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Introduction: COVID-19 has been reported to be associated with the occurrence and recurrence of
membranous nephropathy (MN). The clinicopathological characteristics and complement system activa-
tion of MN after COVID-19 are unclear.

Methods: A total of 38 patients with biopsy-proven MN who developed new-onset proteinuria after
COVID-19 were enrolled in this study. One hundred patients with primary MN diagnosed before the
COVID-19 pandemic were the control. Renal immunohistochemical staining for SARS-CoV-2 nucleocapsid
protein was performed in 38 patients with MN after COVID-19. Serum membrane attack complex (MAC)
was detected by enzyme-linked immunosorbent assay. Glomerular staining for the complement proteins
in different pathways were detected by immunohistochemistry.

Results: Thirteen of 38 patients had positive staining for SARS-CoV-2 nucleocapsid protein. Compared
with the control patients, the clinical manifestations were more severe in patients after COVID-19. Patients
with positive SARS-CoV-2 staining had a higher proportion of nephrotic syndrome, lower level of serum
albumin, and greater severity of renal interstitial fibrosis than those of patients with negative SARS-CoV-2
staining. Serum MAC level and renal MAC staining intensity of MN after COVID-19 were significantly
higher than those of the control patients. MAC expression in MN patients with positive SARS-CoV-2
staining was stronger than that in both control patients and MN after COVID-19 with negative SARS-
CoV-2 staining. The expression trend of factor H was consistent with that of MAC.

Conclusion: Excessive activation of the complement system aggravated symptoms in MN after COVID-19.
Therapeutic strategy targeting the complement system may need to be considered.
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fter the global COVID-19 pandemic, kidney injury

caused by COVID-19 can occur in up to 40% of
patients.’ SARS-CoV-2 infection has been linked to a
notable increase in glomerular disease, exacerbation
of existing kidney conditions, renal function deteriora-
tion, heightened hospitalization rates, increased need
for renal replacement therapy, and elevated mortality
risk. Notably, numerous cases of glomerular disease
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have emerged in conjunction with COVID-19, with
collapsing glomerulopathy currently being the most
common pathology (approximately 36.1%), and MN
at approximately 5.6%."

MN is the most common pathological type of adult
nephrotic syndrome. It is characterized by the depo-
sition of immune complexes under glomerular epithe-
lial cells, which include specific antigens, IgG, and
complement MACs. Majority of MN antigens
(70%—80%) are phospholipase A2 receptor (PLA2R),
followed by neural EGF-like 1 (NELL-1) and thrombo-
spondin type 1 domain-containing 7A (THSD7A).
Approximately 70% of MN are considered primary,
whereas the remaining 30% are secondary to various
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etiologies, including infections such as hepatitis virus
as one of the important secondary causes.” However,
the association between COVID-19 and the pathogen-
esis of MN remains unclear. Studies have suggested
that SARS-CoV-2 can induce complement activation
and immune dysregulation, leading to kidney injury.””
Furthermore, similar to the detection of hepatitis B
antigen in renal tissue of patients with hepatitis B-
related MN,® it is speculated that SARS-CoV-2 protein
deposition in renal tissue might contribute to the for-
mation of immune complex and the subsequent
development of MN.”'” Although MN associated with
COVID-19 has been reported, limited research with
detailed patient data is available, especially regarding
viral detection and complement activation in renal
tissues.'

This study collected clinical, prognostic, and path-
ological data of patients with new-onset MN after
COVID-19 in our center and compared with those of
patients diagnosed with primary MN before COVID-19
pandemic. We detected SARS-CoV-2 and complement-
related indicators in renal biopsy tissue of all patients
to explore the role of SARS-CoV-2 protein in comple-
ment activation and the worsening of renal injury.

METHODS

Patients

A total of 38 patients with biopsy-proven MN, who
developed new-onset proteinuria after COVID-19, were
enrolled in this study from December 2022 to July
2023. Secondary MN cases caused by autoimmune
diseases (such as systemic lupus erythematosus, rheu-
matoid arthritis, and Sjogren’s syndrome), hepatitis
virus infections (hepatitis B and C), and heavy metal
poisoning (mercury, etc.) were excluded. The control
group consisted of consecutive patients with primary
MN confirmed by renal biopsy between December 2018
and July 2019. Baseline clinical data of the patients at
admission were collected, and some patients were
followed-up with. Serum samples were obtained on the
day of kidney biopsy and stored at —80 °C until use.
The study was conducted in compliance with the
Declaration of Helsinki and approved by the ethics
committee of Beijing Anzhen Hospital. Written
informed consent was obtained for tissue and blood
sampling.

