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Abstract

Kidney pathology is frequently reported in patients hospitalized with COVID-19, the pandemic disease caused by the
Severe acute respiratory coronavirus 2 (SARS-CoV-2). However, due to a lack of suitable study models, the events
occurring in the kidney during the earliest stages of infection remain unknown. We have developed hamster organotypic
kidney cultures (OKCs) to study the early stages of direct renal infection. OKCs maintained key renal structures in
their native three-dimensional arrangement. SARS-CoV-2 productively replicated in hamster OKCs, initially targeting
endothelial cells and later disseminating into proximal tubules. We observed a delayed interferon response, markers of
necroptosis and pyroptosis, and an early repression of pro-inflammatory cytokines transcription followed by a strong
later upregulation. While it remains an open question whether an active replication of SARS-CoV-2 takes place in the
kidneys of COVID-19 patients with AKI, our model provides new insights into the kinetics of SARS-CoV-2 kidney
infection and can serve as a powerful tool for studying kidney infection by other pathogens and testing the renal toxicity

of drugs.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the causative agent of Coronavirus Disease 2019
(COVID-19),! a pandemic disease that in January 2022 has
counted at least 454.5 million cases and claimed 6 million
lives worldwide,? leading to devastating personal, social,
and economic consequences. Pulmonary failure is the most
common symptom of severe COVID-19. However,
COVID-19 can also involve cardiovascular, neurological,
gastrointestinal, hepatic and renal complications poten-
tially resulting in multiorgan failure.> While being rare in
the mild and moderate form of the disease, acute kidney
injury (AKI) is frequently reported in hospitalized patients,
reaching 50% for patients in critical care units. In such
cases, AKI is a significant predictor of poor outcome.* '
Furthermore, a persistent decline in renal function has been
documented in discharged COVID-19 patients, including a
proportion of those not presenting with AKI during the
acute phase of the disease, for at least 6 months of follow-
up.'! An increased risk of AKI and chronic kidney disease
development in post-acute COVID-19 has also been
reported.!> As long-term COVID-19 sequelae affect mil-
lions of recovered patients, such complications may
become a significant public health concern.'>!#

Studies of kidney autopsy samples from COVID-19
patients with AKI reveal signs of acute tubular necrosis,
collapsing glomerulopathy and thrombotic microangiopa-
thy. Knowledge of the precise mechanisms underlying
renal pathology in acute and post-acute COVID-19 remain
scarce.>”!> AKI could be a consequence of microangiopa-
thy, thrombosis, rhabdomyolysis, inflammatory cytokine
expression and complement activation. It may also be
related to ventilation-induced alterations in blood flow,
hemodynamic failure and to the nephrotoxicity of drugs
used to treat the patients. Moreover, SARS-CoV-2 parti-
cles have been detected in renal biopsies, suggesting direct
infection and viral replication may cause cytopathic effects
in the kidney.>!®?? Further investigation is required to
confirm whether the virus can replicate in renal tissue,
identify its initial cellular targets and dissemination pat-
tern, and elucidate the organ’s response to infection.

To date, the vast majority of samples used to study renal
involvement in COVID-19 were obtained via autopsy or
biopsy from patients with advanced disease, and do not
provide information regarding the early stages of renal
infection.” As in the case of other nephrotropic pathogens,
studying SARS-CoV-2 kidney infection is challenging due
to the lack of relevant in vitro models and the difficulties
in monitoring an in vivo infection in a non-invasive
way.?>?* In order to gain insight into the early stages of
SARS-CoV-2 infection of kidney, we turned to organo-
typic culture systems. In this ex vivo model, 350-500 um
thick slices of organs are cultured on an air-liquid inter-
face. Organotypic cultures represent the only model

containing all cell types from an organ of interest in their
native three-dimensional arrangement.”>?° Organotypic
cultures prepared from mouse and hamster brain have been
used successfully to study the infection of the central nerv-
ous system by Measles virus*® and Nipah virus,” or,
together with lung organotypic cultures, by SARS-
CoV-2.%° Organotypic cultures from human and mouse
kidney slices have been described previously but have
never been used to study SARS-CoV-2 or other viral
infections.?-3!

Live samples of human kidneys are very difficult to
obtain for obvious ethical reasons. Golden Syrian hamsters
(Mesocricetus auratus) are a representative and economi-
cal model for SARS-CoV-2 infection. When challenged
with SARS-CoV-2, they develop symptoms mimicking
mild disease in humans and accumulate a viral load in
various organs, including kidney.3> Recently, our group
has developed and characterized hamster organotypic
lung, brainstem and cerebellum cultures as models for
studying SARS-CoV-2 infection and platforms for testing
antiviral drugs.” To study SARS-CoV-2 infection in renal
tissue, we have now developed hamster organotypic kid-
ney cultures (OKCs). SARS-CoV-2 infection of these
organotypic cultures was effective, thus supporting the
possibility of active viral replication in human kidneys.
Our OKC models proved particularly valuable for investi-
gating the tropism and dissemination of SARS-CoV-2 in
renal tissue and analyzing its innate immune response to
infection.

Materials and methods

Animals and ethical authorization. Syrian golden hamsters
(Mesocricetus auratus) used in this study were obtained
from Janvier Labs (Le Genest-Saint-Isle, France) with clean
health monitoring report. K18-hACE2 mice were obtained
from the Jackson laboratory. The sex of the animals was
random and dependent on the litter threw by the mother.
Animals were euthanized at 7 days old. This study was per-
formed according to French ethical committee (CECCAPP)
regulations (accreditation CECCAPP_ENS 2014 034).

