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General information about
SARS-CoV-2 and COVID-19

Since the beginning of the COVID-19
pandemic, knowledge about course, or-
gan involvement, and pathophysiology of
severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection has
increased rapidly. In SARS-CoV-2 in-
fection, the virus’ spike proteins bind to
the angiotensin-converting enzyme re-
ceptor 2 (ACE2) on the cell surface and
are cleaved by membrane proteases, al-
lowing the virus to fuse with the host
cell [1, 2]. SARS-CoV-2 first replicates
in the respiratory epithelia, and after-
wards endothelial infection might occur
[3]. A more detailed discussion of SARS-
CoV-2 and pulmonary involvement can
be found in other articles in this special
issue. In severe cases, the disease can
have four stages:
1. Viral infection and replication,
2. Virus dissemination,
3. Severe systemic inflammation, and
4. Systemic endothelial damage, throm-
bosis, and multiorgan damage [4].

The German version of this article can be
found under https://doi.org/10.1007/5s00292-
020-00899-1.
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COVID-19 effects on the kidney

Inaddition to therespiratory tractand the
coagulation system [5, 6], other organs
and especially the kidney can be affected
[7]. Clinically, this manifests mainly in
the form of acute kidney injury (AKI),
the pathogenesis of which is believed to
be multifactorial. Kidney cells can be di-
rectly infected via the ACE2 receptor 2
(ACE2) [8], which is expressed on prox-
imal tubule epithelia, parietal epithelial
cells, and in some cases podocytes, and
can probably be inhibited by ACE2 in-
hibitors [9]. Secondary changes, e.g., in
coagulation disorders and ischemia, are
also possible. Some of these aspects will
be discussed in more detail below.

Renal symptoms in hospitalized
COVID-19 patients

Renal symptoms, especially AKI as the
most common clinical symptom of kid-
neyinvolvement, are reported in the liter-
ature with avariable extent [10]. Richard-
son et al. [11] found AKI in more than
20% of patients treated in a New York
hospital (n=5700), of whom 3.2% re-
quire renal replacement therapy. A study
from Wuhan [12] reported that about
20% of COVID-19 intensive care pa-
tients with AKI became dialysis patients.
In another Chinese study [13] of 701
patients, 43.9% of hospitalized COVID-
19 patients were reported to have pro-
teinuria, 26.7% to have hematuria, and
13.1% to have a glomerular filtration rate
(GFR) of <60ml/min/1.73m?. Subse-
quently, 5% of these patients developed
AKI. COVID-19 patients who develop

AKI have a significantly worse outcome
with a higher risk of death.

COVID-19 renal symptomatol-
ogy in chronic kidney disease
and kidney transplant patients

Pre-existing chronic kidney disease
(CKD) appears to be associated with an
increased risk of more severe COVID-19
infection and mortality [13, 14]. From
the Austrian Dialysis and Kidney Trans-
plant Registry, it is known that between
mid-March and early April 2020 the
number of COVID-positive patients in
this registry increased dramatically, then
remained at a high plateau and recently
increased again. SARS-CoV-2 infected
kidney patients showed high overall
mortality: 27.9% of infected dialysis
patients and 6% of kidney transplant
patients died of or with COVID 19 in-
fection according to this registry. Of
the total of 18 deaths, 14 (77.7%) were
considered a direct result of SARS-
CoV-2 infection. These findings are
also confirmed by the data of the EDTA
registry [14, p. 1540-1548], wherein
particularly the very high mortality of
44.3% due to COVID-19 in the group of
kidney-transplanted patients =75 years
is emphasized. This represents a 1.28-
fold increase in mortality compared to
a matched dialysis cohort, making renal
transplant patients a particularly vulner-
able population, presumably due to the
underlying renal disease and multiple
comorbidities. However, in addition to
increased mortality, COVID-19 infec-
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Fig. 1 A SARS-CoV-2 virus detection in kidney and characteristic glomerular changes.a SARS-CoV-2
virus detection in the kidney. Fluorescence in situ hybridization (FISH) shows RNA expression of
SARS-CoV-2 virus (green; arrows) and its receptor angiotensin-converting enzyme 2 (ACE2; red) in the
glomerulus of the kidney of a COVID-19 patient. Scale bar =20 um (from [36]). b Renal histology of