The diagnosis of primary MN was based on immu-
nofluorescence, light microscopy, and electron micro-
scopy. Response to treatment was evaluated according
to the Kidney Disease: Improving Global Outcomes
guidelines.'' Complete remission was defined as uri-
nary protein excretion less than 0.3 g/d (urinary
albumin-to-creatinine ratio < 300 mg/g or < 30 mg/
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mmol), confirmed by 2 values at least 1 week apart,
accompanied by normal levels of serum albumin and
creatinine. Partial remission was defined as urinary
protein excretion < 3.5 g/d (urinary albumin-to-
creatinine ratio < 3500 mg/g or < 350 mg/mmol),
and at least a 50% reduction from peak values,
accompanied by improvement or normalization of
serum albumin levels and stable serum creatinine
levels.

Immunohistochemical Staining of SARS-CoV-2
Nucleocapsid Protein in Renal Tissue

The method used to detect SARS-CoV-2 nucleocapsid
protein in renal biopsy was conducted according to
previously described procedures.”'” In brief, paraffin-
embedded biopsy renal tissues were sliced into 4 [lm
thick sections and then deparaffinized. Antigen
retrieval was performed by heating the slides in 1x
EDTA buffer (pH 9.0), at 98 °C for 40 minutes. After
cooling to room temperature and washing 3 times with
phosphate-buffered saline (PBS), the slides were
treated with 3% hydrogen peroxide solution for 10
minutes to inhibit endogenous peroxidase activity.
Subsequently, the slides were blocked with 3%
bovine serum albumin in PBS at room temperature for
30 minutes, followed by incubation with mouse anti-
SARS-CoV-2 (2019-nCoV) nucleocapsid antibody
(40588-MM137, Sino Biological, China) diluted at 1:200
in PBS overnight at 4 °C. Following 3 washes with PBS
for 5 minutes each, antimouse IgG-horseradish
peroxidase (KIT-5001, Maixin Biotech, China) was
added and incubated for 1 hour at 37 °C. The perox-
idase activity was using 3-3'-dia-
minobenzidine-tetrahydrochloride. Finally, the slides
were dehydrated in ethanol and xylene, and sealed
using neutral gum.

visualized

Immunofluorescence Colocalization Staining of
SARS-CoV-2 Nucleocapsid Protein and IgG in
Renal Tissues

Frozen tissues of 4 lm thickness were taken and dried
in a fuser, then washed 3 times with PBS and added
with mouse anti-SARS-CoV-2 (2019-nCoV) nucleo-
capsid antibody (40588-MM137, Sino Biological,
China), with a dilution of 1:200 in PBS, which were
incubated overnight at 4 °C. After warming for 30
minutes, TRITC-conjugated goat antimouse IgG (dilu-
tion 1:100, CWO152S, Cwbiotech, China) and rabbit
polyclonal antihuman IgG/FITC (dilution 1:40, F0202,
Dako, Denmark) were added after washing 3 times with
PBS, and then incubated at 37 °C for 40 minutes.
Finally, the slides were washed 3 times with PBS and
imaged under a fluorescence microscope.

Kidney International Reports (2024) 9, 3145-3155
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Immunofluorescence Stain of H Factor, Factor
H-related Protein 5 (FHR-5), MAC, and
Mannan-Binding Lectin (MBL) in Renal Tissue
Paraffin-embedded biopsy renal tissues from patients
underwent immunofluorescence staining to detect the
presence of H factor, FHR-5, MAC, (C5b-9), and MBL,
following previously described protocols.'” The pri-
mary antibodies used for the staining included mouse
monoclonal anti-Factor H antibody (dilution 1:200, sc-
47686, Santa Cruz Biotechnology, CA), rabbit poly-
clonal anti-FHR-5 antibody (dilution 1:200,
GTX109982, GeneTex, Inc., Irvine, CA), mouse mono-
clonal anti-C5b-9 + C5b-8 antibody (dilution 1:50,
ab66768, Abcam, CA), and mouse monoclonal anti-MBL
antibody (dilution 1:200, HM2061, Hycult Biotech,
Netherlands). The primary antibodies were incubated
overnight at a temperature of 4 °C. After being washed,
goat antimouse IgG/FITC (ZF-0312, ZSGB-BIO, China) or
goat anti-rabbit IgG/FITC (ZF-0311, ZSGB-BIO, China)
were added for 1 hour at 37 °C as a secondary antibody.
Finally, the sections were washed and air dried in the
dark.