Preparation of organotypic cultures. The procedure for
Organotypic Kidney Cultures (OKC) was adapted from the
protocol for Organotypic Brain Cultures (OBC) described
previously.>* A day before the dissection, Millicell® cell
culture inserts with PTFE membranes (Merck) were pre-
activated with OKC medium. The OKC medium contains
375mL of Minimal Essential Medium GlutaMAX (Ther-
moFisher Scientific), 125mL of heat-inactivated horse
serum (Gibco), 2.5g of D-glucose (Sigma-Aldrich) and
I mL of human recombinant insulin (10mg/mL) (Sigma-
Aldrich), and was sterilized with a 0.22 um filter. The OKC
medium is identical to the OBC medium described by
Welsch® and used by Ferren et al.?® for organotypic lung,
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brainstem and cerebellum cultures. Seven to nine-day suck-
ling hamsters were sacrificed and their abdominal cavity
was opened. Kidneys were collected and placed into a solu-
tion of Hibernate®A medium (Sigma-Aldrich), 1X
kynurenic acid solution (for a 10X solution: 378 mg of
kynurenic acid (Sigma-Aldrich) in 170 mL of H,0, 20mL
of 1M MgCl, (Sigma-Aldrich) adjusted to pH 7.4 with
0.1M NaOH (Sigma-Aldrich), 1mL HEPES (Sigma-
Aldrich), adjusted to a final volume of 200mL) and 1X
penicillin/streptomycin solution (Corning). Kidneys were
placed on six layers of Whatman paper with their longitudi-
nal axis perpendicular to the tissue chopper blade and sliced
transversely using the Mcllwain® tissue chopper (Campden
Instruments) at 500 um thickness for all experiments except
the Seahorse XF Analyzer Respiratory Assay that required
400 pum slices. The slices were dissociated under a dissec-
tion microscope. Undamaged and homogenous slices were
selected and maintained on an air-liquid interface provided
by PTFE membranes pre-activated with OKC medium.
Organotypic lung cultures were prepared using the protocol
described by Ferren et al.’

Viruses and infection of organotypic kidney cultures. Viral
stocks have been produced and titrated at 37°C in Vero E6
cells. Briefly, cells were infected at a Multiplicity Of Infec-
tion (MOI) of 0.01 in DMEM. After 90 min of incubation
at 37°C, the medium was replaced with DMEM-2% FBS
and the cells were incubated at 37°C in 5% CO, atmos-
phere for 2days. Viral supernatants were collected and
centrifuged (400 X g, Smin), aliquoted, and titrated as
plaque-forming units using a classic dilution limit assay. A
2 uL drop containing the required amount of viral plaque-
forming units (pfu) was placed on each organotypic kidney
slice. Infected slices were incubated at 37°C until collec-
tion. Slices were infected with wild-type SARS-CoV-2
(2019-nCoV/USA_WA1/2020) or a recombinant strain
icSARS-CoV-2-mNG  expressing the mNeonGreen
reporter gene inserted into its ORF7.34

Seahorse XF analyzer respiratory assay. Organotypic kidney
slices were prepared and sliced in Neurobasal®-A Medium
1X (Gibco) at 400 um and assayed on the day of prepara-
tion (day 0) or following 1 or 4 days of culture at air-liquid
interface with OKC medium at 37°C. OKCs were washed
in 1X phosphate buffer saline (Gibco). I mm punches were
prepared from the renal cortex and 1 punch/well was
placed in a 24-wells islet capture microplate (Agilent).
Punches were washed twice with 1mL Seahorse XF
DMEM medium (pH 7.4) supplemented with glucose
(10mM), pyruvate (1 mM) and L-glutamine (2mM) and
incubated 1h at 37°C in a non-CO2 incubator. 500 uL of
fresh Seahorse medium were added to each well before the
respiration assay. The oxygen consumption rate (OCR)
was measured using the MitoStress test (Agilent), opti-
mized for tissue assay according to the method described

by Underwood et al.® Seahorse running program: injec-
tion Port A—3 uM Oligomycin; Injection Port B—3 uM
FCCP with 0.7mM Pyruvate and injection Port C—6 uM
Rotenone and 6 uM Antimycin A. Results were analyzed
using the Seahorse Wave software.

Quantitative RT-PCR. Each organotypic kidney slice was
collected in 350puL of RAI1 buffer (NucleoSpin RNA,
Macherey-Nagel) and 3.5ul of 2-Mercaptoethanol
(Sigma-Aldrich), and lysed using a pestle mixer (Argos
Technologies). RNA was extracted from the lysates with
the NucleoSpin RNA kit (Macherey-Nagel). 200ng of
RNA was reverse transcribed with the iScript cDNA Syn-
thesis Kit (Bio-Rad) according to the manufacturers’ pro-
tocols. cDNA was diluted 1:10 to avoid inhibition between
mix with the following step. Gene transcription was quan-
tified via qPCR using the Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen), according to the manufac-
turer’s protocol. Readings were made with the StepOne-
Plus Quantitative PCR System (Applied Biosystems) and
viewed in the StepOne version 2.3 software (Applied Bio-
systems). The primers for measuring the expression of the
mRNA of the cytokines 1L-4, IL-10, IL-13, and IL-22
were designed for this study (Supplemental Table 1). Other
primers were designed by Ferren et al.?> The efficacy (E)
of the primers was calculated as 107"5°°® based on the
slope of the standard curve. The copy number of mRNA
per pg of total RNA was calculated using the E*4CT
model*® (for each gene and normalized by the standard
deviation in the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), a housekeeping gene (Uni-
ProtKB P04406), from the mean of its expression level
across all days.?’

