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COVID-19-Associated Nephropathy Includes Tubular
Necrosis and Capillary Congestion, with Evidence of
SARS-CoV-2 in the Nephron
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Key Points

e The pathophysiology of SARS-CoV-2-induced AKI is poorly understood and may involve direct renal lesions by
the virus itself.

e We demonstrated acute tubular necrosis of variable severity, with unusual congestion of the glomerular and
peritubular capillaries.

e A positive signal for SARS-CoV-2 was detected at both RNA and protein levels in various kidney compartments.

Abstract

Background Kidney damage has been reported in patients with COVID-19. Despite numerous reports about
COVID-19-associated nephropathy, the factual presence of the SARS-CoV-2 in the renal parenchyma remains
controversial.

Methods We consecutively performed 16 immediate (=3 hours) postmortem renal biopsies in patients diagnosed
with COVID-19. Kidney samples from five patients who died from sepsis not related to COVID-19 were used as
controls. Samples were methodically evaluated by three pathologists. Virus detection in the renal parenchyma
was performed in all samples by bulk RNA RT-PCR (E and N1/N2 genes), immunostaining (2019-nCOV
N-Protein), fluorescence in situ hybridization (nCoV2019-S), and electron microscopy.

Results The mean age of our COVID-19 cohort was 68.2+12.8 years, most of whom were male (69%). Proteinuria
was observed in 53% of patients, whereas AKI occurred in 60% of patients. Acute tubular necrosis of variable
severity was found in all patients, with no tubular or interstitial inflammation. There was no difference in acute
tubular necrosis severity between the patients with COVID-19 versus controls. Congestion in glomerular and
peritubular capillaries was respectively observed in 56% and 88% of patients with COVID-19, compared with
20% of controls, with no evidence of thrombi. The 2019-nCOV N-Protein was detected in proximal tubules and at
the basolateral pole of scattered cells of the distal tubules in nine out of 16 patients. In situ hybridization
confirmed these findings in six out of 16 patients. RT-PCR of kidney total RNA detected SARS-CoV-2 E and
N1/N2 genes in one patient. Electron microscopy did not show typical viral inclusions.

Conclusions Our immediate postmortem kidney samples from patients with COVID-19 highlight a congestive
pattern of AKI, with no significant glomerular or interstitial inflammation. Immunostaining and in situ
hybridization suggest SARS-CoV-2 is present in various segments of the nephron.
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Introduction respiratory distress syndrome (ARDS) (3,4). Organs other

A novel coronavirus named severe acute respiratory than the lungs may be affected, including the kidneys
syndrome coronavirus 2 (SARS-CoV-2) was isolated in  (3,5-7). The earliest report showed that proteinuria and he-
December 2019 in China (1). This virus causes corona- maturia were detected at hospital admission in 44% and
virusdisease 2019 (COVID-19) (1,2), which is char- 27% of patients with COVID-19, whereas approximately
acterizedby a diffuse alveolar damage leading to an acute 15% of them presented with elevated levels of serum
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creatinine and/or BUN (5). Proteinuria characterization suggests a
tubular origin (8). AKI has been identified as an independent risk
factor for in-hospital mortality (3-5,9). In the United States, AKI
among hospitalized patients with COVID-19 may range between
28% and 46% (10), with a high risk of in-hospital mortality (11).

The pathophysiology of COVID-19-associated AKI is poorly
understood and may involve (7) the cytokine release syndrome
(12,13); (2) the hypercoagulable state leading to acute tubular ne-
crosis (ATN) and cortical necrosis (14,15); and/or (3) direct renal
lesions by the virus itself (7,16—18). In addition, the hemodynam-
ic instability induced by SARS-CoV-2 infection may cause an is-
chemic ATN per se, as typically observed in patients with sepsis.
Receptors for SARS-CoV-2 include angiotensin-converting en-
zyme 2 (ACE2) (16,19), and CD147 (20) and GRP78 (19).
ACE?2 is largely expressed at the surface of respiratory cells, and
might be more involved in SARS-CoV-2 infection compared
with other receptors. Renal tubular cells and podocytes also ex-
press ACE2 on the luminal side of their plasma membrane
(21,22). However, the factual presence of the virus in the urinary
system remains largely debated (6,9,23-29).

In this study, we prospectively aimed to (7) describe the histo-
logic findings in consecutive postmortem kidney biopsies of pa-
tients with COVID-19 in correlation with their medical history,
and (2) assess whether the SARS-CoV-2 virus is segmentally de-
tectable in the nephron.

