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Abstract

Kidney disease is a major complication of viral infection,
which can cause both acute and chronic kidney diseases via
different mechanisms such as immune-mediated injury, kid-
ney cell injury from a direct viral infection, systemic effects,
and antiviral drug-induced nephrotoxicity. HIV-associated
nephropathy (HIVAN), characterized by collapsing focal seg-
mental glomerulosclerosis (cFSGS), has been described 2 de-
cades ago as a major complication of acquired-immunode-
ficiency syndrome. The pathogenesis of HIVAN has been well
studied, including viral entry, host response, and genetic fac-
tors. The incidence of this disease has been dramatically
dropped with current antiretroviral therapy. In the recent se-
vere acute respiratory syndrome-coronavirus-2 (SARS-
CoV-2) pandemic, acute kidney injury was also found to be a
major complication in patients with (coronavirus disease)
COVID-19. These patients also developed glomerular dis-
ease such as cFSGS in African Americans with apolipoprotein
L1 risk alleles, similar to HIVAN. Whether SARS-CoV-2 can in-

fect kidney cells locally remains controversial, but both local
infection and systemic effects are likely involved in the
pathogenesis of this disease. In this review, we present a
comparison of the clinical presentations, pathological find-
ings, disease mechanisms, and potential treatments be-
tween HIVAN and COVID-19. Leveraging the knowledge in
HIVAN and experimental approaches used to study HIVAN
will facilitate the exploration in the pathogenesis of COVID-
19-associated kidney disease and improve our management

of COVID-19 patients. © 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Itis well established that viral infection is a major cause
of acute kidney injury (AKI) and chronic kidney disease
(CKD). Some viral nephropathy occurs in the general
population, while others are found only in immunosup-
pressive individuals, such as those with a kidney trans-
plant. The criteria used for the diagnosis of viral nephrop-
athy include (1) typical clinical syndrome, (2) specific se-
rological tests, (3) identification of viremia, and (4)
detection of viral antigens and host antibodies in the kid-
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ney. Nevertheless, viremia is difficult to detect, since the
viral load is usually higher in the tissue (e.g., kidney) than
in the circulation. The detection of viruses in specific or-
gans and tissues could also be challenging due to the vary-
ing degrees of sensitivity and specificity of the available
tests such as polymerase chain reaction, in situ hybridiza-
tion, immunostaining, or electron microscopy (EM). It
should also be noted that while the renal tubular uptake
of viral particles is a common finding under EM, it does
not necessarily establish an etiological link with renal dis-
ease. An etiological link should be confirmed by a com-
plete cure following the eradication of the virus. Among
viral nephropathy, HIV-associated nephropathy (HI-
VAN) has met this criterion. Because of the effective an-
tiviral therapy (ART), the incidence and prevalence of
HIVAN have been dramatically decreased [1]. Even in
patients with advanced CKD or on dialysis, HIVAN could
be reversed or partially reversed by ART [2]. However,
such a cause-effect relationship is not fully established for
other viral nephropathies, such as hepatitis B- and C-in-
duced glomerulonephritis (GN). Even with new effective
direct antiviral agents, hepatitis C-induced cryoglobuli-
nemia and membranoproliferative glomerulonephritis
(MPGN) are not significantly improved [3].

The mechanisms of renal injury induced by viral infec-
tion are diverse and include immune-mediated, cytotox-
ic, and systemic effects, as well as antiviral therapy-in-
duced nephrotoxicity. For instance, circulating immune
complexes (ICs), consistent with viral antigens or endog-
enous antigens modified by the virus and host antibodies,
are likely responsible for hepatitis C-induced GN, where-
as in situ immune-mediated mechanisms involving viral
antigens bound to glomerular structures may underlie
the pathogenesis of hepatitis B-induced membranous ne-
phropathy (MN) [4]. Cytotoxic effects may occur as a di-
rect result of viral infection and/or expression of viral
proteins in kidney cells, or as indirect effects from infil-
trated inflammatory cells or mediators released from in-
jured cells in response to viral infection. Both of these
mechanisms are likely involved in the pathogenesis of
HIV- and COVID-19-associated kidney diseases [5, 6].
AKIis common in patients with infections of Hantavirus,
HIV, and coronavirus including severe acute respiratory
syndrome and severe acute respiratory syndrome-coro-
navirus-2 (SARS-CoV-2). AKI in these patients is caused
either by systemic effects, such as multiorgan failure, sep-
sis, and rhabdomyolysis, or by local cytotoxic effects in
kidney cells [7-9]. Many antiviral drugs have been shown
to induce nephrotoxicity, and tenofovir, an effective ART
for HIV, is a good example of these [10].
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A recent SARS-CoV-2 pandemic has hugely impacted
the health of millions of people around the world, and
that COVID-19 is not merely a respiratory disease but
induces multiple organ injury and complications, includ-
ing the kidney [6]. Recently, several reviews have been
published to summarize the COVID-19-associated kid-
ney disease. Our and other laboratories have performed
extensive research in HIV-associated kidney disease for
the past 2 decades, and we have noted many similarities
between HIV- and COVID-19-associated kidney diseas-
es, as well as their distinct features. In this review, we pres-
ent a comparison between COVID-19- and HIV-associ-
ated kidney diseases, and we believe that the approaches
that we used to study HIVAN could be applied to address
COVID-19-associated kidney disease.

Epidemiology and Clinical Presentations

HIV-Associated Kidney Disease

HIV is part of the family of lentivirus (a subgroup of ret-
rovirus) transmitted as single-stranded, positive-sense, en-
veloped RNA viruses. About 79.3 million (55.9 million to
110 million) people have become infected with HIV since
the start of the epidemic, and about 1.5 million (1.0 million
to 2.0 million) people became newly infected with HIV in
2020 [11]. Before the introduction of ART, HIVAN was a
unique kidney disease commonly associated with HIV in-
fection, and many of these patients present with massive
proteinuria and AKI with rapidly declining renal function
[12]. Histologically, HIVAN is characterized as collapsing
focal segmental glomerulosclerosis (cFSGS). HIVAN oc-
curred mostly in African Americans with apolipoprotein
L1 (APOL1)risk alleles and was aleading cause of end-stage
renal disease (ESRD) in African Americans. It has been re-
ported that approximately 6.0-48.5% of HIV-infected pa-
tients had a renal disease in Africa and 6.24-83% of these
cases were HIVAN [2]. AKI secondary to sepsis was an-
other major complication in sick HIV-infected patients
with acquired immunodeficiency syndrome (AIDS) [13].
Numerous forms of the IC-mediated glomerular disease
have been reported in HIV-positive individuals [14], re-
ferred to as HIV-associated IC kidney disease (HIVICK)
with a specific description of the pattern of IC disease in the
setting of HIV. HIV-infected patients often have co-infec-
tion with hepatitis C and both are known to induce MPGN.
The causality of HIV infection and HIVICK has not been
fully established. With ART, the incidence and prevalence
of HIV have dramatically reduced, and patients with HIV
infection live much longer. The spectrum of HIV-associat-
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ed kidney disease has also changed significantly in the ART
era. The incidence and prevalence of HIVAN and HIV-re-
lated AKI dropped dramatically due to the significant viral
suppression and rare events of AIDS. Most HIV-infected
patients with proteinuria presented with classic FSGS in-
stead of cFSGS. However, the incidence of HIVCK remains
unchanged, suggesting that suppression of viral replication
does not affect viral-induced IC glomerular disease or HIV
infection is not directly responsible for this disease. In ad-
dition, with chronic ART use, many patients develop neph-
rotoxicity related to antivirus drugs [10]. However, the
drug-induced nephrotoxicity has been reduced remarkably
by the replacement of tenofovir disoproxil fumarate by te-
nofovir alafenamide [15]. Since HIV patients live much
longer, they also suffer from comorbid kidney diseases such
as diabetic and hypertensive kidney diseased [16], and re-
cent evidence suggests that chronic HIV infection, even
with undetectable viral load, can aggravate the progression
of diabetic kidney disease [17]. Therefore, the overall inci-
dence of ESRD in HIV-infected patients remains high. In
non-AA populations without APOLI risk alleles, such as
Chinese, HIV-infected patients could develop HIVICK,
nephrotoxicity from drugs, and have the aggravation of
other kidney diseases. Therefore, HIV infection is also a risk
factor for CKD in the Chinese population.