Immunofluorescence staining. Organotypic kidney slices were
fixed overnight at 4°C in 4% paraformaldehyde (16% para-
formaldehyde, methanol-free; ThermoFisher Scientific)
diluted in phosphate buffer saline (PBS 1X; Gibco). Slices
were washed with PBS 1X (here and later: 4 times, 5Smin
each wash) and placed into a sucrose (Sigma-Aldrich) gradi-
ent (5%, 15%,20%) solution overnight at 4°C. Slices were
embedded in the Optimal Cutting Temperature (OCT) solu-
tion (ThermoFisher Scientific) and sectioned along the hori-
zontal plane with the Leica CM3050 S cryostat-microtome
(Leica Biosystems). 10 um sections were placed on Super-
frost Gold Plus adhesion slides (Fisher Scientific), washed in
PBS 1X, permeabilized and blocked in permeabilization and
blocking solution (1X DPBS; ThermoFisher Scientific, 3%
BSA; Sigma-Aldrich, 0.3% Triton-X100; Sigma-Aldrich)
for 30min at 4°C. Slices were incubated overnight with
primary antibodies diluted in permeabilization and block-
ing solution, washed in PBS 1X, stained for 1h with sec-
ondary antibodies diluted in permeabilization and blocking
solution, washed with PBS 1X and mounted in Fluoro-
mount-G® aqueous mounting medium (SouthernBiotech).
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Anti-SARS-CoV-2 nucleoprotein (NP) antibodies (SinoBio-
logical, Cat# 40143-MMO5 mouse, 1:200 dilution) were
used to detect the presence of virus. Endothelial cells were
stained with anti-CD34 antibodies (abcam, Cat# ab81289
rabbit, 1:100 dilution), proximal tubular epithelial cells with
anti-aquaporin-1 (ThermoFisher Scientific, Cat# PAS-53954
rabbit, 1:100 dilution), and podocytes with anti-nephrin
(abcam, Cat# ab216341, rabbit, 1:100 dilution). Alexa
FluorTM 488 donkey anti-rabbit (ThermoFisher Scientific,
Cat# A21206, 1:500 dilution) and Alexa FluorTM 555 don-
key anti-mouse (ThermoFisher Scientific, Cat# A31570,
1:500 dilution) secondary antibodies were used. Cell nuclei
were stained with 4’',6-diamidino-2-phenylindole (DAPI)
(ThermoFisher Scientific, Cat# 62248, 1:1000 dilution).

Imaging. OKCs infected with icSARS-CoV-2-mNG were
photographed using the Nikon Eclipse Ts2R optical micro-
scope and stitched using the Stitching plugin in ImageJ.*®
Immunostained OKCs were examined and photographed
using the Zeiss Axio Observer.Z1 microscope with confo-
cal unit LSM 980 (Zeiss). Images were edited and ana-
lyzed using the ImagelJ software 1.52p Fili package®® and
assembled in Inkscape.

Statistical analysis. Statistical analysis was performed in
GraphPad Prism version 9.3.0.4 For the Seahorse XF meta-
bolic activity assay, day 1 and day 4 OCRs of punches were
compared to the day 0 OCR using ordinary one-way ANOVA.
For the gene expression analysis, differences between nor-
malized mRNA copy numbers per pg RNA in infected and
non-infected samples were compared using a Mann-Whitney
U-test. *=p<<0.05; **=p<0.01; ***=p<0.001.

Results

Organotypic kidney cultures maintain key renal
native structures for at least 4 days in culture

Kidneys were collected from 7-day-old suckling hamsters,
sliced on a tissue chopper into 500 um thick slices and
maintained on an air-liquid interface provided by polyte-
trafluoroethylene membranes. The renal capsule, cortex
and medulla were clearly identifiable in hamster OKCs
(Figure 1(a)). A nephron (Figure 1(b)) is a functional unit
of the kidney. Blood is filtered in the renal glomerulus
(Figure 1(c)). Through the afferent arteriole, it enters under
high pressure a capillary bundle known as the glomerulus
and passes the filtration barrier consisting of the glomeru-
lar endothelium, basement membrane and podocytes. The
filtration barrier retains blood cells, large particles and
proteins but not nutrients or ions. Glucose, amino acids,
water and salts are re-absorbed into capillaries from the
filtrate in the proximal convoluted tubule, loop of Henle
and distal convoluted tubule. Following reabsorption, the
filtrate becomes urine and flows into the collecting duct