a 38-year-old patient with COVID-19 and acute renal failure. Left: Masson-Goldner staining shows
fresh, wall-bound fibrin thrombi (orange) in the glomerular capillaries. Right: Imnmunohistochemistry
for fibrinogen/fibrin shows wall-adherent precipitates (red) in numerous glomerular capillaries

tion in renal transplant patients also
appears to have other functional effects,
as illustrated by numerous case reports
that have now been published [15, 16].

Morphological kidney changes
and pathophysiology of kidney
damage in COVID-19

Specific changes or pathognomonic mor-
phological lesions as in other viral dis-
eases, e.g., diffuse interstitial edema and
interstitial erythrocyte extravasations in
the cortex-marrow junction area in han-
tavirus nephropathy, or characteristic nu-
clear virus inclusion bodies as in poly-
oma and cytomegalovirus infection, are
not present or have not been described
so far in SARS-CoV-2 infection [17]. In
the studies published to date as well as
our observations, acute tubule epithelial
damage of varying degrees with dilated
tubules, flattened or vacuolated epithe-
lial cells, and thickened material in the

tubule lumen are the dominant histolog-
ical features. Su et al. [18] examined
renal tissue from 26 COVID-19 patients,
9 of whom had clinical evidence of renal
damage. Acute damage of the proximal
tubules with increased vacuolization up
to necrosis and erythrocyte aggregates
in the glomerular and peritubular cap-
illaries were the main findings in light
microscopy, whereby a few cases also
showed pigmented cylinders. In the au-
topsy study by Menter et al. [19], the
kidneys of 18 deceased COVID-19 pa-
tients were analyzed and acute tubule
damage with dilated clearings, flattened
epithelium, and interstitial edema were
also described as the most frequent find-
ings. Three patients also showed small
fibrin thrombi in the glomerular capil-
laries, consistent with disseminated in-
travascular coagulation (DIC), as also de-
scribed in the context oflung involvement
in COVID-19. Bleeding, inflammatory
vascular changes, or interstitial nephritis

were not observed in either study, but
this does not exclude pathophysiological
involvement of inflammatory processes
such as increased cytokine or comple-
ment activation. However, these factors
are difficult to demonstrate specifically
in tissue.

Recently, several papers have ap-
peared in international nephrological
journals dealing with autopsy and kid-
ney biopsy findings in SARS-CoV-2
positive patients [20-22]. Also in these
studies, acute tubule epithelial damage
was found, but characteristic virus par-
ticles were not seen in most studies,
suggesting an indirect cause of AKIL In
a recently published study, Werion and
colleagues [23] examined 49 hospitalized
patients and found a specific dysfunction
of the proximal tubules in a subgroup,
without any known previous disease.
Structurally, tubule damage was found
with loss of the brush border, acute
tubule necrosis, intratubular debris, and
reduced expression of the endocytosis
receptor megalin in the brush border.
Electron microscopy revealed virus-like
particles in vacuoles or cisterns of the
endoplasmic reticulum (ER).

