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SARS-CoV-2 can cause diverse severe and lasting damage to the kidneys. In the latest issue of Cell Stem Cell,
Jansen et al. utilized data gleaned from human kidney autopsies and human induced pluripotent stem cell-
derived kidney organoids to investigate the direct effects of SARS-CoV-2 infection on kidney cells. They
found that such infections resulted in renal scarring (notably, tubulointerstitial fibrosis).

As the coronavirus disease 2019 (COVID-
19) global pandemic continues for a third
year, more has been unveiled about its
culprit, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).
Aside from triggering a possibly dire
innate immune response, it also causes
severe respiratory illness and a myriad of
acute and chronic multi-organ damage,
with the kidneys being one of the most
frequently targeted organs outside the
lungs. Accumulating evidence suggests
the presence of SARS-CoV-2 in some
but not all kidneys from COVID-19 cases,
yet at higher concentrations compared to
other organs (Puelles et al., 2020). Renal
manifestations of COVID-19 can range
from acute kidney injury (AKI), hematuria,
proteinuria, podocytopathy, and tubuloin-
terstitial fibrosis (Diao et al., 2021). Impor-
tantly, a substantial number of individuals

with COVID-19 experience post-acute
sequelae, a syndrome now referred to as
“long COVID,” many of whom suffered
worse outcomes of AKI such as rapid kid-
ney function decline and chronic kidney
disease (CKD) (Bowe et al., 2021). One
key to understanding these phenomena
is to determine if the virus infects kidney
cells directly and, if so, if this leads to
short- and/or long-term renal damage.
Inthe latest issue of Cell Stem Cell, Jan-
sen et al. comprehensively investigated
whether direct infection of the kidneys
by SARS-CoV-2 introduces a pro-fibrotic
phenotype (Jansen et al., 2022). The au-
thors compared kidneys of individuals
with COVID-19 compared to matched
controls. With data derived from 61
human autopsies and single-RNA nucl-
eus sequencing, the study associated
increased interstitial fibrosis with the

352 Cell Metabolism 34, March 1, 2022 © 2022 Elsevier Inc.

presence of higher activity in proinflam-
matory and fibrosis-driving pathways
(notably, tumor necrosis factor alpha
[TNFa], transforming growth factor beta,
nuclear factor kB, and JAK-STAT). Taking
this to the next level, the study utilized
human induced pluripotent stem cell
(hiPSC)-derived kidney organoids to fine
map cellular locations of SARS-CoV-2
infection and accompanying signaling
changes. In addition to verifying upregu-
lated activity of pro-fibrotic pathways
found in SARS-CoV-2-infected autopsied
kidneys, the team identified evidence of a
molecular crosstalk between proximal
tubular cells and PDGFRa/b* mesen-
chymal cells (a key source of myofibro-
blasts) that further contributed to fibrosis.

The findings by Jansen and colleagues
are exciting and supported by both
human tissues and hiPSC-derived
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Figure 1. Schematic overview of the kidney infected by SARS-CoV-2 or HIV
Mechanisms and details of SARS-CoV-2 and human immunodeficiency virus (HIV) and their impact on the kidney. SARS-CoV-2, more than HIV, triggers an innate
immune response that imposes systemic effects on the kidney, impacting glomerular injury and tubular injury. Both viruses can also infect kidney cells directly,
which in the case of SARS-CoV-2 may contribute to fibrosis. Notably, systemic and cell-specific effects are compounded, which can increase risk further upon

additional factors (e.g., sUPAR, APOL1 risk variants).

organoids. They can serve as strong evi-
dence to support the notion that SARS-
CoV-2 can directly drive renal fibrosis, a
CKD hallmark, suggesting a likely impact
on the worse AKI outcomes during
COVID-19 that are often observed. These
findings also bridged a knowledge gap,
linking acute viral iliness to kidney disease
during long-COVID. hiPSC-derived orga-
noids have the advantage of being able
to assess intercellular interactions, which
possibly explains the greater extent of
cytopathic changes seen in organoids
compared to other studies using SARS-
CoV-2-infected ex vivo models comprised

solely of tubular epithelial cells and that
lacked cytopathic changes (Omer et al.,
2021). Jansen et al. provided the first hints
that SARS-CoV-2 infection in kidney or-
ganoids is amenable to a treatment with
a protease inhibitor, providing a glimpse
into potential future treatments for
COVID-19-related kidney injury. The find-
ings also stimulate further clinical and
translational investigations for testing
SARS-CoV-2 tropism in the kidneys of
infected individuals to identify potential vi-
rus-free  kidneys for transplantation
procured from individuals who died of
fulminant COVID-19 (Lee et al., 2022).