leading to the renal pelvis and, eventually, the ureter.*! We
confirmed the presence of essential functional elements of
nephrons in our OKCs via immunofluorescence staining
of aquaporin-positive proximal tubules, nephrin-positive
podocytes and CD34-positive endothelial cells of the renal
vasculature. Reflecting their native arrangement, proximal
tubules and renal glomeruli were localized in the cortex
(Figure 1(d)). However, we then further determined
whether organotypic kidney slices survive in culture and
maintain metabolic activity for up to 4 days after prepara-
tion. To measure the mitochondrial respiratory activity of
OKCs, 1mm large punches prepared from the cortical
zone of 400 um-thick slices were analyzed on a Seahorse
XF Analyzer using the MitoStress Test with procedures
adapted for tissue.>> Oxygen Consumption Rate (OCR)
was monitored at basal stage and after addition of mito-
chondrial modulators to determine the basal and maximal
respiratory capacity of OKCs. The maximal metabolic rate
was monitored following disruption of the mitochondrial
proton gradient by FCCP. Non-mitochondrial OCR meas-
ured after complete inhibition of mitochondrial respiration
by rotenone and antimycin A was subtracted to basal and
maximal OCR to calculate basal and maximal respiration
(Figure 2(a)). The basal metabolic activity of punches
from OKC cortices was maintained after 1day of culture
and remained at more than 60% of its initial level on day 4
(Figure 2(a) and (b)). As shown in Figure 2(c), maximal
respiration remained stable after 1day of culture and
decreased by only 20% at day 4. According to the immu-
nofluorescent staining, the arrangement of the OKC struc-
ture was preserved even after 4 days of culture (Figure 3(d)
and (e)).

Total RNA was extracted from slices and quantified as
another measure of their viability. Over the duration of the
experiment, its amount did not decrease (Figure 2(d)). The
expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a key enzyme in the glycolysis pathway and a
housekeeping gene (UniProtKB P04406), also remained
stable (Figure 2(e)), reflecting the ability of OKCs to
maintain steady glycolytic activity in culture. Such results
indicate that, despite a progressive reduction in mitochon-
drial respiration, organotypic kidney cultures remain via-
ble on an air-liquid interface for at least 4 days.

Organotypic kidney cultures are highly
permissive to SARS-CoV-2 infection

SARS-CoV-2 mainly enters cells via the binding of the
Spike glycoprotein to one of its target receptors such as
angiotensin converting enzyme 2 (ACE2) or Neuropilin-1.
The fusion of the viral envelope with the cell membrane is
enhanced by the cleavage of the Spike by host proteases
such as TMPRSS?2 on the cell surface or cathepsins B and
L in endosomes.*>* These proteins are all expressed in the
kidney,* especially ACE2 which is critically involved in
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Procreate® and Inkscape |.1. (d) Organotypic kidney cultures were fixed in 4% paraformaldehyde, embedded in OCT solution
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using the MitoStress test. The oxygen consumption rate (OCR) was measured according to time. Punches received successive
additions of respiratory modulators indicated by arrows, ATP synthase inhibitor oligomycin (3 uM), uncoupling agent FCCP (3 uM)
with pyruvate supplement (0.7 mM), and then rotenone + antimycin A (6 pM) to completely inhibited mitochondrial respiration. (a)
For each experiment, mean OCR +/—SEM is plotted. Determination of the basal and maximal respiration is indicated with green
arrows on the mean OCR curve obtained at day 4. (b) Basal and (c) maximal respiration rates of OKCs. Mean respiration rates
obtained at day | and 4 were compared to that of day 0 using ordinary one-way ANOVA. *, p <0.05; **, p <0.01; *** p<0.001.
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non-infected OKCs collected after 0 to 4 days of culture.



Shyfrin et al. 7

SARS-CoV-2 NP

(@ g (b) 100 ()
< <« 10 i
~ Z
ERE I g 5 ° o
; R g 60 8 5 8 b
o O c = O
R S - g—: 7
5 ¢ 5 0] 8
< k) 20 < 6
g 5 e ] z
NP R R
YV SV VN v ! .
v.c’@qf-’ ;,\“@a}‘\ & v,o% 6&@,}“ & Days Post Infection
QT KX X .R QL X R
A N
6\' 0@ e@v 0 045" 0@ e@

(d) Day 4

icSARS-CoV-2-mNG

(e)

SARS-CoV-2 NP

2019-nCoV/USA_WA1/2020

Figure 3. SARS-CoV-2 permissiveness of and progression in hamster organotypic kidney cultures. (a and b) Gene expression

was quantified in non-infected organotypic kidney cultures (OKCs) and hamster organotypic lung cultures collected on the day of
dissection via RT-qPCR as the number of mRNA copies per pg of total RNA and normalized by the standard deviation in GAPDH
expression. (a) MRNA copy numbers of candidate SARS-CoV-2 entry factors per ug of total RNA. (b) Fold change of SARS-CoV-2
entry factor mMRNA copy numbers per pg of total RNA in OKCs compared to organotypic lung cultures. (c) Hamster organotypic
cultures were infected with 1000 pfu of wild-type SARS-CoV-2 (2019-nCoV/USA_WAI1/2020) and collected every day from day

0 (90 min post-infection) to day 4 post-infection. SARS-CoV-2 replication was measured by quantifying the amount of SARS-
CoV-2 nucleocapsid (NP) mRNA per pg of total mRNA via RT-qPCR and normalizing it by the expression of a housekeeping gene
(GAPDH). (d) Hamster OKC:s infected with 10,000 pfu of SARS-CoV-2_mNeon Green (icSARS-CoV-2-mNG) were imaged from
day 0 to day 4 post-infection using a Nikon Eclipse Ts2R epifluorescence microscope. Scalebar= | mm. (e) Hamster OKCs were
infected with 1000 pfu of wild-type SARS-CoV-2 and fixed in 4% paraformaldehyde every day from | to 4 days post infection. OKC
sections were stained against SARS-CoV-2 nucleoprotein (NP). Cell nuclei were stained with 4X,6-diamidino-s-phenylindole (DAPI).
Pictures were obtained by confocal microscopy. Scalebar= 100 um.

the renin—angiotensin system responsible for controlling was quantified via RT-qPCR. The entry receptors ACE2
blood pressure and vascular resistance.**® The global and neuropilin-1, as well as the proteases TMPRSS2 and
expression of SARS-CoV-2 entry factors in hamster OKCs cathepsins B and L were highly expressed in the slices
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(Figure 3(a)). The mRNA expression of all entry factors
except neuropilin-1 was significantly enriched compared
to lung organotypic cultures (Figure 3(b)).