Discussion on current paradigms of
the pathophysiology and treatment of
AKI in COVID-19 have been published
by Ronco and Reis [24]. In addition
to the direct viral attack of local kid-
ney cells via the ACE2 receptor, several
indirect factors play a role, which are
associated with secondary kidney dam-
age. For example, the very frequent lung
involvement in COVID-19 can lead to
areduced oxygen saturation of the blood
and thus to ischemic damage, especially
of the very energy-dependent proximal
tubules. Besides, a virus-induced activa-
tion of the complement system can be
assumed, which systemically or locally
in the kidney leads to inflammation and
cell damage via the release of mediators
such as cytokines [25]. Such complement
activation could also increase damage to
other organs and promote hypercoagu-
lopathy, which can lead to arterial fib-
rin thrombi and disseminated intravas-
cular coagulation (DIC), resulting in re-
duced renal perfusion (B Fig. 1b). Arte-
rial thrombi in pulmonary vessels lead
to increased pulmonary resistance and
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to right heart strain, which in turn pro-
motes AKI in hypo-oxygenated blood.
Furthermore, a pathophysiological role
of the so-called neutrophil extracellu-
lar traps (NET) for the microcircula-
tion disturbance in severe COVID-19
courses has also been described in the
kidney [26]. COVID-19 patients show
activation and degranulation of the neu-
trophil granulocytes in the blood and
an increased formation of NETs, which
in turn can completely or partially oc-
clude blood vessels and lead to tissue
damage. Recently, such changes have
also been demonstrated in the kidneys of
deceased COVID-19 patients [26]. An-
other recent paper by Schulte-Schrepping
et al. [27] from the German COVID-19
OMICS Initiative (DeCOI) also points
to an important pathophysiological role
of dysfunctional neutrophil granulocytes
or a dysregulated immune response in
COVID-19 infection, which may also
explain why patients with comorbidities
such as diabetes mellitus and impaired
immune competence have an increased
mortality risk.

Furthermore, a possible association
between glomerular proteinuria disease
and SARS-CoV-2 infection as well as a
possible association with renal high-risk
APOL1 genotype is reported [28]. These
and other findings are also summarized
in a review article [29, 30].

SARS-CoV-2 pathogen
diagnostics on fixed kidney
tissue

SARS-CoV-2 RNA can be detected in
kidney tissue and seems to be currently
the most sensitive and specific virus de-
tection method. On the one hand, the
PCR-based method can be used. After
isolation of RNA from the tissue (fresh or
formalin-fixed and paraffin-embedded),
specific RNA sequences of SARS-CoV-2
are detected in a PCR reaction similar
to a smear test. This method is partic-
ularly well suited for high throughput
and confirmation of infection. On the
otherhand, the viral RNA canbe detected
directly in the tissue section by in situ
hybridization (ISH). For this purpose,
complementary probes are used, which
bind specifically to the viral RNA. This
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Abstract

Apart from pulmonary disease, acute kidney
injury (AKI) is one of the most frequent and
most severe organ complications in severe
coronavirus disease 2019 (COVID-19). The
SARS-CoV-2 virus has been detected in
renal tissue. Patients with chronic kidney
disease (CKD) before and on dialysis and
specifically renal transplant patients represent
a particularly vulnerable population. The
increasing number of COVID-19 infected
patients with renal involvement led to

an evolving interest in the analysis of its
pathophysiology, morphology and modes
of virus detection in the kidney. Meanwhile,
there are ample data from several autopsy
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and kidney biopsy studies that differ in the
quantity of cases as well as in their quality.
While the detection of SARS-CoV-2 RNA in
the kidney leads to reproducible results, the
use of electron microscopy for visualisation
of the virus is difficult and currently critically
discussed due to various artefacts. The exact
contribution of indirect or direct effects on
the kidney in COVID-19 are not yet known and
are currently the focus of intensive research.

Keywords

Acute kidney injury - Coronavirus infections -
Electron microscopy - Neutrophil extracellular
traps (NETs) - SARS-CoV-2

Zusammenfassung

Bei einer schweren Coronavirus-Erkrankung-
2019 (COVID-19) ist neben der Lungenerkran-
kung selbst das akute Nierenversagen (ANV)
eine der hdufigsten und schwerwiegendsten
Komplikationen. Das SARS-CoV-2-Virus konn-
te hierbei auch in der Niere nachgewiesen
werden. Patienten mit chronischen Nieren-
erkrankungen (CKD), dialysepflichtige sowie
v.a. nierentransplantierte Patienten scheinen
eine besonders vulnerable Population darzu-
stellen. Die zunehmende Anzahl SARS-CoV-2-
infizierter Patienten hat das Interesse an der
genauen Pathophysiologie und Morphologie
der Nierenschddigung sowie am direkten
Virusnachweis in der Niere geweckt, der im
Gegensatz zur Lunge insgesamt schwieriger
zu fiihren ist. Hierzu liegen mittlerweile Daten
aus Autopsie- und Nierenbiopsiestudien