Materials and Methods
Patients

Kidney biopsies were performed in adult patients deceased
from COVID-19 inside and outside the intensive care unit (ICU)
between March 30, 2020 and June 4, 2020 at ULicge Academic
Hospital. None of these samples have been used in whole or in
part in previous reports. Our study was approved by the Ethics
Committee of ULicge Academic Hospital (B707201215598—
020/119) in agreement with the ethical standards of Declaration
of Helsinki and the Belgian law about immediate autopsies
(which stipulates that autopsies or biopsies may be performed
without the written informed consent of the patient or family in
case of “urgent medical and/or scientific need,” such as a novel
infectious disease). Note that relatives of the patients included in
this study were systematically informed before the biopsy proce-
dure. Patients with and without AKI were eligible. The SARS-
CoV-2 reverse-transcriptase PCR (RT-PCR) was performed on
nasopharyngeal swabs using the Cobas SARS-CoV-2 assay (co-
bas 6800; Roche), which targets E and ORF1lab genes (30,31). A
control group of five patients without COVID-19 was used to
evaluate the COVID-19-induced histologic lesions. Four patients
with an antemortem diagnosis of sepsis and/or ARDS, who
underwent an autopsy within 24 hours, were identified in the da-
tabase of the Department of Pathology (i.e., patients R1-R4).
One control patient died from pulmonary sepsis not related to
COVID-19 in ICU during the present prospective recruitment
(patient P1) and was PCR negative for SARS-CoV-2. The immu-
nocompromised status was defined as having a history of cancer
or active cancer, transplantation, HIV infection, type 1 diabetes,
or inflammatory disease.

Kidney Biopsy
Percutaneous kidney biopsy was performed under ultrasound
guidance, via a disposable 16-G biopsy needle (ISTOCORE)

targeting the lower pole of the kidney (either left or right). The
patient was in a prone position. All biopsies were carried out by
the same investigator (A.B.) within a maximum period of 3 hours
postmortem. Three samples (each approximately 15 mm long by
3 mm wide) were collected. The first sample was immediately
fixed in 10% paraformaldehyde for 48 hours; the second sample
was immersed in 4% glutaraldehyde; the third sample was snap
frozen in liquid nitrogen. Conventional protective measures
against viral spread were followed, including protection of the
airways during the procedures and the fixation of tissue speci-
mens for 48 hours before handling. The renal paraffin blocks of
control patients R1-R4 were retrieved for the archives and proc-
essed in parallel with the COVID-19 samples.

Clinical, Biologic, and Radiologic Parameters

Clinical data were collected from medical records and anony-
mized: age, weight, height, body mass index, history of hyperten-
sion, history of diabetes, active or previous cancer, active smok-
ing, and CKD. All biologic data were obtained from the same
laboratory. Blood levels of C-reactive protein, procalcitonin, cre-
atinine, lactate dehydrogenase, and potassium were determined
using the Abbott Alinity instrument. Lymphocytes and platelet
measurement were obtained using the Sysmex SE-9000 Hematol-
ogy analyzer. Plasma D-Dimer levels were measured with the In-
novance D-Dimer kit on the automated Siemens CS5100. The
number of red blood cells in the urine was automatically evaluat-
ed using a sediMAX. The eGFR was calculated using the CKD-
epidemiology equation (32). Proteinuria was staged according to
the kidney disease improved global outcomes (KDIGO) staging
system (33). AKI definition and stages were defined according to
the KDIGO guidelines (34). The incidence of a =30% decrease
of eGFR during hospitalization was also assessed. The severity
scoring of COVID-19 pneumonia was on the basis of the percent-
age of the lungs involved on a thorax computed tomography
(CT) scanner, as reported by the radiologists in charge: minor if
<10%; mild between 10% and 50%; and severe if >50% of lung
involvement (35).

Histologic Analyses
Light Microscopy

All biopsies were prepared using standard techniques. A conven-
tional description by light microscopy on the basis of routine colo-
rations, namely hematoxylin and eosin, Periodic Acid-Shiff, Jones
silver coloration, and Masson Trichrome, was performed indepen-
dently by three pathologists (S.G., C.B., P.E.) blinded for the medi-
cal history, according to an a priori defined criteria listed in
Supplemental Table 1. Briefly, tissue sections were systematically
scored for (7) proliferation, sclerosis, and ischemia in the glomeruli;
(2) tubulitis, cell vacuolization, necrosis, and atrophy in the tubules;
(3) edema, inflammation, and fibrosis in the interstitium; and (4)
congestion, thrombi, endothelial cell swelling, arteriolar hyalinosis,
and peritubular capillaritis in the vasculature (36).
Immunohistochemical Studies

Immunohistochemistry was performed on formalin-fixed paraf-
fin-embedded (FFPE) samples. Immunostaining for ACE2
(SN0754; GeneTex), Na™/Cl~ cotransporter (NCC, rabbit anti-
NCC ab3553; Merck), CDI10 (790-4506; VENTANA), and
CD31 (760-4378; VENTANA) was performed on all samples. In
patients with erythrocyte aggregation in the capillaries, the pres-
ence of thrombi was determined using immunohistochemistry for
CD61 (platelet marker; Sigma Aldrich), CD42b (platelet marker;
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BioSB), and Martius Blue Scarlet staining (fibrin marker,
RRSK2-500; Atom Scientific). The conventional negative and
positive controls for each technique were adequately used.
Virus Detection