In order to probe the susceptibility of hamster OKCs to
SARS-CoV-2, five slices from five animals (n=5) were
infected with wild-type SARS-CoV-2 (2019-nCoV/USA
WA1/2020) while maintained in culture on an air-liquid
interface. The number of copies of mRNA encoding the
viral nucleocapsid protein (NP) was quantified via
RT-qPCR in slices from day 0 to day 4 post-infection, start-
ing 90 min post-infection. Similarly to the pattern observed
in hamster organotypic lung cultures,? viral mRNA expres-
sion increased by four logs in infected OKCs, approaching
a plateau at 1day post-infection (Figure 3(c)). In slices
infected with a recombinant SARS-CoV-2 strain encoding
a mNeonGreen reporter (icSARS-CoV-2-mNG), infected
cells were observable from day 1 post-infection, thus mir-
roring the RT-qPCR data (Figure 3(d)). Infection started in
the capsular zone (Figure 3(d) and (e)) and propagated
toward the center of the slice when using the wild-type
virus expressing ORF7 (Figure 3(d) and (e)). Indeed, ORF7
is a known virulence factor that promotes viral growth by
controlling the innate antiviral response. The fact that the
infection starts in the capsular zone is unexpected. However,
the same phenomenon was observed when infecting OKCs
from K18-hACE2 mice, which express the entry receptor
ubiquitously, with 500 pfu of icSARS-CoV-2-mNG
(Supplemental Figure S1). This suggests that SARS-CoV-2
preferentially infects and replicates cells in the capsular
zone independently of the expression of the entry receptor.
In parallel, we infected the OKCs with a pan-tropic
Vesicular Stomatitis Virus expressing GFP (VSV-GFP)
(Supplemental Figures S1 and S2). As opposed to icSARS-
CoV-2-mNG, VSV extensively infected the medullar area
of the cultures from day 1 post-infection. We have also con-
firmed that the infection of the OKC was productive by
plaque assay with the production of pfu peaking 2days
after infection both in the cultures and the culture medium
(Supplemental Figure S1C).

In hamster organotypic kidney cultures, SARS-
CoV-2 targets endothelial cells and proximal
tubules but not podocytes

To investigate the early tropism and subsequent propaga-
tion of SARS-CoV-2 in hamster OKCs further, cells serv-
ing as the primary targets of the virus were identified via
immunofluorescence. 10 pm thick cryosections of OKCs
were stained with antibodies against the SARS-CoV-2
nucleoprotein (NP) and markers of endothelial cells
(CD34), proximal tubular epithelial cells (aquaporin-1)
and podocytes (nephrin) (Figure 4, Supplemental Figures
S3 and S4).

In line with observations of slices infected with icSARS-
CoV-2-mNG, infection initiated in the subcapsular zone

(Figure 4(a)) and propagated toward the center of the slice
(Figure 4(b)). Colocalization of CD34 and SARS-CoV-2
NP was observed on day 1 (Figure 4(a)) and day 2 (Fig.
S4A) post-infection. At later timepoints, colocalization with
CD34" cells was restricted to peripheral blood vessels
(Supplemental Figures S4A and S4B) and was limited com-
pared to day 1 (Figure 4(a)). Infection of podocytes was not
detected over the 4days of the experiment (Supplemental
Figure S3). Proximal tubular epithelial cells positive for
viral nucleoprotein were observed on day 4 post-infection
(Figure 4(c)), but not at earlier timepoints (Supplemental
Figure S4B). These results suggest that early targets of
SARS-CoV-2 in hamster OKCs include CD34* endothelial
cells and other subcapsular parietal cells, while proximal
tubular epithelial cells serve as later sites of viral
dissemination.

Gene expression analysis of organotypic kidney
cultures infected with SARS-CoV-2

In order to evaluate how organotypic kidney cultures
respond to infection, the expression of immune-related
genes was measured and compared in infected and non-
infected OKCs. No substructures of the OKCs were iso-
lated and entire slices were compared. In particular, we
measured the expression of inflammatory cytokines
genes (IL-6, IL-13, IL-18, TNFa), selected genes associ-
ated with highly inflammatory types of programed cell
death (MLKL and gasdermin D), and interferon-stimu-
lated genes that hallmark the antiviral response (CXCL10,
MX1). We also monitored the expression of SARS-
CoV-2 receptor ACE2 and the entry-associated protease
TMPRSS2.