COVID-19-Associated Kidney Disease

Coronaviruses are enveloped, positive single-stranded
RNA viruses, similar to HIV, but express a larger number
of viral proteins than HIV [18, 19]. The recent pandemic
of COVID-19, caused by SARS-CoV-2, has infected over
190 million people worldwide from January 2020 to July
2021 with multiple surges, and this pandemic has not yet
ended [20, 21]. AKI has been reported in COVID-19 pa-
tients, and the incidence of AKI varies among the regions
from 2% in China to 46% in New York City according to
our recent study from Mount Sinai Health System [22].
The incidence and the severity of AKI are affected by mul-
tiple comorbidity factors such as CKD, hypertension, di-
abetes, congestive heart failure, and age [23]. AKI oc-
curred in nearly half of all patients hospitalized with CO-
VID-19 and the majority of those admitted to the intensive
care unit [22, 24]. AKI is also associated with high mortal-
ity [25]. Acute tubular injury (ATI) seems to be the most
common finding in patients with COVID-19 and AKI
[6]. In a multicenter, observational study of deceased pa-
tients with COVID-19 in 3 third-level centers in Mexico
City, 78 (92%) were diagnosed with ATI, and ATI grades
2-3 were observed in 42 (49%) out of 85 patients [26]. In
some studies, ATI was demonstrated in all patients [27].

COVID-19- and HIV-Associated
Nephropathy

These findings on AKI in COVID-19 patients are quite
similar to those in sick HIV patients with AIDS. Interest-
ingly, the incidence of COVID-19-related AKI has been
dropped recently after more and better treatments are of-
fered to these patients [28]. We hope that similar to HIV-
related AKI, the incidence of COVID-19-related AKI will
be progressively decreasing when the pandemic is better
controlled, and this disease is better treated.

Clinical studies suggest that about 50% of patients with
COVID-19 had proteinuria and hematuria, suggesting a
possible glomerular injury [29]. Abnormal urine analysis
was associated with increased inflammatory markers and
could be used to predict the overall outcomes in these pa-
tients with COVID-19 [30]. cFSGS has emerged as a dis-
tinct pathology associated with SARS-CoV-2-infected
patients with proteinuria [27]. Several investigators have
termed this association of cFSGS with SARS-CoV-2 as
COVID-19-associated nephropathy because this disease
is almost identical to HIVAN [31-33]. These patients
were reported almost exclusively in African Americans
with APOL1 risk alleles similar to ¢FSGS in HIVAN pa-
tients. In addition, other glomerular diseases such as min-
imal change disease, MN, and lupus nephritis have been
also reported in COVID-19 patients, suggesting a poten-
tial activation of the immune system in these patients.
However, so far, IC-mediated GN has not been reported
in COVID-19 patients. It is well known that COVID-19
is associated with endothelial cell injury and a syndrome
of hypercoagulability [34]. Several cases of thrombotic
microangiopathy (TMA) in the kidney were reported in
COVID-19 patients [35]. However, unexpectedly, the in-
cidence of TMA is not common in COVID-19 patients.

The incidence and spectrum of COVID-19-associated
kidney disease in patients recovered from acute infection
remain to be determined. The current studies with a lim-
ited follow-up suggest that about one-third of these pa-
tients did not recover their renal function at discharge,
many of these patients became CKD, and some of them
were dialysis-dependent [22].

Pathology

HIV-Associated Kidney Disease

Collapsing Glomerulopathy

The characteristic pathological manifestation of HI-
VAN includes cFSGS and associated tubule-interstitial
disease. cFSGS is characterized by the glomerular col-
lapse accompanied by prominent hypertrophy and hy-
perplasia of the podocytes, with the formation of pseu-
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docrescents [12, 36]. However, whether the prolifera-
tion of podocytes or parietal epithelial cells forms
pseudocrescents remains controversial. Eventually, cF-
SGS may evolve into a more global pattern of glomeru-
losclerosis. In addition to glomerular injury, the tubu-
lointerstitial disease causes kidney enlargement and hy-
perechoic appearance by ultrasound and includes
interstitial inflammation, tubular atrophy, and micro-
cytic formation [37]. The microcysts may occur in all
tubular segments, and viral transcript expression has
been detected in cells [38].

HIV-Associated Immune Complex Kidney Disease

HIVICK has histological changes similar to MPGN,
immunoglobulin A (IgA) nephropathy, lupus nephritis,
or others as observed in the general population.

COVID-19-Associated Kidney Disease

Findings of early studies suggested that ATI, collaps-
ing glomerulopathy or cFSGS, and TMA were the 3 most
common kidney biopsy findings associated with CO-
VID-19 infection to date.

AKI with Prominent ATI

ATI features were first reported in the kidney, charac-
terized with the loss of brush border, vacuolar degenera-
tion, dilatation of the tubular lumen with cellular debris,
and occasionally even frank necrosis and detachment of
epithelium with bare tubular basement membrane as not-
ed in 26 autopsies of patients with COVID-19 by light
microscopy in China [39]. Subsequently, several studies
demonstrated a similar observation with proximal tubu-
lar damage in patients with COVID-19 [27, 40]. In some
cases, the degree of ATI was relatively mild compared
with the degree of serum creatinine elevation [41], which
might be due to the prerenal AKI secondary to hemody-
namic changes [27, 42]. Overall, COVID-19 patients may
have more severe tubular cell injury than HIV patients.

Glomerulopathy

The most common glomerular disease noted with CO-
VID-19 is cFSGS [43], similar to HIVAN or idiopathic
cFSGS. cFSGS has been also reported in patients with oth-
er viral infections such as Epstein-Barr virus, cytomega-
lovirus, and parvovirus B19 infections [44]. In addition,
minimal change disease [42], pauci-immune crescentic
GN [27], anti-neutrophil cytoplasmic antibody-associat-
ed vasculitis [27], anti-glomerular basement membrane
disease [45], IgA vasculitis with nephritis [46], MN [42],
and acute interstitial nephritis [47] have also been report-
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ed in patients with COVID-19 infection. The histological
changes in these patients are similar to those observed in
non-COVID-19 patients. Whether these immune-medi-
ated glomerular nephritis are similar to HIVCK reported
in HIV patients remains further studies.

Thrombotic Microangiopathy

Pathological analysis of kidneys in COVID-19 patients
found that TMA was presented as the primary finding or
in combination with other pathologic features like ATI
and cFSGS [27, 47]. These patients often had activation
of the complement pathway. The activation of the com-
plement components in the blood or a direct result of
SARS-CoV-2 infection of endothelial cells through the
angiotensin-converting enzyme 2 (ACE2) receptor have
been associated with endothelial activation or dysfunc-
tion with COVID-19 [48]. Endothelial dysfunction is one
of the main mechanisms of COVID-19-associated organ
damage including AKI. COVID-19 may aggravate endo-
thelial injury in patients with hypertension, antibody-
mediated rejection, and prothrombotic states [47].

It has been reported that HIV can infect endothelial
cells,and TMA occurs in HIV-infected patients, especial-
ly in children [5].

Pathogenesis

HIV-Associated Kidney Disease

The pathogenesis of HIVAN has been studied over 2
decades, and many findings from HIVAN could be also
applied to understand the pathogenesis of CKD in gen-
eral. The advances in our understanding of the pathogen-
esis of HIVAN have been made possible by taking advan-
tage of several animal models, such as the HIV-1 trans-
genic mouse model, referred as Tg26 mice. The major
findings on the pathogenesis of HIVAN are summarized
below (Fig. 1).

Direct Viral Infection of Kidney Cells

Bruggeman et al. [49] used kidney transplantation be-
tween HIV-transgenic mice and their littermates to dem-
onstrate that viral gene expression within the kidney itself
contributes to the development of HIVAN, rather than an
indirect effect of circulating cytokines. Subsequent stud-
ies further confirmed that HIV can infect podocytes, pa-
rietal epithelial cells, tubular epithelial cells, T-cells, and
macrophages in human HIVAN renal biopsy specimen
by in situ hybridizations of viral RNA and immunostain-
ing of viral proteins [50, 51].
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Fig. 1. Summary of HIV-associated kidney disease. HIV-associat-
ed kidney disease is caused by direct infection of kidney cells or
deposition of IC or drug-toxicity. HIVAN is caused by viral infec-
tion of the kidney cells likely through cell-cell transmission be-
tween infected lymphocytes and tubular epithelial cells or podo-
cytes. HIVCK, immune-mediated GN in HIV-infected patients, is
caused by IC deposition in the glomeruli. Antiviral drugs such as
tenofovir can induce nephrotoxicity in HIV patients. The patho-
logical features of HIVAN include cFSGS and tubular dilatation

The mechanism by which infection occurs remains an
enigma since these cells do not normally express CD4, the
primary receptor for HIV-1, or the co-receptors CCR5
(C-C Motif Chemokine Receptor 5) and CXCR4 (C-X-C
Motif Chemokine Receptor 4) [52, 53]. However, it is re-
ported that HIV could infect renal tubular epithelial cells
(RTECGs) in CD4-independent pathways and that incuba-
tion of HIV-infected macrophages with tubular epithelial
cells resulted in the direct transfer of HIV to RTECs via cell-
to-cell intimate contact [51]. Transfer of HIV directly from
infected lymphocytes to uninfected lymphocytes or RTECs
was also reported, and this process was shown to be more
efficient than infection by cell-free virus [54]. A recent study
elucidated that podocytes could be productively infected,
and the HIV envelope gene and cell surface proteoglycans
determined the ability of cell-free HIV-1 to infect these
podocytes [55]. TNF-a facilitated HIV infection and subse-
quent integration of HIV-1 into the podocyte DNA.