The immunofluorescence intensity was indepen-
dently scored by 2 pathologists. Fluorescence intensity
criteria: there is no light at both low and high magni-
fication as “—"; negative at low magnification, seemed
to be visible at high magnification as “+" it seems to
be visible at low magnification, and blurred at high
magnification as “+"; it is obviously visible at low
magnification and clearly visible at high magnification
as “4+4"; clearly visible at low magnification
and dazzling fluorescence at high magnification
as ‘44471

Quantification of Plasma Levels of Soluble MAC
Plasma concentrations of soluble MAC were quantified
using enzyme-linked immunosorbent assay kits pro-
vided by Quidel Corporation (A020, USA). The mea-
performed  following  the
manufacturer’s protocols.

surements WeEre

Immunohistochemical Staining of PLA2R,
Thrombospondin Type 1 Domain-Containing
7A, and NELL-1 in Renal Tissue
Paraffin-embedded kidney tissue (4 Hm) was ob-
tained for analysis. For the retrieval of PLA2R and
NELL-1 antigens, a pH 6 citrate solution combined
with trypsin was used, whereas a pH 9 EDTA so-
lution was used for thrombospondin type 1 domain-
containing 7A. The primary antibodies utilized were
rabbit polyclonal antihuman PLA2R1 antibody
(HPA012657, Sigma, USA) at a dilution of 1:800,
rabbit polyclonal antihuman NELL-1 antibody
(HPAO51535, Sigma, USA) at a dilution of 1:400, and
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rabbit polyclonal antihuman thrombospondin type 1
domain-containing 7A antibody (HPA000923, Sigma,
USA) at a dilution of 1:3000. These antibodies were
incubated overnight at 4 °C. Subsequently, the
secondary antibody, either alkaline phosphatase-
labeled immunohistochemistry reagent (KIT-5103,
Max Vision, China) or horseradish peroxidase-
labeled immunohistochemistry reagent (KIT-5004,
Max Vision, China), was added and incubated at
room temperature for 30 minutes. Fast-Red reagent
(Zhongshan  Jingiao, Z11-9042) or 3-3/-dia-
minobenzidine-tetrahydrochloride reagent (Zhong-
shan Jingiao, ZLI-9018) was utilized for color
development.

Statistical Analyses

Statistical analyses were conducted using SPSS 21.0
(SPSS Inc., Chicago, IL). Parametric data were reported
as means I SDs, whereas nonparametric data were
presented as median values with 25th to 75th percen-
tiles. Group comparisons for continuous variables were
carried out using l-way analysis of variance or the
Mann-Whitney U test (Kruskal-Wallis), and categorical
variables were compared using the chi-square test. All
P values were 2-tailed, and statistical significance was
set at P < 0.05.

RESULTS

Clinical and Pathological Characteristics of
Patients With MN After COVID-19

A total of 38 patients with new-onset MN after COVID-
19 were included in this study (Figure 1). The median
duration from the onset of proteinuria to COVID-19 was
1.0 (0.5-3.0) month. Clinical symptoms of COVID-19
among the patients included fever (100%), sore throat
(84.2%), cough (31.6%), expectoration (26.3%), and
loss of appetite (78.9%). None of the patients had se-
vere pneumonia. At the time of renal biopsy, all pa-
tients tested negative for SARS-CoV-2 infection. Of the

69 patients with primary membranous nephropathy
(From December 2022 to July 2023)