Infected OKCs display a limited expression of TNFa
and a repression of IL-1f (Figure 5(a) and (b)), IL-18
(Figure 5(c)), and IL-6 (Figure 5(d)) on days 1 and 2 post-
infection, followed by strong induction from day 3 onward,
preceding closely the infection of proximal tubular epithe-
lial cells shown in Figure 4(c). This effect was particularly
pronounced for IL-1f (Figure 5(b)), which was upregulated
approximately 2500-fold between day 2 and 3 post-infec-
tion. Although TNFa (Figure 5(a)) was not particularly
repressed initially, it displayed a statistically significant
upregulation only on day 4. The expression of IL-1fB
dropped dramatically on day 4, reaching levels equivalent
to those of non-infected samples, while the expression of
IL-18 and IL-6 was maintained. Necroptosis and pyroptosis
are highly inflammatory cell death programs which play a
role in the innate antiviral response in parallel to immune
mediators.*” Moreover, cytokines such as TNFo and mem-
bers of the IL-1 family have been demonstrated to regulate
necroptosis and pyroptosis, respectively.*** An upregula-
tion of mixed lineage kinase domain-like pseudokinase
(MLKL), a marker of necroptosis, was observed at day 4
post-infection in OKCs, suggesting that necroptosis had
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SARS-CoV-2 NP

Figure 4. Tropism and dissemination of SARS-CoV-2 in hamster organotypic kidney cultures. Organotypic kidney cultures
(OKC) were infected with 1000 pfu of wild-type SARS-CoV-2 and fixed in 4% paraformaldehyde at | or 4days post infection
(dpi). (a and b) OKC sections stained against SARS-CoV-2 nucleoprotein (NP) and CD34 (marker of endothelial cells) at day |
and 4 post infection ((a and b), respectively). (a) is showing the edge of the slice. (b) is showing both the edge and the center of
the slice, demonstrating the spread of infection toward the center. (c) OKC sections stained against SARS-CoV-2 NP and (c)
aquaporin-1 (marker of proximal tubular epithelial cells). Inmunofluorescence images were acquired using confocal microscopy
and is representative of three independent experiments. Colocalization of cell type markers (red) with SARS-CoV-2 NP (green) is

denoted with arrows. Scalebar= 100 pm.

likely been induced at this stage of infection (Figure 5(e)).
The expression of gasdermin D, a key mediator of pyropto-
sis, was raised throughout the experiment, peaking at day 2
post-infection (Figure 5(f)).

The expression of ISGs such as CXCL10 (Figure 5(g))
of the chemokine family and myxovirus resistance 1

(MXT1) (Figure 5(h)) were measured as a proxy for an effi-
cient IFN response to SARS-CoV-2 challenge. CXCL10
expression was only induced on day 4, wherecas MX1
expression increased 13-fold on day 2 post-infection and
continued to rise up to day 4, reaching a 24-fold level com-
pared to non-infected cultures. Thus, it mirrored the
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Figure 5. Gene expression analysis of hamster organotypic kidney cultures challenged with SARS-CoV-2. Hamster organotypic
kidney cultures were cultured uninfected or infected with 1000 pfu of wild-type SARS-CoV-2 (2019-nCoV/USA_WA/2020) and
collected every day from day | to day 4 post-infection. In both infected and non-infected slices, gene expression was measured via
RT-qPCR as the number of mMRNA copies per pg of total RNA and normalized by the standard deviation of GAPDH expression
from its average across all days. To calculate the fold changes, values from infected slices were divided by the average values of non-
infected slices from the corresponding day. (a—i) Fold change in the expression of (a) TNFa, (b) IL-1, (c) IL18, (d) IL-6, (e) MLKL,
(f) gasdermin D, (g) CXCLIO, (h) MXI, (i) ACE2 from day | to day 4 post-infection. For each day, mRNA copy numbers per | pg of
RNA of infected and non-infected samples were compared using the Mann-Whitney U-test. *=p < 0.05; **=p < 0.01.

infection kinetics observed (Figure 3(c)) with a 24-h delay.
Studies in primary and immortalized human cell lines indi-
cate that the expression of ACE2, one of the main candi-
date SARS-CoV-2 entry receptors, may be inducible by
interferons®*! and/or IL-10.52 Since the expression of
numerous cytokines was delayed (or repressed) during the

first days, we also tried to follow four canonical repressive
cytokines (i.e. IL-4,1L-10,1L-13,and I[L-22) (Supplemental
Figure S5). IL-4 and IL-22 mRNA levels remained too low
to be appropriately quantified. Fold variations of IL-10
and IL-13 mRNA in infected OKCs remained lower than
2-fold compared to the non-infected ones, suggesting that
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they could not be considered significant at the global organ
scale. We extended our gene expression analysis to observe
how infection may impact the transcription of ACE2 and
other putative viral entry factors such as the receptor neu-
ropilin-1 and the proteases TMPRSS2 and cathepsin B. A
slight tendency toward the upregulation over the course of
infection was detected for ACE2 (Figure 5(i)). Neuropilin-1
(Supplemental Figure S6A), TMPRSS2 (Supplemental
Figure S6B), and cathepsin B (Supplemental Figure S6C)
also tended toward overexpression in infected slices.