It is worth noting that the presence of HIV-1 proviral
RNA was detected in renal epithelial cells even in patients
with undetectable levels of viral RNA in the peripheral
blood [50]. Further, Marras et al. [52] revealed evidence
for kidney-specific viral evolution, suggesting the exis-
tence of a renal viral reservoir. Importantly, studies
showed that infected RTEC can also transfer HIV to un-
infected T lymphocytes [56]. Canaud etal. [57] found that

COVID-19- and HIV-Associated
Nephropathy

with microcysts. Clinically, these patients present with AKI, ne-
phrotic syndrome, and enlarged kidneys. The pathological and
clinical findings of HIVCK are similar to those of other GN. Drug-
induced nephrotoxicity presents as ATN, AIN, or Fanconi syn-
drome. HIV-1: human immunodeficiency virus-1; RTEC: renal
tubular epithelial cells; APOL1: apolipoprotein L1; HIVCK: HIV
immune complex kidney disease; GN: glomerulonephritis; cFSGS:
collapsing focal segmental glomerulosclerosis; ATN: acute tubular
necrosis; AIN: acute interstitial nephritis; IC, immune complex.

13 of 19 HIV-positive patients who had undetectable
plasma HIV RNA at the time of kidney transplantation
had detectable HIV RNA in either podocytes or RTECs
after transplant, and this has been further confirmed by
another recent study [58]. Collectively, therapies aimed at
fully curing HIV infection will need to include strategies
to eliminate HIV infection in the kidneys.

Genetics - APOL1

The APOL1 risk alleles are known as G1 and G2,
whereas GO signifies the nonrisk APOL1 allele. In gen-
eral, 2 risk alleles (genotypes G1/G1, G2/G2, or G1/G2)
are rendered as high-risk variants of APOL1 [59]. Early
evidence found that classic HIVAN predominantly oc-
curs in individuals of African descent [60]. The genetic
predisposition to HIVAN among patients of African de-
scent associates with high-risk variants in the APOL1
gene [61] because APOL1 kidney risk alleles are detected
only in African descent [62]. APOL1 was strongly associ-
ated with HIVAN, with about 29-fold higher odds in AA
[62] and 89-fold higher odds in Black South Africans [63].
Subsequent studies have confirmed the strong associa-
tion between the high-risk genotypes and the diagnosis of
HIVAN [64].

The mechanism of APOLI1-mediated kidney disease is
currently not completely clear. It is postulated that high
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expression of APOL1 can induce kidney cell toxicity
through the creation of ion channels in membranes, dis-
rupting the endo-lysosomal function, altering autophagy,
and inducing inflammatory cell death [65]. About 13% of
black individuals in the USA have the high-risk genotype
[2]. However, not all individuals with high-risk genotypes
develop kidney disease, suggesting that disease expres-
sion requires a “second hit,” such as viral infections and
other kidney disease risk factors.

Local Response

Viral replication is not necessary for the HIVAN phe-
notype [66], and that the expression of viral genes such as
negative regulatory factor (Nef) and/or viral protein R is
required and sufficient to generate the full HIVAN phe-
notype in rodents [67]. Infection of podocytes with Nef
activates the Src-dependent signal transducer and activa-
tor of transcription 3 (Stat3) and mitogen-activated pro-
tein kinase 1/2 pathways, which are associated with the
proliferation and/or dedifferentiation of podocytes [68].
Consistently, both phospho-mitogen-activated protein
kinase 1/2 and phospho-Stat3 were enhanced in kidney
podocytes from HIV-1 transgenic mice and HIVAN pa-
tients [68]. On the contrary, reduction of Stat3 activity
could alleviate kidney injury in HIV-1 transgenic mice in
vivo [69]. Nef-induced Ras-related C3 botulinum toxin
substrate 1 activation and Ras homolog family member A
inhibition mediated loss of stress fibers and increased la-
mellipodia in HIV-infected podocytes [70]. Viral protein
R could induce persistent activation of extracellular sig-
nal-regulated kinase, activating caspase 8-mediated cleav-
age of Bcl-2 interacting domain to truncated Bcl-2 inter-
acting domain, subsequently leading to Bcl-2-associated
X protein-mediated mitochondrial injury and apoptosis
in renal tubular epithelial cell [71].

Inflammation also plays a key role in the pathogenesis
of HIVAN. HIV infection can cause increased expression
of pro-inflammatory mediators in renal cells [72]. In a
mouse model of HIVAN, there is persistent activation of
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) in renal epithelial cells, which led to apo-
ptosis via upregulating the expression of Fas and Fas li-
gand [73]. Inhibition of NF-«kB by pharmacologic meth-
ods was reported to reduce renal injury in HIV-induced
kidney disease [74].

All these pathological processes in kidney cells in re-
sponse to HIV infection play an important role in the
pathogenesis of HIVAN. Proliferation and/or dedifferen-
tiation and abnormal cytoskeleton integrity in podocytes
can cause cFSGS, and the expression of pro-inflammatory
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factors in RTECs leads to tubulointerstitial disease, includ-
ing tubulointerstitial inflammation, atrophy, and fibrosis.

Drug Toxicity from HIV Therapy

Tenofovir, used in combination with other antiretroviral
agents, is an effective therapy for HIV infection. Clinical
studies suggest that the use of tenofovir induces Fanconi
syndrome, increases AKI, and aggravates the progression of
CKD in HIV patients likely through causing tubular cell
damage by altering mitochondrial function [75].

COVID-19-Associated Kidney Disease

Unlike HIVAN, the pathogenesis of COVID-19-asso-
ciated kidney disease remains unclear with very limited
studies (Fig. 2). In addition, we do not have good in vitro
and animal models to study this disease. However, the ap-
proaches that we took to study HIVAN could be applied
to study COVID-19 kidney disease.

Direct Viral Infection of Kidney Cells

It has been debating whether SARS-CoV-2 could di-
rectly infect kidney cells. The high expression of ACE2,
the receptor of SARS-CoV-2, in the kidney cells suggests
that the kidney should be a target of SARS-CoV-2 infec-
tion. The presence of SARS-CoV-2 or viral particles in the
kidneys detected by immunohistochemistry, in situ hy-
bridization, RT-PCR, and EM [39, 76] provide evidence
of direct infection of the kidney by SARS-CoV-2. SARS-
CoV-2 virus isolated from an autopsied kidney tissue in
affected patients was able to infect nonhuman primate
kidney tubular epithelial cells, providing perhaps the
strongest evidence for kidney infection [76]. Local infec-
tion of SARS-CoV-2 in the kidney cells is also supported
by recent studies showing that SARS-CoV-2 can infect
human kidney cells cultured in vitro or in organoids, al-
though the infection efficiency was low [76]. A recent
study suggested that a higher SARS-CoV-2 viral load in
urine sediments from COVID-19 patients correlated
with increased incidence of AKI and mortality [77], sug-
gesting that there is a correlation between viral infection
and kidney disease. However, this evidence has been chal-
lenged since the above positive findings in kidneys were
mainly obtained from autopsy samples and the specific-
ity of immunostaining and electron microscopic findings
of SARS-CoV-2 in the kidney samples have been also ar-
gued. Conversely, several studies found no evidence of
SARS-CoV-2 in kidney biopsies from patients with CO-
VID-19 infection [27, 42, 78].

Several key questions remain unanswered. It is known
that viremia is rare in COVID-19 patients, and therefore,
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Fig. 2. Summary of COVID-19-associated kidney disease. SARS-
CoV-2 may directly infect RTECs, podocytes, and endothelial cells
through ACE2 receptor. The local infection and the systemic ef-
fects caused by SARS CoV-2 jointly cause acute tubular injury,
cFSGS, and thrombotic microangiopathy. Clinically, these pa-
tients present with AKI, with or without proteinuria and hematu-

it is unclear where these viruses in urine come from. An-
other question is what routes the virus uses to infect kid-
ney cells. It remains to be determined whether SARS-
CoV-2 could infect kidney cells like HIV through macro-
phages or T cells. It will be also critical to establish good
animal models of COVID-19-related kidney disease
which will help determine whether local infection versus
system effects contribute to the pathogenesis of COVID-
19-associated kidney disease. Current evidence suggests
that SARS-CoV-2 is likely able to infect kidney cells but
with low efficiency and may only be transiently in certain
patients with a high viral infection. The low infection ef-
ficiency of SARS-CoV-2 might also be related to the lack
of co-expression of ACE2 and TMPRSS2, the cleavage en-
zyme for spike protein in the tubular cells [79].