Immunostaining for the nucleocapsid of SARS-CoV-2 was per-
formed on all patients using 2019-nCoV N-Protein (NP) rabbit
polyclonal antibody (A20016; ABclonal) (25,37). Sections of
lungs from guinea pigs infected by SARS-CoV-2 were used as
positive controls. Briefly, FFPE tissue sections were subjected to
H,0-based antigen retrieval. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide. Nonspecific binding was
constrained by incubation with Protein Block Serum Free. Speci-
mens were then incubated for 60 minutes at room temperature
with primary antibody (1/100). After washing, sections were in-
cubated for 30 minutes with Polyview Plus AP anti-rabbit second-
ary antibody (ENZ-ACC110-0150; Enzo). Immunoreactivity was
detected using AP (ADI-950-141-0030; Enzo), and sections were
counterstained with hematoxylin and eosin. The extent of 2019-
nCoV NP positivity was semiquantitatively scored on the Banff
classification for definitive polyomavirus nephropathy (38). Total
RNA extraction from FFPE kidney sections was performed with
a Maxwell 16 LEV RNA FFPE kit (AS1260; Promega) (39). RT-
PCR was performed on LC480 thermocycler (Roche) using the
Viral RNA UM Master Mix (Qiagen) after confirmation of the in-
tegrity of the human genetic material (B2M and RNAseP genes).
The E and N1/N2 genes of SARS-CoV-2 were targeted using the
following cycling conditions: 50°C for 10 minutes, 95°C for 2
minutes, and 40 cycles at 95°C for 5 seconds, 58°C for 30 sec-
onds (30).
Fluorescence In Situ Hybridization for SARS-CoV-2 RNA Spa-
tial Identification

In situ hybridization (ISH) was performed on FFPE human
kidney samples using RNAscope technology as previously de-
scribed (40), in accordance with the directions from Advanced
Cell Diagnostics. The RNAscope V-nCoV2019-S probe from Ad-
vanced Cell Diagnostics was used as the target probe to detect
the SARS-CoV-2 S gene encoding the viral spike protein. Fluo-
rescent labeling of the target probe was performed using OPAL
690 dye from Akoya Biosciences (FP1497001KT, dilution
1:1000). RNAscope 3-plex positive- and negative control probe
mixes from Advanced Cell Diagnostics were used to ascertain
RNA quality, and to exclude false-positive signaling. Fluorescent
labeling of the positive- and negative-control probe mix were per-
formed using OPAL 520 and 690 dyes from Akoya Biosciences
(FP1487001KT, FP1488001KT, and FP1497001KT, respectively,
all dilutions 1:1500). Nuclear costaining was performed using the
DAPI solution from Advanced Cell Diagnostics. Immunostaining
with Lotus tetragonolobus lectin (LTL) was performed in the
same sections after completing the RNAscope protocol. The pri-
mary antibody specific to LTL was applied for 12 hours at 4°C
(B-1325-2, dilution 1:200; Vectorlabs). The secondary antibody
Alexa Fluor 555 streptavidin conjugate from ThermoFisher Sci-
entific (S32355, dilution 1:400) was applied for 60 minutes at
4°C. Epifluorescence imaging was performed using the Thunder
Imager 3D Live Cell and 3D Cell Culture from Leica
Microsystems.
Electron Microscopy

Tissues were fixed at 4°C in 4% glutaraldehyde in phosphate
buffer at pH 7.4, postfixed in 1% osmium tetrooxide for 1 hour at
4°C. Then they were dehydrated in graded (70%, 90%, 100%)
ethanol solutions and propylene oxide, embedded in Epon, and
hardened at 60°C. Semithin sections were stained with 0.5%
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toluidine blue and examined by light microscopy. Ultrathin sec-
tions (80 nm) were stained with uranyl acetate and lead citrate.
These sections were examined using a Zeiss EM 910 transmis-
sion electron microscope (60 kV).

Statistical Analyses

Data were expressed as mean (minimum value; maximum val-
ue) when the distribution was normal, and as median with inter-
quartile range (IQR) (quartile 1; quartile 3) if not. Normality was
assessed by the Shapiro-Wilk test. Categorical variables were ex-
pressed as percentages. Statistical difference was evaluated by a t
test in the case of normally distributed variables or by a rank test
where continuous variables were not normally distributed and by
Fisher’s exact test for categorical variables. The Spearman rank-
order correlation coefficient was used to measure the strength and
direction of association between two variables measured on an or-
dinal or continuous scale. Analyses were conducted using STATA
(version 15; StataCorp, College Station, TX).

Results
Characteristics of the Population

All of the 16 White patients showed a positive RT-PCR—based
amplification of SARS-CoV-2 using nasopharyngeal swab before
death (basically at hospital admission) and presented with thorac-
ic CT compatible with COVID-19 pneumonia. The median length
between SARS-CoV-2 positivity through nasopharyngeal sam-
pling and death was 14 days (IQR, 7.5-25.5). Their clinical and
laboratory characteristics are summarized in Table 1. For infor-
mational purposes, Supplemental Table 2 distinguishes the pa-
tients on the basis of their location at the time of death, namely,
inside versus outside the ICU. Ten patients (63%) died in the
ICU. The mean age of our 16-patient cohort was 68.2+12.8 years,
with a male predominance (69%). Patients in the ICU were sig-
nificantly younger (P=0.007). The body mass index reached 30.
7+6.1 kg/m*. Hypertension, diabetes, and CKD were present in
63%, 56%, and 43% of patients, respectively (Table 1). Our co-
hort included two heart transplant recipients (patients 7 and 11),
and one patient with a history of prostate cancer (patient 6). The
median length of hospital stay was 14 days (IQR, 7.5-25.5), with
a significantly longer stay for patients in ICU (Supplemental
Table 2). Lymphocyte count was at the lower level of the norm,
whereas blood levels of C-reactive protein, fibrinogen, D-dimer,
and lactate dehydrogenase were above the normal ranges at hos-
pital admission (Table 1 and Supplemental Table 2). Most of the
patients in the ICU had a more severe form of COVID-19, with a
higher prevalence (60%) of severe CT-based score compared
with patients not in the ICU (17%) at admission. AKI concerned
60% of patients during hospitalization, with 53% showing stage 3
proteinuria at admission and a median proteinuria of 580 (320;
830) mg/g urine creatinine (Table 1). During their hospitalization,
patients in the ICU developed a 30% decrease in eGFR more fre-
quently than patients not in the ICU (Supplemental Table 2). Three
patients required RRT. The clinical and biologic characteristics of
the control patients (n=5) are summarized in Supplemental Table
3. The cause of death was related to sepsis and ARDS in 81% of
patients.