The use of hiPSC-kidney organoids is
not without caveats, however. As the au-
thors pointed out, the protocols to differ-
entiate hiPSCs to model the adult kidney
in its entirety are still suboptimal. While
excluding extra-renal factors, such as
intensive care treatment, the model also
isolates kidney cells from the involvement
of immune cells. For example, the recruit-
ment of CD68+ macrophages, CD56+
natural killer cells, and CD8+ T cells,
alongside strong C5b-9 deposition, was
found with tubular necrosis in the kidneys
of patients with COVID-19 (Diao et al,
2021). Jansen et al. also observed an
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interaction between podocytes and the
mesenchymal endothelial  progenitor
population. The cytologic consequences
were beyond the study’s scope and
therefore not described, but one must
recognize podocytopathy, glomerular
collapsing, and sclerosis as indispens-
able parts of the COVID-19-related kidney
disease spectrum, in which innate immu-
nity likely plays an essential role. The
massive release of immune mediators
such as soluble urokinase plasminogen
activator receptor (suPAR), TNFa, and
interferon gamma, i.e., a cytokine storm,
signifies severe COVID-19 and confers
substantial risk for AKI (Azam et al,
2020; Karki et al., 2021). Biomarkers pre-
dictive of outcomes that are elevated
early during disease progression, such
as suPAR, have been successfully
applied in clinical practice to guide immu-
nomodulative treatment and improve
prognosis (Kyriazopoulou et al., 2021).
Future studies aiming to examine viral
triggers, innate immune mediators, and
kidney cell reactivity in concert will need
to be performed. In the meantime, Jansen
et al. allow us to draw the conclusion that
the renal presence of SARS-CoV-2 can
bring about pro-inflammatory and pro-
fibrotic molecular changes that may prime
the kidneys for further damage (including
hits from circulating mediators such as
suPAR and TNFa), ultimately leading to
lasting kidney disease in long COVID.
The study by Jansen et al. provides
additional insights to allow for a compari-
son of kidneys infected by SARS-CoV-2
and other viral infections, especially hu-
man immunodeficiency virus (HIV) infec-
tion (Figure 1). Both SARS-CoV-2 and
HIV directly infect podocytes and tubular
epithelial cells. Collapsing glomerulop-
athy, tubulointerstitial fibrosis, and me-
sangial injury can be seen in both
COVID-19 and HIV infection and are
perhaps dependent on the amount of the
innate immune activation that is mounted
as an anti-infection response. Lessons

354 Cell Metabolism 34, March 1, 2022

learned from our experience with HIV
infection may offer insight into the study
of COVID-19-related kidney disease. Is
there a set of COVID-19 gene products
that converges pro-fibrotic and other
pathways in diverse kidney cells and
structures? African Americans develop
COVID-19 associated with stronger AKI
more often than other racial and ethnic
groups (Hung et al., 2022). Are socioeco-
nomic factors the sole drivers of these dis-
parities, or is there a role for other genetic
factors and environmental factors? It is
noteworthy that untreated HIV infection
caused glomerulopathy in 50% of African
Americans with two APOLT risk alleles.
Data from patients with COVID-19 also
suggested AKI, proteinuria, and podocyt-
opathy were more prevalent among those
with the high-risk APOL1 genotype. Will
there be a need for screening and early
detection of CKD in long COVID? Which
antivirals and what duration of treatment
will ensure clearance of SARS-CoV-2 in
the kidneys? A stage is now set for these
topics to be addressed.
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