Genetics - APOL1

Similar to HIVAN, most of the reported COVID-
19-associated cFSGS is AA with APOL1 risk allele [42, 78,
80]. However, one report indicated that the transplanted
patients with low-risk GO/G2 genotype or heterozygous
expression of wild-type and G1 variants, developed cF-
SGS in the context of COVID-19 infection [81], suggest-
ing that one risk allele may be enough to cause kidney
disease in COVID-19 patients. Further studies are re-
quired to understand how SARS-CoV-2 interacts with
APOLI1 to induce cFSGS in COVID-19 patients. It has
been postulated that systemic effects such as cytokine
storm also contribute to the pathogenesis of cFSGS in
these patients by stimulation of APOL1 expression [31].

COVID-19- and HIV-Associated
Nephropathy

ria. SARS-CoV-2, severe acute respiratory syndrome-coronavi-
rus-2; ACE2, angiotensin-converting enzyme 2; RTEC, renal tubu-
lar epithelial cells; APOL1, apolipoprotein L1; cFSGS, collapsing
focal segmental glomerulosclerosis; AKI, acute kidney injury; ATI,
acute tubular injury.

Local Response

It is known that SARS-CoV-2 can induce cell death, but
such evidence is unclear in renal cells. How different viral
proteins induce kidney cell damage requires further studies.

Drug Toxicity from COVID-19 Therapy

Drug toxicity may also contribute to the occurrence of
AKI, which has been supported by the presence of crystals
in the proximal kidney tubules and casts in COVID-19
patients [82]. Administration of vancomycin, colistin,
and aminoglycosides increased the risk of AKI in CO-
VID-19 patients [83]. Cases of AKI associated with anti-
virals used to treat COVID-19 in patients were also re-
ported, including remdesivir [84], lopinavir, and ritona-
vir [85]. Remdesivir may damage mitochondrion in renal
tubule epithelial cells to cause nephrotoxicity [6]. How-
ever, the exact mechanisms of kidney cell injury induced
by these drugs require further studies.

Systemic Effects

In addition to the sepsis and septic shock that we ob-
served in the regular intensive care unit or AIDS pa-
tients, there are several unique features in COVID-19
patients which could cause AKI. Cytokine release syn-
drome, also termed “cytokine storm,” has been report-
ed in patients with COVID-19 [86]. Many pro-inflam-
matory cytokines including IL-2, IL-7, IL-10, granulo-
cyte cell-stimulating factor, IFN-y, IP-10, MCPI,
MIP1A, and TNF-a were elevated in plasma or kidney
tissues in patients with COVID-19 infection [78, 87].
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The combined effects of cytokine release syndrome
with complement and coagulation cascades contribut-
ed to the kidney injury [88]. The infection of endothe-
lial cells and the complement system activation trigger
endothelial dysfunction. Pro-inflammatory cytokines
can cause degradation of endothelial glycocalyx and al-
teration of the coagulation system, which amplify the
vicious cycle leading to the disruption of vascular integ-
rity and formation of thrombosis. The dysfunction of
endothelial cells also promotes infiltration of neutro-
phils with subsequent release of reactive oxygen species
and neutrophil extracellular traps, ultimately aggravat-
ing endothelial cell injury [89]. It has been shown that
SARS-CoV-2 infection induces degradation of ACE2
leading to the dysregulation of the renin-angiotensin-
aldosterone aystem (RAAS) which may predispose to
vasoconstriction in renal vessels [90] and reduction of
local blood flow to the outer medulla [91]. In addition,
respiratory failure in patients with severe COVID-19
caused generalized hypoxemia and hypercapnia, which
are also related to tubular damage [92]. Hypoxemia and
hypercapnia, together with the decrease of blood supply
to the kidney, increase the risk of ischemic damage. Al-
veolar cell damage has been reported to contribute to
the damage in renal endothelium, glomeruli, and tu-
bules [92]. Rhabdomyolysis is responsible for kidney
injury in some COVID-19 patients.

Treatment

HIV-Associated Kidney Disease

Current guidelines recommend ART to be the main-
stay of treatment if HIVAN was diagnosed, irrespective
of CD4+ lymphocyte count [93]. ART has been demon-
strated to improve kidney function in patients with HIV-
associated CKD. Early evidence indicated that RAAS
blockade [94] and corticosteroid [95] attenuated kidney
injury in HIVAN patients. And corticosteroidsand RAAS
blockade are considered as an adjunct to ART in those
with a biopsy-proven HIVAN [93]. In addition, kidney
transplantation has been demonstrated to be beneficial
for ESRD patients with well-controlled HIV.

COVID-19-Associated Kidney Disease

Specific management guidelines for the treatment or
prevention of COVID-19-related kidney disease are cur-
rently lacking. Early and close monitoring of creatinine
levels along with urine output [29], supportive care, and
careful post-hospitalization care [22] are recommended
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in COVID-19 AKI patients, which are not very different
from those with non-COVID-19 AKI. Limiting indica-
tions for intubation and mechanical ventilation have
contributed to the decreased rate of AKI over the course
of the pandemic [96]. Of note, the increased risk of co-
agulopathy in AKI patients with COVID-19 should be
taken into consideration, while deciding to introduce
RRT [97]. Recent studies reported evidence to support
the protective effect of glucocorticoid [98] and tocili-
zumab [28] (a recombinant humanized anti-IL-6 recep-
tor monoclonal antibody) on the kidney in COVID-19
patients with AKI. However, such evidence is weak and
needs to be further confirmed. Antiviral drugs are cur-
rently introduced to treat COVID-19-related AKI, such
as remdesivir, which was reported to be effective as an
initial treatment for AKI patients without a concomitant
liver disease [99]. Favipiravir has also been used to treat
COVID-19 patients with AKI; however, its efficacy re-
mains to be confirmed [100].

Conclusion

There are several similarities between HIV-associated
and COVID-19-associated kidney diseases (Table 1) such
as disease spectrum including AKI and cFSGS and its
pathogenesis involving in APOLI risk alleles and proba-
bly alocal infection of the virus. In addition, both patients
with suppression of HIV viral replication and patients
with recovery from COVID-19 could suffer from CKD.
However, there are also several differences between them
(Table 1). First, SARS-CoV-2 viral infection is usually
cured with or without treatment by developing neutral-
izing antibodies, while the HIV can be only suppressed by
ART without a cure. Second, the mechanisms by which
the 2 viruses enter renal cells are different. SARS-CoV-2
may enter into proximal renal tubular epithelial cells
through ACE2 receptors. HIV infects kidney cells when
the virus is delivered directly from infected lymphocytes
to tubular epithelial cells. Third, although both HIV and
COVID-19 patients have a depletion of immune cells,
COVID-19 patients develop the cytokine storm, while
HIV patients do not. Fourth, it is recognized that HIV-
associated kidney disease is caused mostly by local infec-
tion. However, COVID-19-associated kidney disease is
likely caused by both local infection and systemic effects.
Taken together, a comparison between these 2 diseases
could help us to better understand the characteristics of
COVID-19-associated kidney disease and better manage
these patients.
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Table 1. Comparison between COVID-19- and HIV-associated kidney diseases

COVID-19-associated kidney disease

HIV-associated kidney disease

Virus Lentivirus, enveloped, positive single-stranded Coronaviruses, enveloped, positive single-stranded
RNA viruses RNA viruses
Incidences 2~46% COVID-19 patients 6~48.5% HIV-infected patients

Clinical presentations

AKI, proteinuria, hematuria

AKI, proteinuria, enlarged kidney

Pathology

ATI, cFSGS, MCD, MN, lupus nephritis, and TMA

cFSGS, HIVCK, ATN, tubulointerstitial disease

Infection of kidney cells

Unknown, likely via ACE2

Yes, via cell-cell transmission (lymphocytes-kidney
cells)

APOL1 risk alleles

Yes for cFSGS

Yes for cFSGS

Yes with sepsis

Systemic effects

Yes with cytokine storm

Drug toxicity

Yes, but not well-determined

Yes with tenofovir and others

CKD

AKIl to CKD or AKIl on CKD

Affect CKD progression

Treatment

No effective antiviral drugs, transient infection with

Effective viral suppressive drugs, persistent and not

development of neutralizing antibodies, vaccine available curable, kidney is viral reservoir, no vaccine

AKI, acute kidney injury; CKD, chronic kidney disease; APOL1, apolipoprotein L1; cFSGS, collapsing focal segmental glomerulosclerosis;
HIVCK, HIV-associated immune complex kidney disease; ATN, acute tubular necrosis; MN, membranous nephropathy; TMA, thrombotic
microangiopathy; MCD, minimal change disease; ATI, acute tubular injury; HIV, human immunodeficiency virus.