Histologic Findings
Table 2 summarizes the most relevant pattern of renal lesions
observed by light microscopy in all patients, including both
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Table 1. Clinical and biologic characteristics of the severe acute respiratory syndrome coronavirus 2-infected group

Characteristic

Result

Clinical
Age (yr) mean (min; max) (n=16)
Women % (n=16)
Body mass index (kg/ m?) mean (min; max) (n=16)
Medical history
Hypertension % (n=16)
Diabetes % (n=16)
CKD % (n=14)
Active cancer or history % (1=14)
Cardiovascular disease % (n=16)
Immunocompromise status % (n=16)
Asthma/COPD % (n=16)
Nonsmoker % (n=14)
RAAS inhibitors drugs % (n=16)
Hydroxychloroquine used during hospitalization % (n=16)
Contrast products injection during hospitalization % (n=16)
Antiplatelets used before hospitalization % (n=16)
Anticoagulation during hospitalization % (n=16)
Hospital stay length (d) median (IQR) (1=16)
Severity
ICU admission % (n=16)
Thorax CT scanner staging % (n=16)
Minor (<10%)
Mild (10%-50%)
Severe (>50%)
Renal severity
AKI % (n=16)
CVVH initiation during hospitalization % (n=16)
30% decrease of eGFR during hospitalization % (n=16)
Proteinuria at DO >500 mg/g of urine creatinine % (n=15)
Hematuria at DO % (n=13)
Biologic
ABO group % (n=14)
A-B-AB-O
Lymphocytes at DO (/ mm?®) median (IQR) (1=16)
Lymphocytes at end of hospitalization (/ mm?) median (IQR) (n=15)
Platelet at DO (X1000/mm?) mean (min; max) (1=16)
Platelet at end of hospitalization (X1000/ mm?) mean (min; max) (n=15)
C-reactive protein at DO (mg/L) mean (min; max) (n=16)
C-reactive protein at end of hospitalization (mg/L) mean (min; max) (n=15)
Fibrinogen (g/L) at DO median (IQR) (n=16)
Fibrinogen (g/L) at end of hospitalization, median (IQR) (1=15)
Procalcitonin at DO (ng/L) median (IQR) (n=13)
D-dimer at DO (ng/L) mean (min; max) (n=11)
LDH at DO (U/L) mean (min; max) (1=16)
CPK at DO (U/L) median (IQR) (n=16)
eGEFR (before hospitalization) (1=13)
60-90 ml/min per 1,73 m? %

68.2 (49; 95)
313
30.7 (20.7; 39.6)

62.5
56.3
429
12,5
438

25
0
78.6
50
87.5
18.8
438
75
14 (7.5-22.5)

62.5

18.8
37.5
43.7

62.5
18.5
50
53.3
53.8

64.3-14.3-0 -21.4
720 (520-1440)
970 (530-1280)°
211.4 (79; 417)
230.3 (26; 457)°
166.5 (4.4; 382.4)

195.5 (3.8; 311.9)*
7.18 (4.83-7.72)
6.96 (5.01; 7.86)
0.33 (0.16-0.83)

1309.5 (329; 2991)
532.8 (195; 881)

286.5 (181.5-445)

46.2
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Table 1. (Continued)

Characteristic Result
<60ml/min per 1,73 m? % 23.1
<30 ml/min per 1,73 m? % 0
Serum creatinine at DO (mg/dl) median (IQR) (1=16) 1.07 (0.83-1.27)
Serum creatinine at end of hospitalization (mg/dl) median (IQR) (1=16) 0.96 (0.68-1.62)*
Potassium at DO (mmol/L) mean (min; max) (n=16) 4.16 (3.55; 4.63)
Proteinuria at DO (mg/g of urine creatinine), median (IQR) (1=15) proteinuria at D7 (mg/g of 580 (320-830)
urine creatinine) median (IQR) (n=10) 650 (400-1520)°
Delay biopsy (1=16)
<60 (min) % 62.5
60-120 (min) % 125
120-180 (min) % 25

COPD, chronic obstructive pulmonary disease; DO, day 0 of hospital admission; D7, day 7 after hospital admission; RAAS, renin angiotensin aldosterone system; IQR, interquartile range; ICU, intensive
care unit; CT, computed tomography; CVVH, continuous venovenous hemofiltration; LDH, lactate dehydrogenase; CPK, creatinine phospho-kinase.

aNo statistical difference observed between DO and the end of hospitalization.