Discussion

It remains an open question whether an active replication of
SARS-CoV-2 takes place in the kidneys of COVID-19
patients with AKI. Several groups have detected the pres-
ence of a significant viral load in the kidney via methods
such as RT-gPCR, in situ hybridization, immunohisto-
chemistry, transmission electron microscopy and isolation
of live virus.!®182253 Others have failed to find viral parti-
cles or RNA in autopsy samples,>* ¢ thus questioning the
actual replication of SARS-CoV-2 in the kidneys and the
relevance of measuring viral load post-mortem, and bring-
ing to light the heterogeneity of the samples and quantifica-
tion methods used. In humans, SARS-CoV-2 infection
tends to progress asymptomatically or with mild symptoms
before deteriorating into a severe form.>*” Therefore, only
late samples which do not provide the possibility to pin-
point the starting point of renal infection are available.
Recent studies showed progress on organoids obtained
from human induced pluripotent stem cells,”® which pre-
sent the advantage of enabling work with human tissue, as
we have shown elsewhere for human brain organoids and
Measles virus.** However, their main limitation, apart from
the impossibility to model fluid circulation, remains that
such organoids still allow working only with one or two
tissues at a time, which restricts the number of questions
that such models can address. The absence of an appropri-
ate model is the principal reason for the lack of knowledge
on SARS-CoV-2 replication in the kidneys.” Here, we pre-
sent hamster OKCs as a relevant ex vivo model for study-
ing the infection of the kidney by SARS-CoV-2. Hamster
OKCs conserved the native structure of renal tissue (Figure
1) and could be maintained in culture for at least 4 days
(Figure 2). While their mitochondrial metabolic activity
progressively decreased by day 4, it remained compatible
with cell viability (Figure 2(a)—(c)) as confirmed by the sta-
ble quantity of RNA extracted from OKCs and their
GAPDH expression pattern at later timepoints (Figure 2(d)
and (e)). We further demonstrated by immunostaining that
all cell types were still present after 4 days of culture, con-
firming that the decrease of viability was not selective for
one cell type (Figure 4, Supplemental Figures S3 and S4).
Hence, these cultures thus provide a relevant ex vivo cul-
ture model for studying renal infections.

SARS-CoV-2 was found in the kidneys of experimen-
tally infected hamsters, but its ability to replicate in them
was not confirmed.*? In this study, organotypic kidney cul-
ture modeling showed that hamster renal tissue is highly
permissive to SARS-CoV-2 infection and allows for effi-
cient viral replication. The viral load peaked on day 1 post-
infection, similarly to the dynamics observed in
organotypic lung cultures but distinctly from those
observed in organotypic cerebellum and brainstem cul-
tures, where infection peaked on day 2.%° To go further, we
confirmed these observations in OKCs from K18-hACE2
mice, which showed very similar infection dynamics, as
assessed by the production of PFUs both in tissue and cul-
ture medium (Supplemental Figure S1). We have also con-
firmed that the tendency of SARS-CoV-2 infection to start
in the cortical areca was not an artifact of the infection tech-
nique by demonstrating that the pan-tropic Vesicular
Stomatitis Virus extensively infected the medullar area
from day 1 post-infection (Supplemental Figures S1 and
S2). Immunostainings revealed the predominant infection
of CD34™ endothelial cells on day 1 post-infection (Figure
4(a)). Indeed, SARS-CoV-2 infection can provoke
endotheliitis in a range of organs, including the kidney.
The presence of viral particles in glomerular endothelial
cells in a kidney autopsy sample has also been confirmed
via transmission electron microscopy.®® Thus, in hamster
OKCs, SARS-CoV-2 could first target endothelial cells
and later disseminate to other sites, including proximal
tubules (Figure 4(c)). In contrast, we did not observe any
infection in podocytes. Whether hamster podocytes lack
an essential viral entry or replication factor remains to be
deciphered. Endothelial cells would be the first renal cells
to encounter viral particles in case of viremia in a living
organism and interestingly, this sequence of infection
seems to be conserved in organotypic cultures.

Acute tubular injury is the most common renal pathol-
ogy observed in kidney autopsy samples of COVID-19 pat
ients.>” 18203361 Although organotypic cultures are inocu-
lated by placing a virus-containing droplet on top of the
entire slice, infection of proximal tubular epithelial cells
did not occur before day 4 post-infection (Supplemental
Figure S4B). This was confirmed not to be a technical arti-
fact (Supplemental Figures S1 and S2). In contrast, they
became the main infected cell population on day 4 post-
infection (Figure 4(c)). This suggests that the susceptibil-
ity and permissiveness of tubular epithelia is favored by
additional factors, most likely produced by the infection of
other cell populations. Our results may reflect the fact that
tubular damage is a late event in SARS-CoV2 pathogene-
sis, which makes it difficult to predict.

Despite the viral load peaking on day 1 post-infection, pro-
inflammatory cytokine upregulation was not observed in
hamster OKCs until day 3 for IL-1p (Figure 5(b)), IL-18
(Figure 5(c)), IL-6 (Figure 5(d)), and TNFa (Figure 5(a)) and
day 4 for CXCL10 (Figure 5(g)). Moreover, a strong
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repression of IL-1f3, IL-18, and IL-6 was observed on days 1
and 2 post-infection. Such a delay in mounting a strong pro-
inflammatory response may be explained by the dominance
of anti-inflammatory cytokines released early in the course of
the infection. Indeed, a previously described role of IL-10
secreted by infected endothelial cells,”? the primary targets of
SARS-CoV-2 in OKCs (Figure 4(a)), in repressing pro-
inflammatory responses has to be considered here.
Furthermore, resident monocyte-derived macrophages could
potentially be present in high amounts in organotypic cultures
and serve as a major source of IL-10 production following
interaction with SARS-CoV-2.%% As the initially infected
subcapsular parietal cells die, they may relay the infection to
proximal tubular epithelial cells from day 2 to day 3, where
the repression of pro-inflammatory cytokines and IFN no
longer occurs. Indeed, the late transcriptional upregulation of
the pro-inflammatory cytokines IL-1B, IL-18, and IL-6
observed on day 3 post-infection (Figure 5(b)—(d)) correlated
with dissemination of the virus into proximal tubular epithe-
lial cells (Figure 4(c)). Once again, a two-step model of infec-
tion could be the result of an initial strong release of a
repressor, which could dampen the expression of inflamma-
tory cytokines at early timepoints but also promote the expres-
sion of SARS-CoV-2 receptor ACE-2 in bystander cells.>
This could favor viral spreading to additional cell populations
within the tissue. However, the expression of the four canoni-
cal repressive cytokines (IL-4, IL-10, IL-13, IL-22) did not
vary significantly at the global culture scale (Supplemental
Figure S5). Thus, further investigation via global transcrip-
tomic analysis or single-cell approaches is required to deter-
mine what causes the delay in the pro-inflammatory cytokine
response and whether specific cells are expressing IL-10 or its
equivalent locally, but not in a way detectable at the organ
scale. Furthermore, the virus itself could be at the origin of
this repression, especially in the kidney, via a mechanism that
also remains to be determined.