Acknowledgments

There are no acknowledgments to declare.

Statement of Ethics

The authors have no ethical conflicts to disclose.

Conflict of Interest Statement

All authors in this article declare that they have no competing
financial interests. J.C.H. is currently an associate editor of this

journal.

—

References

Lescure FX, Flateau C, Pacanowski J, Broche-
riou I, Rondeau E, Girard PM, et al. HIV-as-
sociated kidney glomerular diseases: changes
with time and HAART. Nephrol Dial Trans-
plant. 2012;27:2349-55.

Rosenberg AZ, Naicker S, Winkler CA, Kopp
JB. HIV-associated nephropathies: epidemi-
ology, pathology, mechanisms and treatment.
Nat Rev Nephrol. 2015;11:150-60.

Funding Sources

A. Chen was supported by the grants from the National Natural
Science Foundation of China (NO.81800637) and Hunan Natural
Science Outstanding Youth Fund Projects (NO.2021JJ10075); J.C.
He was supported by VA Merit Award IBX000345C, NIH
1R01DK078897, NIH 1R01DK088541, and NIH P01DK56492;

and K. Lee is supported by NIH R0O1DK117913.

Author Contributions

A.C, LY., KL, and].C.H. drafted, edited, and revised manu-
script; A.C. and L.Y prepared figures; A.C., L.Y., K.L., and J.C.H.

approved the final version of the manuscript.

3 Abdelhamid WAR, Shendi A, Zahran M, El-
bary EA, Fadda S. Hepatitis C-related mem-
branoproliferative glomerulonephritis in the
era of direct antiviral agents. ] Bras Nefrol.
2021;S0101-28002021005013302.

4 TakekoshiY, Tanaka M, Miyakawa Y, Yoshiza-

wa H, Takahashi K, Mayumi M. Free “small”
and IgG-associated “large” hepatitis B e antigen
in the serum and glomerular capillary walls of
two patients with membranous glomerulone-
phritis. N Engl ] Med. 1979;300:814-9.

5 Cohen SD, Kopp JB, Kimmel PL. Kidney dis-
eases associated with human immunodefi-
ciency virus infection. N Engl ] Med. 2017;
377:2363-74.

6 Legrand M, Bell S, Forni L, Joannidis M,
Koyner JL, Liu K, et al. Pathophysiology of
COVID-19-associated acute kidney injury.
Nat Rev Nephrol. 2021;17(11):1-14.

COVID-19- and HIV-Associated
Nephropathy

Kidney Dis 2022;8:1-12 9
DOI: 10.1159/000520235


https://www.karger.com/Article/FullText/520235?ref=1#ref1
https://www.karger.com/Article/FullText/520235?ref=1#ref1
https://www.karger.com/Article/FullText/520235?ref=2#ref2
https://www.karger.com/Article/FullText/520235?ref=3#ref3
https://www.karger.com/Article/FullText/520235?ref=4#ref4
https://www.karger.com/Article/FullText/520235?ref=5#ref5
https://www.karger.com/Article/FullText/520235?ref=6#ref6

10

11

12

13

14

15

16

17

18

19

20

Latus J, Schwab M, Tacconelli E, Pieper FM,
Wegener D, Rettenmaier B, et al. Acute kid-
ney injury and tools for risk-stratification in
456 patients with hantavirus-induced ne-
phropathia epidemica. Nephrol Dial Trans-
plant. 2015;30:245-51.

Gameiro ], Agapito Fonseca J, Jorge S, Lopes
JA. Acute kidney injury in HIV-infected pa-
tients: a critical review. HIV Med. 2019;20:
77-87.

Sanguedolce F, Zanelli M, Froio E, Bisagni A,
Zizzo M, Ascani S, et al. Pathological diagno-
sis of coronavirus-related nephropathy: in-
sight from Postmortem Studies. Crit Rev Clin
Lab Sci. 2021:1-13.

Scherzer R, Estrella M, Li Y, Choi A, Deeks
SG, Grunfeld C, et al. Association of tenofovir
exposure with kidney disease risk in HIV in-
fection. AIDS. 2012;26:867-75.

United Nations Programme on HIV and
AIDS. Global HIV & AIDS statistics - fact
sheet. Available from: https://www.unaids.
org/en/resources/fact-sheet.

Wyatt CM, Klotman PE, D’Agati VD. HIV-
associated nephropathy: clinical presenta-
tion, pathology, and epidemiology in the era
of antiretroviral therapy. Semin Nephrol.
2008;28:513-22.

Kimweri D, Ategeka J, Ceasor F, Muyindike
W, Nuwagira E, Muhindo R. Incidence and
risk predictors of acute kidney injury among
HIV-positive patients presenting with sepsis
in alow resource setting. BMC Nephrol. 2021;
22(1):238.

Naicker S, Fabian J, Naidoo S, Wadee S, Paget
G, Goetsch S. Infection and glomerulonephri-
tis. Semin Immunopathol. 2007;29:397-414.

Seo JW, Kim K, Jun KI, Kang CK, Moon SM,
Song KH, et al. Recovery of tenofovir-induced
nephrotoxicity following switch from tenofo-
vir disoproxil fumarate to tenofovir alafen-
amide in human immunodeficiency virus-
positive patients. Infect Chemother. 2020;52:
381-8.

Berliner AR, Fine DM, Lucas GM, Rahman
MH, Racusen LC, Scheel PJ, et al. Observa-
tions on a cohort of HIV-infected patients un-
dergoing native renal biopsy. Am ] Nephrol.
2008;28:478-86.

FengJ, Bao L, Wang X, Li H, Chen Y, Xiao W,
et al. Low expression of HIV genes in podo-
cytes accelerates the progression of diabetic
kidney disease in mice. Kidney Int. 2021;
99(4):914-25.

Gordon DE, Jang GM, Bouhaddou M, Xu J,
Obernier K, White KM, et al. A SARS-CoV-2
protein interaction map reveals targets for
drug repurposing. Nature. 2020;583:459-68.

Jager S, Cimermancic P, Gulbahce N, Johnson
JR, McGovern KE, Clarke SC, et al. Global
landscape of HIV-human protein complexes.
Nature. 2011;481:365-70.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L,
Zhang W, et al. A pneumonia outbreak asso-
ciated with a new coronavirus of probable bat
origin. Nature. 2020;579:270-3.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Callaway E, Cyranoski D. China coronavirus:
six questions scientists are asking. Nature.
2020;577:605-7.

Chan L, Chaudhary K, Saha A, Chauhan K,
Vaid A, Zhao S, et al. AKI in hospitalized pa-
tients with COVID-19. ] Am Soc Nephrol.
2021;32(1):151-60.

Hirsch JS, Ng JH, Ross DW, Sharma P, Shah
HH, Barnett RL, et al. Acute kidney injury in
patients hospitalized with COVID-19. Kidney
Int. 2020;98:209-18.

Birkelo BC, Parr SK, Perkins AM, Greevy RA
Jr, Hung AM, Shah SC, et al. Comparison of
COVID-19 versus influenza on the incidence,
features, and recovery from acute kidney in-
jury in hospitalized United States Veterans.
Kidney Int. 2021;100(4):894-905.

Yan Q, Zuo P, Cheng L,LiY, Song K, ChenY,
et al. Acute kidney injury is associated with
in-hospital mortality in older patients with
COVID-19. | Gerontol A Biol Sci Med Sci.
2021;76(3):456-62.

Rivero J, Merino-Lopez M, Olmedo R, Garri-
do-Roldan R, Moguel B, Rojas G, et al. Asso-
ciation between postmortem kidney biopsy
findings and acute kidney injury from pa-
tients with SARS-CoV-2 (COVID-19). Clin |
Am Soc Nephrol. 2021;16(5):685-93.
Sharma P, Uppal NN, Wanchoo R, Shah HH,
Yang Y, Parikh R, etal. COVID-19-associated
kidney injury: a case series of kidney biopsy
findings. ] Am Soc Nephrol. 2020;31:1948-
58.

RECOVERY Collaborative Group. Tocili-
zumab in patients admitted to hospital with
COVID-19 (RECOVERY): a randomised,
controlled, open-label, platform trial. Lancet.
2021;397:1637-45.