Except:
31 patients without COVID-19

38 patients with now-onset membranous
nephropathy after COVID-19

! l

13 patients with positive for
SARS-COV-2 staining

25 patients with negative for
SARS-COV-2 staining

Figure 1. Flow chart of the patients enrolled in the study.
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38 patients, 22 (57.9%) were male, with a median age of
55.5 years. In addition, 78.9% of the patients presented
with nephrotic syndrome. Compared to 100 patients
with primary MN without COVID-19 in the control
group, serum albumin level of MN after COVID-19 was
significantly lower (P = 0.011). Moreover, patients
with MN after COVID-19 also displayed an increase in
urinary protein and serum creatinine levels, although
these differences were not statistically significant
(P = 0.054 and P = 0.062, respectively) (Table 1).
There was no significant difference in Ehrenreich-
Churg staging and the positivity rate of these anti-
gens between patients with MN after COVID-19 and
patients in the control group. The positive rate of
PLA2R in renal tissues of MN after COVID-19 was
84.2%, and 3 cases (7.9%) were positive for NELL-1.
Notably, compared with patients in the control
group, the positivity rate of IgG1 staining (62.2%) and
the degree of interstitial fibrosis of MN after COVID-19
was significantly higher, whereas there was no differ-
ence in the positivity rate of IgG4 (Table 2). In patients
with MN after COVID-19, 18 was followed-up for 6
months; 33.3% of the patients achieved partial remis-
sion at 6 months. No patients achieved complete
remission. In the control group, 17 of 31 patients
followed-up for 6 months achieved partial remission or
complete remission. However, due to the short follow-
up time, the difference between the 2 groups were not
statistically significant (33.3% vs. 54.8%, P = 0.171)
(Table 3).

G Wang et al.: SARS-CoV-2 Deposition Enhances Kidney Injury

Clinical and Pathological Characteristics of
Patients Positive for SARS-CoV-2 Staining in
Renal Tissues of MN After COVID-19
Immunohistochemistry analysis of SARS-CoV-2 was
performed in 38 patients. Thirteen patients exhibited
positive staining in the renal tubular epithelial cells
(Figure 2i and j). Seven of 13 patients had prominent
granular deposition of SARS-CoV-2 nucleocapsid pro-
tein along the glomerular basement membrane
(Figure 2k and 1). Colocalization staining further
revealed that the glomerular SARS-CoV-2 staining
overlapped with the IgG staining in glomeruli
(Figure 3, Supplementary Figure S1 shows images of
the negative control). Among the 13 patients, 9 (69.2%)
were male. The median time from COVID-19 to the
detection of proteinuria was 1.0 (0.3-2.0) month. All
patients were presented with nephrotic syndrome. In
comparison to patients in the control group, the clinical
manifestations were more severe in patients with pos-
itive SARS-CoV-2 staining. Serum albumin and esti-
mated glomerular filtration rate levels were lower,
whereas urine protein and serum creatinine levels were
significantly increased (Table 1). In addition, coagula-
tion indicators were significantly elevated (Table 1).
Seven patients positive for SARS-CoV-2 were followed-
up for 6 months. However, there was no significant
difference in remission rate observed at 6 months
compared with the control group (Table 3). Among 13
patients with positive SARS-CoV-2 staining, 2 (15.4%)
were in Ehrenreich-Churg stage 1 and 10 (76.9%) in

Table 1. Comparison of clinical characteristics among MN after COVID-19, MN after COVID-19 with positive for SARS-CoV-2 staining, and MN

without COVID-19

MN after COVID-19 with

MN after COVID-19

positive for SARS-CoV-2 staining

MN without COVID-19

Characteristics (n=38) (n=13) (n=100) “P value P value
Male, n (%) 22 (57.9) 9 (69.2) 51 (61.0) 0.469 0.251
Age (yn) 55.5 (41.0-64.5) 56.0 (45.0-64.5) 54.5 (39.0-61.8) 0.233 0.315
Hypertension, n (%) 17 (44.7) 5 (38.5) 40 (40.0) 0.614 1.000
Microscopic hematuria, n (%) 21 (61.8) 7 (63.6) 43 (43.0) 0.058 0.217
Proteinuria (g/24 h) 5.8 (3.6,9.0) 7.3 (4.8,10.2) 4.3 (2.7,6.8) 0.054 0.006
Serum albumin, (g/l) 25.7 (20.4-30.0) 24.8 (18.0-26.1) 28.1 (23.2-33.1) 0.011 0.002
Nephrotic syndrome, n (%) 30 (78.9) 13 (100.0) 64 (64.0) 0.092 0.009
Serum creatinine (umol/l) 69.0 (567.0-92.0) 84.0 (62.5-109.5) 63.9 (54.2-76.4) 0.062 0.005
eGFR-EPI (ml/min per 1.73 m?) 97.6 (79.6-109.8) 82.7 (61.8-98.3) 100.6 (93.2-111.5) 0.079 0.004
Triglycerides (mmol/I) 2.1 (1.4-3.5) 20(.7-5.2) 2.1 (1.4-32) 0.874 0.437
Total cholesterol (mmol/l) 7.7 (6.1-8.6) 8.2 (6.2-10.1) 6.7 (6.6-8.6) 0.204 0.192
LDL (mmol/f) 4.9 (3.8-6.2) 5.3 (3.3-6.6) 4.0 (2.8-5.4) 0.020 0.240
Uric acid (nmol/1) 320.7 (277.4-370.0) 351.0 (281.0-438.2) 348.0 (285.0-427.0) 0.282 0.864
D-D (ng/ml) 781.0 (238.8-1557.5) 1230.0 (781.0-2600.0) 400.0 (185.5-900.0) 0.145 0.003
FDP (ug/ml) 4.2 (2.1-6.9) 6.4 (3.4-8.4) 2.0 (1.0-4.1) 0.005 0.007
serum PLA2R, n (%) 22 (57.9) 8 (61.5) 53 (563.0) 0.470 0.288
serum PLA2R (RU/ml) 51.4 (3.8-278.0) 82.2 (3.3-301.5) 26.6 (0.6-95.5) 0.156 0.121