In parallel to pro-inflammatory cytokines, MX1 and
CXCL10, two interferon-stimulated genes,®>% were
induced. MX1 was only induced only on day 2 post-infec-
tion (Figure 5(h)), which could indicate a potential delay
in the IFN response. Indeed, numerous SARS-CoV-2 fac-
tors were reported to interfere with innate immunity path-
ways, including IFN signaling.®” 72 Interestingly, the peak
IFN response mounted by OKCs challenged with SARS-
CoV-2 was significantly less pronounced in comparison to
that observed in organotypic lung and brainstem cultures,?
potentially supporting an important role of a repressor in
viral spread or simply fewer cells capable of IFN produc-
tion. Whether the relatively attenuated interferon response
of the kidney contributes to pathogenesis in COVID-19
patients should be further investigated further.

While MX1 was strongly upregulated on day 2 post-
infection (Figure 5(h)), CXCL10 expression did not
increase markedly until day 4 (Figure 5(g)), suggesting its
independence from the interferon pathway in this specific

context. However, CXCL10 can also be induced directly
by IL-6. It has been reported that in the lungs SARS-CoV-2
infection leads to the overexpression of IL-6, which then
stimulates CXCL10 production.”® The late induction of
CXCL10 may, therefore, reflect the two-step susceptibility
of the model, where induction of IL-6 eventually leading
to the late overexpression of CXCL10 mRNA only occurs
when the infection of proximal tubular cells reaches a cer-
tain threshold.

The upregulation of MLKL (Figure 5(e)) associated
with cell death via necroptosis occurred concomitantly
with the increase of TNFa transcription on day 3 post-
infection (Figure 5(a)). TNFa binding to tumor necrosis
factor receptors (TNFR) is known to trigger necroptosis.’
In addition, necroptosis can be activated via direct sensing
of PAMPs by TLRs® and cytosolic nucleic acid sensors.”®
Day 4 post-infection is also the time where immunofluo-
rescence staining reveals significant virus propagation
into proximal tubules (Figure 4(c)). Possibly, proximal
tubular epithelia are more susceptible to necroptosis due
to elevated levels of TNFa, and its receptors compared to
the initial targets of SARS-CoV-2.

Pyroptosis is another form of inflammatory programed
cell death. It is induced by inflammasome sensors respon-
sive to activation by nuclear factor kappa B (NF-«xB) fol-
lowing TLR, TNFR and interleukin-1 receptor (IL-1R)
sensing.*’ Interestingly, while the expression of the pyrop-
tosis mediator gasdermin D mRNA was elevated through-
out the 4days of infection in OKCs, IL-1B and IL-18
mRNA levels remained repressed for the first 2 days of
infection before strongly increasing on day 3 post-infec-
tion (Figure 5(b), (c) and (f)). As discussed by Ferren
et al.® such discrepancy may result from the involvement
of another cytokine belonging to the IL-1 family. Indeed, a
prolonged secretion of IL-33 following infection in OKCs
could be triggering pyroptosis within the tissue through
the ST2 receptor activity’” for the first 2 days. Then, once
SARS-CoV-2 spreads to proximal tubules on day 3 post-
infection, IL-1P and IL-18 mRNA levels may increase and
contribute to pyroptosis from this point.* Moreover,
pyroptosis itself leads to the amplification of inflammation
via the cleavage of cytosolic pro-IL-1p and pro-IL-18 into
their active forms and their release from the cell.”s30

To which extent the observations made in hamster OKCs
reflect SARS-CoV-2 infection of human kidneys remains to
be investigated. However, OKCs offer for the first time a
window on the early events of infection at the organ level.
Understanding these events is essential for elucidating the
pathogenesis of later stage renal dysfunction and of long-
term renal sequelae alike, and provides the basis for devel-
oping adequate treatments. The poor annotation of hamster
genomes and the lack of molecular biology tools adapted to
hamsters begin to be inverted, allowing for a better charac-
terization of host-pathogen interactions. The use of OKCs
could be extended to studying other human nephrotropic
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pathogens such as the Nipah virus, for which golden Syrian
hamsters are an established model®' as well as other emer-
gent viruses including feline morbillivirus (FeMV)3># and
bat nephrotropic viruses.** Other human viruses capable of
infecting the kidney include polyomavirus, cytomegalovi-
rus, parvovirus, Epstein-Barr virus, adenovirus. Such infec-
tions are especially common in immunocompromised hosts,
including renal transplant recipients and HIV-infected
patients.®>¥ OKCs could also be of interest for early drug
screening, and this will be investigated in the near future.
Therefore, OKCs represents a general platform for studying
kidney infections by SARS-CoV-2, that could be extended
to other viruses and pathogens with a potential for drug
discovery.
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