Nadim MK, Forni LG, Mehta RL, Connor MJ
Jr., Liu KD, Ostermann M, et al. COVID-
19-associated acute kidney injury: consensus
report of the 25th acute disease quality initia-
tive (ADQI) workgroup. Nat Rev Nephrol.
2020;16:747-64.

Fukao Y, Nagasawa H, Nihei Y, Hiki M, Naito
T, Kihara M, et al. COVID-19-induced acute
renal tubular injury associated with elevation
of serum inflammatory cytokine. Clin Exp
Nephrol. 2021;25(11):1240-6.

VelezJCQ, Caza T, Larsen CP. COVAN is the
new HIVAN: the re-emergence of collapsing
glomerulopathy with COVID-19. Nat Rev
Nephrol. 2020;16:565-7.

Izzedine H, Brocheriou I, Arzouk N, Seilhean
D, Couvert P, Cluzel P, et al. COVID-19-as-
sociated collapsing glomerulopathy: a report
of two cases and literature review. Intern Med
J. 2020;50(12):1551-8.

Nasr SH, Kopp JB. COVID-19-associated col-
lapsing glomerulopathy: an emerging entity.
Kidney Int Rep. 2020;5:759-61.

Abou-Ismail MY, Diamond A, Kapoor S,
Arafah Y, Nayak L. The hypercoagulable state
in COVID-19: incidence, pathophysiology,
and management. Thromb Res. 2020;194:
101-15.

10

Kidney Dis 2022;8:1-12
DOI: 10.1159/000520235

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Jhaveri KD, Meir LR, Flores Chang BS, Parikh
R, Wanchoo R, Barilla-LaBarca ML, et al.
Thrombotic microangiopathy in a patient
with COVID-19. Kidney Int. 2020;98:509-12.
Dijkman HB, Weening JJ, Smeets B, Verrijp
KC, van Kuppevelt TH, Assmann KK, et al.
Proliferating cells in HIV and pamidronate-
associated collapsing focal segmental glomer-
ulosclerosis are parietal epithelial cells. Kid-
ney Int. 2006;70:338-44.

Cohen AH, Nast CC. HIV-associated ne-
phropathy. A unique combined glomerular,
tubular, and interstitial lesion. Mod Pathol.
1988;1:87-97.

Rosenstiel PE, Gruosso T, Letourneau AM,
Chan JJ, LeBlanc A, Husain M, et al. HIV-1
Vpr inhibits cytokinesis in human proximal
tubule cells. Kidney Int. 2008;74:1049-58.

Su H, Yang M, Wan C, Yi LX, Tang F, Zhu
HY, et al. Renal histopathological analysis of
26 postmortem findings of patients with CO-
VID-19 in China. Kidney Int. 2020;98:219-
27.

Werion A, Belkhir L, Perrot M, Schmit G,
Aydin S, Chen Z, et al. SARS-CoV-2 causes a
specific dysfunction of the kidney proximal
tubule. Kidney Int. 2020;98:1296-307.
Santoriello D, Khairallah P, Bomback AS, Xu
K, Kudose S, Batal I, et al. Postmortem kidney
pathology findings in patients with CO-
VID-19.] Am Soc Nephrol. 2020;31:2158-67.
Kudose S, Batal I, Santoriello D, Xu K, Bar-
asch J, Peleg Y, et al. Kidney biopsy findings
in patients with COVID-19. ] Am Soc
Nephrol. 2020;31:1959-68.

Shetty AA, Tawhari I, Safar-Boueri L, Seif N,
Alahmadi A, Gargiulo R, et al. COVID-19-as-
sociated glomerular disease. ] Am Soc
Nephrol. 2021;32(1):33-40.

Chandra P, Kopp JB. Viruses and collapsing
glomerulopathy: a brief critical review. Clin
Kidney J. 2013;6:1-5.

Prendecki M, Clarke C, Cairns T, Cook T,
Roufosse C, Thomas D, et al. Anti-glomerular
basement membrane disease during the CO-
VID-19 pandemic. Kidney Int. 2020;98:780-
1.

Suso AS, Mon C, Oifiate Alonso I, Galindo
Romo K, Juarez RC, Ramirez CL, et al. IgA
vasculitis with nephritis (Henoch-Schonlein
Purpura) in a COVID-19 patient. Kidney Int
Rep. 2020;5(11):2074-8.

Akilesh S, Nast CC, Yamashita M, Henriksen
K, Charu V, Troxell ML, et al. Multicenter
clinicopathologic correlation of kidney biop-
sies performed in COVID-19 patients pre-
senting with acute kidney injury or protein-
uria. Am J Kidney Dis. 2021;77(1):82-el.
Monteil V, Kwon H, Prado P, Hagelkriiys A,
Wimmer RA, Stahl M, et al. Inhibition of
SARS-CoV-2 infections in engineered human
tissues using clinical-grade soluble human
ACE2. Cell. 2020;181:905-13.€7.

Chen/Yin/Lee/He


https://www.karger.com/Article/FullText/520235?ref=7#ref7
https://www.karger.com/Article/FullText/520235?ref=7#ref7
https://www.karger.com/Article/FullText/520235?ref=8#ref8
https://www.karger.com/Article/FullText/520235?ref=9#ref9
https://www.karger.com/Article/FullText/520235?ref=9#ref9
https://www.karger.com/Article/FullText/520235?ref=10#ref10
https://www.karger.com/Article/FullText/520235?ref=12#ref12
https://www.karger.com/Article/FullText/520235?ref=13#ref13
https://www.karger.com/Article/FullText/520235?ref=14#ref14
https://www.karger.com/Article/FullText/520235?ref=15#ref15
https://www.karger.com/Article/FullText/520235?ref=16#ref16
https://www.karger.com/Article/FullText/520235?ref=17#ref17
https://www.karger.com/Article/FullText/520235?ref=18#ref18
https://www.karger.com/Article/FullText/520235?ref=19#ref19
https://www.karger.com/Article/FullText/520235?ref=20#ref20
https://www.karger.com/Article/FullText/520235?ref=21#ref21
https://www.karger.com/Article/FullText/520235?ref=22#ref22
https://www.karger.com/Article/FullText/520235?ref=23#ref23
https://www.karger.com/Article/FullText/520235?ref=23#ref23
https://www.karger.com/Article/FullText/520235?ref=24#ref24
https://www.karger.com/Article/FullText/520235?ref=25#ref25
https://www.karger.com/Article/FullText/520235?ref=26#ref26
https://www.karger.com/Article/FullText/520235?ref=26#ref26
https://www.karger.com/Article/FullText/520235?ref=27#ref27
https://www.karger.com/Article/FullText/520235?ref=28#ref28
https://www.karger.com/Article/FullText/520235?ref=29#ref29
https://www.karger.com/Article/FullText/520235?ref=30#ref30
https://www.karger.com/Article/FullText/520235?ref=30#ref30
https://www.karger.com/Article/FullText/520235?ref=31#ref31
https://www.karger.com/Article/FullText/520235?ref=31#ref31
https://www.karger.com/Article/FullText/520235?ref=32#ref32
https://www.karger.com/Article/FullText/520235?ref=32#ref32
https://www.karger.com/Article/FullText/520235?ref=33#ref33
https://www.karger.com/Article/FullText/520235?ref=34#ref34
https://www.karger.com/Article/FullText/520235?ref=35#ref35
https://www.karger.com/Article/FullText/520235?ref=36#ref36
https://www.karger.com/Article/FullText/520235?ref=36#ref36
https://www.karger.com/Article/FullText/520235?ref=37#ref37
https://www.karger.com/Article/FullText/520235?ref=38#ref38
https://www.karger.com/Article/FullText/520235?ref=39#ref39
https://www.karger.com/Article/FullText/520235?ref=40#ref40
https://www.karger.com/Article/FullText/520235?ref=41#ref41
https://www.karger.com/Article/FullText/520235?ref=42#ref42
https://www.karger.com/Article/FullText/520235?ref=42#ref42
https://www.karger.com/Article/FullText/520235?ref=43#ref43
https://www.karger.com/Article/FullText/520235?ref=43#ref43
https://www.karger.com/Article/FullText/520235?ref=44#ref44
https://www.karger.com/Article/FullText/520235?ref=44#ref44
https://www.karger.com/Article/FullText/520235?ref=45#ref45
https://www.karger.com/Article/FullText/520235?ref=46#ref46
https://www.karger.com/Article/FullText/520235?ref=46#ref46
https://www.karger.com/Article/FullText/520235?ref=47#ref47
https://www.karger.com/Article/FullText/520235?ref=48#ref48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Bruggeman LA, Dikman S, Meng C, Quaggin
SE, Coffman TM, Klotman PE. Nephropathy
in human immunodeficiency virus-1 trans-
genic mice is due to renal transgene expres-
sion. ] Clin Invest. 1997;100:84-92.
Bruggeman LA, Ross MD, Tanji N, Cara A,
Dikman S, Gordon RE, et al. Renal epithelium
is a previously unrecognized site of HIV-1 in-
fection. ] Am Soc Nephrol. 2000;11:2079-87.
Ray PE, Liu XH, Henry D, Dye L 3rd, Xu L,
Orenstein JM, et al. Infection of human pri-
mary renal epithelial cells with HIV-1 from
children with HIV-associated nephropathy.
Kidney Int. 1998;53:1217-29.