bNo statistical difference observed between DO and D7.
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COVID-19 (n=16) and control (n=5) groups. The biopsies had
a median of 31 (18-49) glomeruli, with a median of 12 (2-17)
sclerotic glomeruli in the COVID-19 group. The P1 sample
showed 33 glomeruli with no sclerosis, whereas the archival
R1-R4 tissues had =500 glomeruli. All patients with COVID-19
and controls demonstrated ATN lesions to a variable extent,
which were mainly characterized by tubular vacuolization (n=12
out of 21), loss of proximal tubule (PT) brush border (n=20 out
of 21), cell shedding (n=12 out of 21), and/or apoptosis (n=17
out of 21) (Figure 1). ATN severity was not different between
COVID-19 versus control samples. No tubulitis or interstitial in-
filtrate was observed in either group. In our study, three patients
(5, 7, and 11) had been exposed to intravenous (IV) contrast dur-
ing the hospitalization, and two patients (7 and 11) were treated
by calcineurin inhibitors as a long-life therapy for heart transplan-
tation. No patient received IV Ig, nonsteroidal anti-inflammatory
drugs, or vitamin C during the hospitalization. The intratubular
hyaline casts were commonly observed (n=13 out of 21). Intra-
tubular pigments were detected in four patients with COVID-19
(1, 2, 3, and 9). No viral inclusions or nuclear dystrophies were
found. Congestion within glomerular and peritubular capillaries
(PTC) was respectively observed in 56% and 88% of patients in
the COVID-19 group, whereas only one control patient (R2)
showed PTC aggregation of erythrocytes. Serial staining for
CD61 and CD42b evidenced platelets within the congestive PTC
in 11 out of 15 patients (including R2) and within the glomerular
capillaries in seven out of nine patients (including R2)
(Supplemental Figure 1). Fibrin was not found using Martius
Blue Scarlett staining. No proliferative glomerular lesions or
modifications of the glomerular basement membrane were ob-
served, except for two patients with COVID-19 (12 and 14) with
increased mesangial cellularity. One patient with COVID-19 (8)
also showed endocapillary proliferation, with no significant im-
munoreactive signal for IgA, IgG, IgM, Clq, C4d, and C3. Few
patients in the COVID-19 group exhibited endothelial cell swell-
ing in the glomerular capillary loops (11) or the arterioles (4).
One patient with COVID-19 (6) showed mild intimal arteritis in
only one arterial cross-section. Peritubular capillaritis was ob-
served in three patients with COVID-19 (3, 6, and 8) and the con-
trol R1 patient (Figure 1). ACE2 was predominantly located at
the brush border of PT cells, and at the surface of the parietal epi-
thelial cells of the glomeruli (Supplemental Figure 2). No ACE2
staining was noticed in the endothelial cells or the distal tubule
(DT). No significant difference in the expression and distribution
of ACE2 was observed between COVID-19 versus control
groups. A significant correlation was found between ATN severi-
ty and AKI staging (Spearman correlation = 0.683; P=0.03). No
other relevant correlation was obtained between the clinical or bi-
ologic parameters and histologic findings, especially between the
KDIGO stage of proteinuria or the postmortem delay of kidney
biopsies and PT vacuolization.

Ultrastructural Findings

The examination of kidney samples by electron microscopy
showed clathrin-coated vesicles characterized by an electron-lucent
center (approximately 50 nm in diameter) surrounded by an elec-
tron-dense capsule (approximately 100 nm in diameter) in three pa-
tients (2, 7, and 9) (Figure 2). Typically, these particles face the cell
cytoplasm and are inside the plasma membrane, which casts doubt
on a viral origin (42). Other ultrastructural features included occa-
sional dense deposits in mesangial or subendothelial locations, and

red blood cell congestion in glomerular capillary loops and PTC
(Figure 2).

Detection of SARS-CoV-2 in the Renal Parenchyma Using
Immunostaining Against the 2019-nCoV NP, ISH, and Bulk
RNA RT-PCR

Immunostaining for the 2019-nCov NP was positive in nine
out of 16 patients with COVID-19, as simultaneously confirmed
by the specific immunoreactive signal observed in lung sections
of guinea pigs infected by SARS-CoV-2. Serial sections with
markers of PT (CD10), DT (NCC), and endothelial (CD31) cells
revealed a preferential localization of the virus in the cytoplasm
of PT cells and in the basolateral pole of the cytoplasm of scat-
tered epithelial cells lining the NCC-positive DT (Figure 3,
Supplemental Figures 3 and 4). None of the kidney samples from
the control group showed such a dot-shaped signal for the 2019-
nCov NP. A faint unspecific immunoreactivity was observed in
the cytoplasm of necrotic PT cells in both COVID-19 and control
groups. No CD31-positive endothelial cells were positive for the
2019-nCov NP. The extent of tubular positivity for 2019-nCov NP
was semiquantitatively scored (on a Banft-derived classification
[38]) as <1% in six patients (6, 7, 8, 10, 11, and 14), 1%-10% in
two patients (1 and 9), and >10% of all tubules/ducts in one patient
(3) (Table 2). Interestingly, the semiquantitative viral load after clas-
sic nasopharyngeal sampling had been quantified in five out of 16
patients right before death, with a median delay of 2 (1; 3) days.
Two patients (13 and 16) had undetectable levels of SARS-CoV-2,
whereas three patients (7, 8, and 10) showed persistent viral load,
with a median cycle threshold of 27.12 (20.7-31.6) for the E gene
of SARS-CoV-2. The immunostaining against 2019-nCov NP on
the corresponding kidney samples was negative in patients with un-
detectable viral load and positive in patients with measurable viral
load. The viremia was not available in our series.