COVID-19-Auswirkungen auf die Niere. Englische Version

mit unterschiedlichen Patientenzahlen und
von sehr unterschiedlicher Qualitat vor.
Wahrend der Nachweis von SARS-CoV-2-RNA
im Nierengewebe mit gut reproduzierbaren
Ergebnissen erfolgt, ist insbesondere der
Virusnachweis mittels Elektronenmikroskopie
schwierig und wird aufgrund zahlreicher
Artefakte derzeit kritisch diskutiert. Die
genauen direkten oder indirekten Effekte von
SARS-CoV-2 auf die Niere sind noch nicht

im Detail bekannt und derzeit der Fokus
intensiver Forschung.

Schliisselworter

Akuter Nierenschaden - Coronavirus-Infektio-
nen - Elektronenmikroskopie - Neutrophile
extrazelluldre Netze (NETs) - SARS-CoV-2

binding can be visualized using fluores-
cent (FISH) or chromogenic (CISH) dyes
[15, 16]. This method is somewhat more
complex but offers a cell-specific analysis
of the virus location. It is also possible
to analyze other genes (or proteins) in
parallel in the same cell, e.g., the virus
receptor ACE2, using double or multiple
ISH (BFig. 1a). Using these methods it
was possible to show that SARS-CoV-2
RNA is not only found in the lung but
to a lesser extent also in various other
organs, including the kidney. A recently
published paper compared the methods

of virus detection on kerosene material
and showed that in situ virus detection
at both the RNA and protein level is usu-
ally more difficult in the kidney than in
the lung [31]. In the autopsy study by
Braun et al. [32], SARS-CoV-2 RNA
detection in the kidney was successful
in 60% (38/63) of patients. This finding
was associated with higher age, a higher
number of comorbidities, and a short-
ened patient survival.

Ultrastructural examination by elec-
tron microscopy (EM) for SARS-CoV-2
virus detection should also be mentioned.
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The EM is used as a standard method
in nephropathology (and cardiac pathol-
ogy) for the detection or confirmation of
a viral infection such as CMV or poly-
omavirus. Although the ultrastructural
detection of SARS-CoV-2 in human tis-
sue, and especially autopsy material, is far
from trivial, EM and also more specific
methods such asimmunogold EM or cor-
relative light microscopic EM (CLEM)
have a possible diagnostic value [33].
Nicely illustrated studies by Roufosse et
al. [34] and Hopfer et al. [35] com-
ment on the problems of virus detection
by EM and point out various artifacts
that can imitate virus particles. Thus,
caution is required when using electron
microscopy for virus detection or inter-
pretation of electron microscopic images
and findings, as there are numerous pit-
falls and structures that look very similar
to virus particles. A more detailed dis-
cussion of the detection methods can also
be found in another article in this special
issue.

Finally, it should be mentioned that
in addition to the possibly artifact-prone
methods and technical aspects just men-
tioned, it is still necessary to critically
assess the currently available findings on
COVID-19 and kidney. Most of these
were obtained in a very short time, pub-
lished quickly, and, at least in some cases,
apparently without a thorough review
process. It remains opened which of this
knowledge will stand up to critical ex-
amination in larger numbers of cases or
with the corresponding controls.

Practical conclusions

== |n the course of a severe infection
with the SARS-CoV-2 virus, renal dys-
function and acute renal insufficiency
often occur in patients with healthy
kidneys and especially in patients
with kidney disease with pre-existing
chronic damage.

== Acute renal failure is histomorpho-
logically characterized by severe
diffuse acute tubule damage.

== How the acute component of kidney
failure occurs has not yet been fully
clarified in detail, but is presumably
multifactorial etiology. Both direct
viral effects via the angiotensin-

converting enzyme receptor 2 (ACE2
receptor) present on numerous
kidney cells and indirect effects such
as impaired perfusion or cytokine
and complement activation could
play arole.

== In contrast to other renal involvement
in systemic viral infection, SARS-
CoV-2 does not cause acute T-cell
mediated interstitial nephritis and no
specific glomerulonephritides have
been reported.
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