Marras D, Bruggeman LA, Gao F, Tanji N,
Mansukhani MM, Cara A, et al. Replication
and compartmentalization of HIV-1 in kid-
ney epithelium of patients with HIV-associat-
ed nephropathy. Nat Med. 2002;8:522-6.
Eitner F, Cui Y, Hudkins KL, Stokes MB,
Segerer S, Mack M, et al. Chemokine receptor
CCR5 and CXCR4 expression in HIV-associ-
ated kidney disease. ] Am Soc Nephrol. 2000;
11:856-67.

Hiibner W, McNerney GP, Chen P, Dale BM,
Gordon RE, Chuang FY, et al. Quantitative
3D video microscopy of HIV transfer across
T cell virological synapses. Science. 2009;323:
1743-7.

Li ], Das JR, Tang P, Han Z, Jaiswal JK, Ray
PE. Transmembrane TNF-a facilitates HIV-1
infection of podocytes cultured from children
with HIV-associated nephropathy. ] Am Soc
Nephrol. 2017;28:862-75.

Blasi M, Balakumaran B, Chen P, Negri DR,
Cara A, Chen BK, et al. Renal epithelial cells
produce and spread HIV-1 via T-cell contact.
AIDS. 2014;28:2345-53.

Canaud G, Dejucg-Rainsford N, Avettand-
Fenoél V, Viard JP, Anglicheau D, Bienaimé
F, et al. The kidney as a reservoir for HIV-1
after renal transplantation. ] Am Soc Nephrol.
2014;25:407-19.

Blasi M, Stadtler H, Chang J, Hemmersbach-
Miller M, Wyatt C, Klotman P, et al. Detec-
tion of donor’s HIV strain in HIV-positive
kidney-transplant recipient. N Engl ] Med.
2020;382:195-7.

Friedman DJ, Pollak MR. APOL1 nephropa-
thy: from genetics to clinical applications.
Clin ] Am Soc Nephrol. 2021;16(2):294-303.
Kopp JB, Winkler C. HIV-associated ne-
phropathy in African Americans. Kidney Int
Suppl. 2003;83:543-9.

Genovese G, Friedman DJ, Ross MD, Lecor-
dier L, Uzureau P, Freedman BI, et al. Asso-
ciation of trypanolytic ApoL1 variants with
kidney disease in African Americans. Science.
2010;329:841-5.

Kopp JB, Nelson GW, Sampath K, Johnson
RC, Genovese G, An P, et al. APOL1 genetic
variants in focal segmental glomerulosclero-
sis and HIV-associated nephropathy. ] Am
Soc Nephrol. 2011;22:2129-37.

COVID-19- and HIV-Associated
Nephropathy

63

64

65

66

67

68

69

70

71

72

73

74

75

76

Kasembeli AN, Duarte R, Ramsay M, Mosia-
ne P, Dickens C, Dix-Peek T, etal. APOLI risk
variants are strongly associated with HIV-as-
sociated nephropathy in Black South Afri-
cans. ] Am Soc Nephrol. 2015;26:2882-90.
Fine DM, Wasser WG, Estrella MM, Atta
MG, Kuperman M, Shemer R, et al. APOL1
risk variants predict histopathology and pro-
gression to ESRD in HIV-related kidney dis-
ease. ] Am Soc Nephrol. 2012;23:343-50.
Dachn IS, Duffield JS. The glomerular filtra-
tion barrier: a structural target for novel kid-
ney therapies. Nat Rev Drug Discov. 2021;
20(10):770-88.

Dickie P, Felser ], Eckhaus M, Bryant J, Silver
J, Marinos N, et al. HIV-associated nephropa-
thy in transgenic mice expressing HIV-1
genes. Virology. 1991;185:109-19.

Zuo Y, Matsusaka T, Zhong J, Ma ], Ma L],
Hanna Z, et al. HIV-1 genes vpr and nef syn-
ergistically damage podocytes, leading to glo-
merulosclerosis. ] Am Soc Nephrol. 2006;17:
2832-43.

He JC, Husain M, Sunamoto M, D’Agati VD,
Klotman ME, Iyengar R, et al. Nef stimulates
proliferation of glomerular podocytes
through activation of Src-dependent Stat3
and MAPK1,2 pathways. ] Clin Invest. 2004;
114:643-51.

Feng X, Lu TC, Chuang PY, Fang W, Ratnam
K, Xiong H, et al. Reduction of Stat3 activity
attenuates HIV-induced kidney injury. ] Am
Soc Nephrol. 2009;20:2138-46.

Lu TC, He JC, Wang ZH, Feng X, Fukumi-
Tominaga T, Chen N, et al. HIV-1 Nef dis-
rupts the podocyte actin cytoskeleton by in-
teracting with diaphanous interacting pro-
tein. ] Biol Chem. 2008;283:8173-82.

Snyder A, Alsauskas ZC, Leventhal JS, Rosen-
stiel PE, Gong P, Chan JJ, et al. HIV-1 viral
protein r induces ERK and caspase-8-depen-
dent apoptosis in renal tubular epithelial cells.
AIDS. 2010;24:1107-19.

Ross MJ, Fan C, Ross MD, Chu TH, Shi Y,
Kaufman L, et al. HIV-1 infection initiates an
inflammatory cascade in human renal tubular
epithelial cells. ] Acquir Immune Defic Syndr.
2006;42:1-11.

Martinka S, Bruggeman LA. Persistent NF-
kappaB activation in renal epithelial cells in a
mouse model of HIV-associated nephropa-
thy. Am J Physiol Renal Physiol. 2006;290:
F657-65.

Zhang G, Liu R, Zhong Y, Plotnikov AN,
Zhang W, Zeng L, et al. Down-regulation of
NF-kB transcriptional activity in HIV-associ-
ated kidney disease by BRD4 inhibition. ] Biol
Chem. 2012;287:28840-51.

Perazella MA. Drug-induced acute kidney in-
jury: diverse mechanisms of tubular injury.
Curr Opin Crit Care. 2019;25:550-7.

Braun F, Liitgehetmann M, Pfefferle S,
Wong MN, Carsten A, Lindenmeyer MT, et
al. SARS-CoV-2 renal tropism associates
with acute kidney injury. Lancet. 2020;396:
597-8.

77

78

79

80

81

82

83

84

85

86

87

88

89

Caceres P, Savickas G, Murray S, Umanath K,
Uduman J, YeeJ, et al. High SARS-CoV-2 Vi-
ral Load in Urine Sediment Correlates with
Acute Kidney Injury and Poor COVID-19
Outcome. ] Am Soc Nephrol. 2021;32(10):
2517-28.

Wu H, Larsen CP, Hernandez-Arroyo CF,
Mohamed MMB, Caza T, Sharshir M, et al.
AKI and collapsing glomerulopathy associ-
ated with COVID-19 and APOL 1 high-risk
genotype. ] Am Soc Nephrol. 2020;31:1688-
95.

Hoffmann M, Kleine-Weber H, Schroeder S,
Kriiger N, Herrler T, Erichsen S, et al. SARS-
CoV-2 cell entry depends on ACE2 and TM-
PRSS2 and is blocked by a clinically proven
protease inhibitor. Cell. 2020;181:271-e8.
Peleg Y, Kudose S, D’Agati V, Siddall E, Ah-
mad S, Kisselev S, et al. Acute kidney injury
due to collapsing glomerulopathy following
COVID-19 infection. Kidney Int Rep. 2020;5:
940-5.

Lazareth H, Péré H, Binois Y, Chabannes M,
SchurderJ, Bruneau T, et al. COVID-19-relat-
ed collapsing glomerulopathy in a kidney
transplant recipient. Am J Kidney Dis. 2020;
76:590-4.

XiaP, Wen Y, Duan Y, Su H, Cao W, Xiao M,
et al. Clinicopathological features and out-
comes of acute kidney injury in critically ill
COVID-19 with prolonged disease course: a
retrospective cohort. ] Am Soc Nephrol. 2020;
31:2205-21.