A total of nine out of 16 samples were interpretable by the
means of ISH, which contained between three and 10 glomeruli
(average of seven glomeruli per specimen). We defined interpret-
able as being when we could evaluate the presence or the absence
of a signal and when positive (housekeeping) and negative controls
(bacterial probe) yielded consistent results. In seven patients, there
were discrepancies between these three factors that would not allow
us to make a clear definition. For this reason, the limitations with
tissue availability (no chance to repeat the assays in triplicate, as re-
quired) and the potential confounding effect of autopsy material,
we decided to report nine samples with high level of certainty and
the remaining seven samples as inconclusive. Two samples were
positive for nCoV2019-S by ISH: 2 (negative by IHC); 4 (negative
by IHC). Two additional samples were considered borderline posi-
tive in glomeruli: 11 (negative by IHC) and 9 (negative by IHC).
Four samples were considered borderline positive in the tubular-in-
terstitial compartment: 11 (positive by IHC); 9 (positive by IHC);
8 (positive by IHC); and 5 (negative by IHC). The remaining three
ISH-negative samples were positive (1 and 10) or negative (15) for
the 2019-nCov NP by IHC. All of these findings have been summa-
rized in Table 2. The ISH signal was detected in scattered cells lin-
ing the LTL-positive PT and the LTL-negative periglomerular DTs,
and in the glomeruli and small vessels (Figure 4, Supplemental
Figure 5). Positive and negative controls are provided in
Supplemental Figures 6 and 7.

RT-PCR performed from total RNA extracted from FFPE tis-
sue failed to amplify the E and N1/N2 genes of SARS-CoV-2 in
kidney samples, except for one patient (15; CT values of and
32.38 for E and N genes, respectively). The median CT value for
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Table 2. Clinical data and most relevant acute renal lesions observed by light microscopy, immunostaining, in situ hybridization
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Patient Status Glomeruli Tubulointerstitium Peritubular Capillaries Severe Acute Respiratory Syndrome Coronavirus 2 Clinical Data

Acute Tubular

N i ISH
Patient Capillary  Endothelial Cell ccrose Tubular HC—_ BH AKI  Proteinuria

ID  Ischemia Congestion Swelling Severity Extent vacuolization Capillaritis Congestion Glomeruli D LU stage mg/g

Tubules Tubules

COVIDICU 3 N Y N Mild  >0%-25% N ptcl Y >10% NA NA N Y 2 333
4 Y Y N Mild  >0%-25%  >0%-25% ptc0 Y N Y Y Y N N 595

6 Y Y N Mild 26%-50% N ptcl Y <% NA NA N Y 2 453

7 Y N N Severe >50%  >0%-25%"° ptc0 Y <1% NA NA N Y RRT 353

8 N N N Severe >50% N ptc2 Y <1% N Bdl N N RRT 689

10 N N N Severe >50% N ptcO Y <1% N N Y Y RRT 317

11 N Y Y Mild 26%-50%  26%-50%" ptc0 Y <1% Bdl Bdl N N 1 230

13 N Y N Mild  >0%-25%  >0%-25% ptc0 Y N NA NA Y Y 3 834

15 N Y N Moderate ~ >50% >0%-25% ptc0 N N N N N Y 2 728

16 N N N Mild >50% N ptc0 Y N NA NA Y N N 1484

COVID Non-ICU 1 Y Y N Mild  >0%-25% N ptc0 Y 1%-10% N N Y N N NA
2 N N N Mild  >0%-25% N ptc0 Y N Y Y Y Y N 303

5 N N N Mild ~ >0%-25% >0%-25%* ptc0 Y N N Bd Y N N 1104

9 N Y N Mild  >0%-25% >0%-25% ptc0 Y 1%-10% Bdl Bdl Y Y N 268

12 Y N N Mild  >0%-25%  26%-50% ptc0 Y N NA NA Y Y 2 6004

14 N Y N Mild 26%-50%  >0%-25% ptc0 N <% NA NA N Y 1 579

Control ICU P1 N N Y Mild 26%-50% N* ptc0 N N N N 1 654
R1 Y N N Severe >50% >50% ptc2 N N N Y 3 387
R2 N N N Severe >50% N? ptcO Y N Y N 2 2607

R3 N N N Moderate ~ >50% >0%-25%" ptcO N N Y Y RRT NA

R4 N N N Severe >50% 26%-50% ptcO N N N N 2 NA

Capillaritis was scored according to the Banff scoring system (0, <10% cortical PTC containing leukocytes; 1, =10% cortical PTC containing 3—4 leukocytes; 2, =10% cortical PTC containing 5-10 leu-
kocytes) (41). ID, identification number; IHC, immunohistochemistry; ISH, in situ hybridization; DM, diabetes mellitus; HTN, hypertension; COVID, coronavirus disease; ICU, intensive care unit; N, not
detected; Y, detected; NA, not available; PTC, peritubular capillaries; Bdl, borderline.