D-D, D-dimer; eGFR-EPI, estimated glomerular filtration rate using the Epidemiology Collaboration formula; FDP, fibrin/fibrinogen degradation products; IQR, interquartile range; LDL, low

density lipoprotein cholesterol; MN, membranous nephropathy.
2P value: MN after COVID-19 vs. MN without COVID-19.

°P value: MN after COVID-19 with positive for SARS-CoV-2 staining vs. MN without COVID-19.

Data are given as n (%) or median (IQR) unless otherwise noted.
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Table 2. Comparison of pathological characteristics among MN after COVID-19, MN after COVID-19 with positive for SARS-CoV-2 staining, and
MN without COVID-19

MN after COVID-19 with

MN after COVID-19 positive for SARS-CoV-2 staining MN without COVID-19

Characteristics (n=238) (n=13) (n=100) P value °P value
Ehrenreich-Churg stage 0.061 0.105
Stage 1, n (%) 9 (23.7) 2 (15.4) 42 (42.0)
Stage 2, n (%) 26 (68.4) 10 (76.9) 46 (46.0)
Stage 3, n (%) 3(7.9) 1377 12 (12.0)
MN anfigen 0.852 0.775

PLA2R positive, n (%) 32 (84.2) 10 (76.9) 86 (86.0)

NELL-1 positive, n (%) 3 (7.9 1@7.7) 5 (5.0)

THSD7A positive, n (%) 0 0 1(1.0)
196G positive, n (%) 38 (100.0) 13 (100.0) 99 (99.0) 1.000 1.000
IgA positive, n (%) 2 (6.3) 0 11.(11.0) 0.481 0.3568
IgM positive, n (%) 2 (56.3) 0 11 (11.0) 0.481 0.358
1gG1 positive, n (%) 23 (62.2) 7 (63.8) 39 (39.0) 0.016 0.373
1962 positive, n (%) 1@2.7) 0 7 (7.0) 0.588 1.000
1gG3 positive, n (%) 127 0 11 (11.0) 0.236 0.358
1964 positive, n (%) 31 (83.8) 11 (84.6) 92 (92.0) 0.275 0.323
TA/IF, median (IQR) 1.0 (1.0,2.0) 2.0 (1.0,2.0) 1.0 (1.0,1.0) <0.001 <0.001
FSGS, n (%) 3 (7.9) 1.(7.7) 5 (6.0) 0.809 0.528

FSGS, focal segmental glomerulosclerosis; IF, interstitial fibrosis; IQR, interquartile range; MN, membranous nephropathy; NELL-1, neural EGF-like 1; PLA2R, phospholipase A2 receptor;

TA, tubular atrophy; THSD7A, thrombospondin type 1 domain-containing 7A.
P value: MN after COVID-19 vs. MN without COVID-19.

°P value: MN after COVID-19 with positive for SARS-CoV-2 staining vs. MN without COVID-19.

Immunofluorescence values 2+ and above are positive.

stage 2, with only 1 patient (7.7%) at stage 3. Ten
patients (76.9%) were positive for PLA2R, and 1 pa-
tient (7.7%) was positive for NELL-1. The degree of
renal interstitial fibrosis in renal MN positive for SARS-
CoV-2 staining was significantly higher than that of
patients in the control group (Table 2).