Sang L, Chen S, Zheng X, Guan W, Zhang Z,
Liang W, et al. The incidence, risk factors and
prognosis of acute kidney injury in severe and
critically ill patients with COVID-19 in main-
land China: a Retrospective Study. BMC
Pulm Med. 2020;20:290.

Beigel JH, Tomashek KM, Dodd LE, Mehta
AK, Zingman BS, Kalil AC, et al. Remdesivir
for the treatment of Covid-19 - final report.
N Engl ] Med. 2020;383:1813-26.

Binois Y, Hachad H, Salem JE, Charpentier J,
Lebrun-Vignes B, Pene F, et al. Acute kidney
injury associated with lopinavir/ritonavir
combined therapy in patients with CO-
VID-19. Kidney Int Rep. 2020;5:1787-90.
Jose RJ, Manuel A. COVID-19 cytokine
storm: the interplay between inflammation
and coagulation. Lancet Respir Med. 2020;
8(6):e46-7.

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y,
etal. Clinical features of patients infected with
2019 novel coronavirus in Wuhan, China.
Lancet. 2020;395:497-506.

Batlle D, Soler MJ, Sparks MA, Hiremath S,
South AM, Welling PA, et al. Acute kidney
injury in COVID-19: emerging evidence of a
distinct pathophysiology. ] Am Soc Nephrol.
2020;31:1380-3.

Perico L, Benigni A, Casiraghi F, Ng LFP, Re-
nia L, Remuzzi G. Immunity, endothelial in-
jury and complement-induced coagulopathy
in COVID-19. Nat Rev Nephrol. 2021;17(1):
46-64.

Kidney Dis 2022;8:1-12
DOI: 10.1159/000520235

11


https://www.karger.com/Article/FullText/520235?ref=49#ref49
https://www.karger.com/Article/FullText/520235?ref=50#ref50
https://www.karger.com/Article/FullText/520235?ref=51#ref51
https://www.karger.com/Article/FullText/520235?ref=52#ref52
https://www.karger.com/Article/FullText/520235?ref=53#ref53
https://www.karger.com/Article/FullText/520235?ref=54#ref54
https://www.karger.com/Article/FullText/520235?ref=55#ref55
https://www.karger.com/Article/FullText/520235?ref=55#ref55
https://www.karger.com/Article/FullText/520235?ref=56#ref56
https://www.karger.com/Article/FullText/520235?ref=57#ref57
https://www.karger.com/Article/FullText/520235?ref=58#ref58
https://www.karger.com/Article/FullText/520235?ref=59#ref59
https://www.karger.com/Article/FullText/520235?ref=60#ref60
https://www.karger.com/Article/FullText/520235?ref=60#ref60
https://www.karger.com/Article/FullText/520235?ref=61#ref61
https://www.karger.com/Article/FullText/520235?ref=62#ref62
https://www.karger.com/Article/FullText/520235?ref=62#ref62
https://www.karger.com/Article/FullText/520235?ref=63#ref63
https://www.karger.com/Article/FullText/520235?ref=64#ref64
https://www.karger.com/Article/FullText/520235?ref=65#ref65
https://www.karger.com/Article/FullText/520235?ref=66#ref66
https://www.karger.com/Article/FullText/520235?ref=67#ref67
https://www.karger.com/Article/FullText/520235?ref=68#ref68
https://www.karger.com/Article/FullText/520235?ref=69#ref69
https://www.karger.com/Article/FullText/520235?ref=69#ref69
https://www.karger.com/Article/FullText/520235?ref=70#ref70
https://www.karger.com/Article/FullText/520235?ref=71#ref71
https://www.karger.com/Article/FullText/520235?ref=72#ref72
https://www.karger.com/Article/FullText/520235?ref=73#ref73
https://www.karger.com/Article/FullText/520235?ref=74#ref74
https://www.karger.com/Article/FullText/520235?ref=74#ref74
https://www.karger.com/Article/FullText/520235?ref=75#ref75
https://www.karger.com/Article/FullText/520235?ref=76#ref76
https://www.karger.com/Article/FullText/520235?ref=77#ref77
https://www.karger.com/Article/FullText/520235?ref=78#ref78
https://www.karger.com/Article/FullText/520235?ref=79#ref79
https://www.karger.com/Article/FullText/520235?ref=80#ref80
https://www.karger.com/Article/FullText/520235?ref=81#ref81
https://www.karger.com/Article/FullText/520235?ref=82#ref82
https://www.karger.com/Article/FullText/520235?ref=83#ref83
https://www.karger.com/Article/FullText/520235?ref=83#ref83
https://www.karger.com/Article/FullText/520235?ref=84#ref84
https://www.karger.com/Article/FullText/520235?ref=85#ref85
https://www.karger.com/Article/FullText/520235?ref=86#ref86
https://www.karger.com/Article/FullText/520235?ref=87#ref87
https://www.karger.com/Article/FullText/520235?ref=88#ref88
https://www.karger.com/Article/FullText/520235?ref=89#ref89

90

91

92

93

Chen N, Zhou M, Dong X, QuJ, Gong F, Han
Y, et al. Epidemiological and clinical charac-
teristics of 99 cases of 2019 novel coronavirus
pneumonia in Wuhan, China: a Descriptive
Study. Lancet. 2020;395:507-13.

Bonventre JV, Yang L. Cellular pathophysiol-
ogy of ischemic acute kidney injury. J Clin In-
vest. 2011;121:4210-21.

Ricksten SE, Bragadottir G, Redfors B. Renal
oxygenation in clinical acute kidney injury.
Crit Care. 2013;17:221.

Lucas GM, Ross M]J, Stock PG, Shlipak MG,
Wryatt CM, Gupta SK, et al. Clinical practice
guideline for the management of chronic kid-
ney disease in patients infected with HIV:
2014 update by the HIV Medicine Associa-
tion of the Infectious Diseases Society of
America. Clin Infect Dis. 2014;59:e96-138.

94

95

96

Burns GC, Paul SK, Toth IR, Sivak SL. Effect
of angiotensin-converting enzyme inhibition
in HIV-associated nephropathy. ] Am Soc
Nephrol. 1997;8:1140-6.

Smith MC, Pawar R, CareyJT, Graham RC]Jr.,
Jacobs GH, Menon A, et al. Effect of cortico-
steroid therapy on human immunodeficiency
virus-associated nephropathy. Am ] Med.
1994;97:145-51.

Bowe B, Cai M, Xie Y, Gibson AK, Maddu-
kuri G, Al-Aly Z. Acute kidney injury in a na-
tional cohort of hospitalized US veterans with
COVID-19. Clin ] Am Soc Nephrol. 2020;16:
14-25.

12

Kidney Dis 2022;8:1-12
DOI: 10.1159/000520235

97

98

99

100

Hassanein M, Radhakrishnan Y, Sedor J,
Vachharajani T, Vachharajani VT, Augus-
tine J, et al. COVID-19 and the kidney.
Cleve Clin ] Med. 2020;87:619-31.

Sterne JAC, Sterne JAC, Murthy S, Diaz JV,
Slutsky AS, Villar J, et al. Association be-
tween administration of systemic cortico-
steroids and mortality among critically ill
patients with COVID-19: a meta-analysis.
JAMA. 2020;324:1330-41.

Selby NM, Forni LG, Laing CM, Horne KL,
Evans RD, Lucas BJ, et al. Covid-19 and
acute kidney injury in hospital: summary of
NICE guidelines. BMJ. 2020;369:m1963.
Chen, C, Zhang Y, Huang]J, Yin P, Cheng Z,
Jianyuan WuJ, et al. Favipiravir versus arbi-
dol for COVID-19: a randomized clinical
trial. MedRxiv. 2020.

Chen/Yin/Lee/He


https://www.karger.com/Article/FullText/520235?ref=90#ref90
https://www.karger.com/Article/FullText/520235?ref=91#ref91
https://www.karger.com/Article/FullText/520235?ref=91#ref91
https://www.karger.com/Article/FullText/520235?ref=92#ref92
https://www.karger.com/Article/FullText/520235?ref=93#ref93
https://www.karger.com/Article/FullText/520235?ref=94#ref94
https://www.karger.com/Article/FullText/520235?ref=94#ref94
https://www.karger.com/Article/FullText/520235?ref=95#ref95
https://www.karger.com/Article/FullText/520235?ref=96#ref96
https://www.karger.com/Article/FullText/520235?ref=97#ref97
https://www.karger.com/Article/FullText/520235?ref=98#ref98
https://www.karger.com/Article/FullText/520235?ref=99#ref99
https://www.karger.com/Article/FullText/520235?ref=100#ref100

	startTableBody