aPatients exposed to IV contrast.

bPatients treated by calcineurin inhibitor.
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Figure 1. | Representative histologic findings in postmortem kidney biopsies from patients with coronavirus disease 2019 (COVID-19).
(A) Acute tubular necrosis with thinning of the tubular epithelium, loss of brush border, and cell shedding (Periodic Acid Shiff [PAS] stain-
ing, patient 7); (B) cytoplasmic vacuolization (arrow) of proximal tubular epithelial cells (PAS staining, patient 14); (C) intimal arteritis (ar-
row; hematoxylin and eosin staining, patient 6); (D) peritubular capillaritis (*) and congestion in peritubular capillaries (+); Jones staining,
patient 3; (E) glomerular endothelial cell swelling and congestion in peritubular capillaries (+; PAS staining, patient 11); and (F) congestion
in glomerular capillaries (arrow; PAS staining, patient 6). Scale bars = 100 um (A), 20 pm (B, D, and F), 50 pm (C and E).

human RNAseP gene reached 20.89 (18.39; 26.27) in the whole
cohort.

Discussion

COVID-19 is a novel nosological entity, with a broad clinical
spectrum. The early description of the entity logically focused on
lung involvement, although an increasing number of reports have
progressively highlighted the effect of SARS-CoV-2 on other or-
gans, including the kidneys (3,6-8). Furthermore, correlations be-
tween extrarespiratory viral tropism, disease severity, and in-
creased risk of premature death within the first 3 weeks of
disease have been highlighted (7). In our prospective cohort on
the basis of immediate postmortem kidney biopsies, we ob-
served ATN in all patients, with unusual congestion of the glo-
merular and PTC. No thrombi were factually evidenced. No tubu-
litis or interstitial inflammation was found. No viral inclusions or
nuclear dystrophies were observed. Although SARS-CoV-2 genes
could not be consistently detected by the means of RT-PCR of
bulk RNA from FFPE kidney samples, a positive signal for
SARS-CoV-2 was found at both protein and RNA levels, with a
preferential localization in the cytoplasm of both PT and DT cells.
SARS-CoV-2 mRNA was also detected in a few glomerular and
endothelial cells.

Our findings strengthen the first histologic observations
highlighting a preferentially tubular pattern of kidney injury,

including ATN lesions and PT vacuolization (25). Of important
note, endothelial lesions, such as cell swelling with foamy de-
generation and subendothelial expansion and proliferation, had
been described in this initial report (25). The hypoxic delay be-
tween death and renal sampling may partly explain this pattern
of endothelium injury. Examination by electron microscopy
showed clusters of particles with distinctive spikes in podo-
cytes and epithelial cells lining the renal tubules. However,
these aspects of “virus-like particles” have been strongly chal-
lenged because they may correspond to physiologic intracellu-
lar components such as clathrin-coated vesicles and multive-
sicular bodies, as observed in our cohort (26,42,43). Note that
the timing and the location of the kidney biopsy, and the exper-
tise of the observer(s), may also influence the yield of electro-
microscopy-based identification of viral particles. The nucleo-
protein of SARS-CoV-2 was then found in unspecified renal
tubules (44). Another postmortem case series (with a mean
hypoxic delay of 33 hours) demonstrated diffuse ATN, with
three out of 18 patients showing fibrin thrombi in glomerular
capillaries (45). Thrombosis of the renal microvasculature has
also been highlighted in postmortem kidney samples from patients
who benefited from extended cardiopulmonary resuscitation (CPR)
before death (27). CPR-associated ischemia may significantly affect
the renal microvasculature. In our cohort, all patients died from sep-
tic shock or ARDS, with no prior CPR. In total, 75% of our patients
were on anticoagulation therapy during their stay. No thrombotic
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Figure 2. | Ultrastructural findings in postmortem kidney biopsies from patients with coronavirus disease 2019 (COVID-19). (A-C) Con-
gestion of red blood cells in peritubular capillaries and expansion of subendothelial space (C) by accumulation of an amorphous osmio-
philic material; (patient 5). (D) Congestion in a glomerular capillary loop (patient 4); (E and F) Viral-like particles corresponding to cla-
thrin-coated vesicles in a glomerular capillary loop (E) and in a renal cortical artery (F) (patient 2). Scale bars = 5 um (A-D), 0.1 pm (E

and F).

microangiopathy or thrombi within the glomerular capillaries were
observed or stained by Martius Blue Scarlett.

Evidence of nephrotic-range proteinuria and collapsing glomer-
ulopathy was reported in patients with COVID-19 (28,46).
Diffuse tubulo-reticular inclusions called “IFN footprints” were
described in glomerular endothelial cells, which may reflect
SARS-CoV-2—induced excessive production of I[FN (47). A case
series of 10 patients with COVID-19 and AKI, proteinuria, and/
or hematuria showed two patients with thrombotic microangiop-
athy, and one patient with focal sclerosis and features of healing
collapsing glomerulopathy in isolated glomeruli. One patient had
pauci-immune crescentic GN. All biopsies were negative for the
SARS-CoV-2 NP antigen (48). A case series of 17 patients (in-
cluding three kidney transplant recipients) showed various levels
of ATN, with no evidence of SARS-CoV-2 (S2 subunit) in the re-
nal parenchyma (36). Conversely, the spike protein of SARS-
CoV-2 was detected in two out of 14 patients with COVID-19, as
a patchy, granular cytoplasmic staining in tubular epithelial cells
(49). ISH for SARS-CoV-2 was negative in a recent postmortem

