COVID-19 patients is needed.

It should be noted, that there is no specific treatment for post-COVID-19 syndrome.
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16. Conclusions

• The relationship between COVID-19 and CKD is bidirectional.
• COVID-19 causes AKI and may exacerbate persistent CKD, and CKD is a risk factor

for COVID-19.
• In this context, there are several common risk factors, including advanced age, diabetes,

hypertension, and cardiovascular disease.
• Therefore, it is not surprising that the coexistence of COVID-19 and CKD is associated

with higher morbidity and mortality.
• Further large-scale prospective cohort studies are needed to elucidate this association.
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