kidney sample study (50). Golmai et al. mainly focused on pa-
tients with stage 2 or 3 AKI, with high rate of patient requiring
RRT (n=8 out of 12), whereas patients with and without AKI
were eligible in our study. Note that the delay between death and
biopsy in Golmai’s report ranges between 1.5 and 70 hours,
which may increase the risk of autolysis and biased interpretation
of the histologic lesions and subsequent technical investigations.
Finally, a cohort of 42 autopsies (including six patients deceased
before hospital admission) reported on ATN and focal (<5% of
glomeruli) fibrin thrombi (n=6 patients). Immunostaining against
the spike antigen and ISH for SARS-CoV-2 were negative (n=10
patients) (51). It is important to remember that all of these tissue-
based studies necessarily represent a “snapshot” of a highly dynam-
ic pathologic process, which may explain the heterogeneous find-
ings regarding the presence of SARS-CoV-2 mRNA and/or protein
in the renal parenchyma (44). Furthermore, the yield of each tech-
nique may be affected by the type of starting materials, such as
fresh versus snap frozen, versus FFPE versus RNA later-preserved
samples collected ante versus postmortem.
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Figure 3. | Representative serial immunostaining for CD10, 2019-nCov N-Protein, and CD31 on postmortem kidney biopsies from a pa-
tient with coronavirus disease 2019 (COVID-19). Serial sections of kidney samples from patients with COVID-19 were used for immunos-
taining against the proximal tubule marker, CD10 (in black) (A); the 2019-nCov N-Protein (in red) (B); and the endothelial marker, CD31
(in brown) (C). A punctuate pattern for the 2019-nCov N-Protein is detected at the basolateral pole of CD10-negative and CD31-negative
distal tubule (*) (patient 9). No specific signal is detected in CD31-positive peritubular capillaries (arrow). Scale bars = 20 pm

The limitations of our monocentric study include the small
number of observations, which prevents us from building robust
correlation between the clinical parameters and the histologic
findings. We have no information about the viremia in our cohort.
Of note, positive SARS-CoV-2 viremia has been reported as de-
tectable in <40% of patients with COVID-19 pneumonia
(52,53). We provide a detailed clinical and biologic description of
all patients, thereby allowing correlations and comparisons to pre-
vious reports (summarized in Supplemental Table 4). As a re-
minder, patients with or without AKI were eligible in our
study, which allowed us to cover an extended spectrum of the
COVID-19-associated nephropathy. The postmortem collection
of the renal samples may bias the specific identification of renal
COVID-19-associated lesions because the features of ATN and
postmortem autolysis are very similar. To circumvent this limita-
tion, we have included five archival kidney samples from patients
with septic shock and/or ARDS, and we collected most of the
samples within 1 hour after death. Note that four out of five con-
trol tissue specimens were extracted from a historical pathology
bank and did not stricto sensu follow the same path of harvesting
and processing of the COVID-19 tissue samples. All biopsies
were methodically described by three experienced renal patholo-
gists following a priori well-standardized criteria, to limit the in-
terobserver variability in the description and scoring of the
morphologic features. The severity of the ATN was not differ-
ent between COVID-19 versus control groups. No immune de-
posits or interstitial inflammation were found in our series.
Conversely, the nonthrombotic congestion in glomerular and
peritubular capillaries was preferentially observed in patients
with COVID-19. Due to the small sample size of the control
group, COVID-19-associated capillary congestion must be in-
terpreted with caution. Still, peritubular capillary congestion
has been described in other clinical entities, including hantavi-
rus infection (probably secondary to increased endothelial
permeability [54]) and renal ischemia/reperfusion (55). A

sepsis-induced decreased of renal perfusion in patients with
COVID-19 may also contribute to this histopathological
observation. Of important note against the hypothesis of non-
specific random morphologic postmortem observation, the
capillary congestion is not considered a major criterion of
ATN caused by autolysis (56). Our observations, based both
on /SH and immunostaining, support a SARS-CoV-2 kidney
tropism in both proximal and DTs, despite the absence of de-
finitive ultrastructural evidence. The significance of one single
patient with positive RT-PCR characterized by a high CT
number is questionable. Still, the negative and positive con-
trols of this experiment performed on total RNA extracted
from FFPE tissue were repeatedly concordant with the detec-
tion of SARS-CoV-2 E and N genes in the renal bulk RNA of
this patient.

In conclusion, our collection of immediate postmortem kidney
biopsies highlights a congestive pattern of COVID-19-associated
AKI, with SARS-CoV-2 detection in different renal compartments,
including proximal and distal tubules, glomeruli, and vessels.
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Figure 4. | Detection and spatial distribution of viral RNA using fluorescence in situ hybridization. The first (overview) and second (tar-
geted zoom) columns display positive signal for viral RNA in different renal compartments, including proximal and distal tubules, glomeru-
li, and vessels. nCoV2019-S RNA is in green; Lotus tetragonolobus lectin (LTL) is in red; DAPI is in blue (patient 4).
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