The characteristics of 38 patients with MN after
COVID-19 with or without positive SARS-CoV-2
staining were compared. The results show that pa-
tients with positive SARS-CoV-2 staining had more
severe baseline clinical manifestations, a higher pro-
portion of nephrotic syndrome, and lower level of
serum albumin (Supplementary Table S1). The severity
of renal interstitial fibrosis was also significantly
greater (Supplementary Table S2). No difference in the
remission rate was found at 6 months after treatment
(Supplementary Table S3). The clinical and pathological
characteristics between MN with positive for

SARS-CoV-2 staining in tubular cell and those with
positive for SARS-CoV-2 staining in glomeruli and
tubular cell were also compared. No statistically sig-
nificant differences were observed between the 2
groups (Supplementary Table S4-6).

Changes of Complement-Related Indicators in
Serum of Patients with MN After COVID-19
Compared with patients without COVID-19 in the
control group, serum complement C3 and C4 levels of
MN after COVID-19 were significantly higher. Simi-
larly, serum complement C3 level of patients with
positive for SARS-CoV-2 staining were significantly
higher than that of control group. In addition, the
levels of soluble MAC were examined by enzyme-
linked immunosorbent assay. There was a marked in-
crease in both 38 patients with MN after COVID-19 and
13 patients with MN positive for SARS-CoV-2 staining

Table 3. Comparison of treatment and prognosis among MN after COVID-19, MN after COVID-19 with positive for SARS-CoV-2 staining, and MN

without COVID-19

MN after COVID-19 with

MN after COVID-19

positive for SARS-CoV-2 staining

MN without COVID-19

Characteristics (n=18) (n=17) (n=231) P value P value
Immunosuppressive therapy, n (%) 15 (83.3) 7 (100.0) 25 (80.6) 1.000 0.305
Prognosis 0.171 0.5683
Partial remission, n (%) 6 (33.3) 3 (42.9) 13 (41.9)
Complete remission, n (%) 0 4.(12.9)
MN, membranous nephropathy.
2P value: MN after COVID-19 vs. MN without COVID-19.
°P value: MN after COVID-19 with positive for SARS-CoV-2 staining vs. MN without COVID-19.
Kidney International Reports (2024) 9, 3145-3155 3149
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Figure 2. The renal pathologic images of a patient with PLA2R-positive MN patient after COVID-19 who also is positive for SARS-CoV-2 staining.
Immunofluorescence staining demonstrated positive for (a) IgG and (b) complement C3 along the glomerular basement membrane in the renal
biopsy specimen from a patient with MN after COVID-19 (x 200). IgG subclass staining revealed positive for both (c) IgG1 and (d) IgG4 (x200). (e)
Subepithelial eosinophil deposits on PASM-Masson staining were observed under light microscopy (x400). (f) Electron microscopy showed
subepithelial electron dense deposits (x10000). (g) Glomerular PLA2R staining was positive, whereas (h) NELL-1 staining was negative (x400).
Immunohistochemical staining for SARS-CoV-2 nucleocapsid antibody (dilution 1:200) was expressed (i, j) in the renal tubular epithelial cells (red
arrows) and (k, I) along the glomerular basement membrane (blue arrows) (x400, x1000).

compared with patients in the control group (Table 4). Serum levels of complement C3, C4, and soluble

These results indicate a notable activation of the com- MAC were compared between patients with positive

plement system in the serum of patients with MN after and negative for SARS-CoV-2 staining and there were

COVID-19. no significant differences (Supplementary Table S7).
a SARS-CoV-2 staining x400 b IgG staining x400 c Merge *400

Figure 3. Colocalization of SARS-CoV-2 nucleocapsid staining and IgG staining in glomeruli in a patient with positive for SARS-CoV-2 staining.
Frozen renal tissue was incubated with mouse anti-SARS-CoV-2 nucleocapsid antibody (1:200), then TRITC conjugated goat antimouse IgG
(dilution) and rabbit polyclonal anti-human IgG/FITC (dilution) were added as second antibody. (a, white arrows) The expression of SARS-CoV-2
nucleocapsid protein shows segmental positivity along the glomerular basement membrane and is in red (b) The expression of IgG is shown in
green (c) Coexpression of SARS-CoV-2 nucleocapsid protein and IgG is shown along the glomerular basement membrane by the merge of the
fluorescence in yellow.

3150 Kidney International Reports (2024) 9, 3145-3155



G Wang et al.: SARS-CoV-2 Deposition Enhances Kidney Injury

CLINICAL RESEARCH

Table 4. Comparison of complement-related indicators in serum and in renal tissue among MN after COVID-19, MN after COVID-19 with positive

for SARS-CoV-2 staining, and MN without COVID-19

MN after COVID-19 with

MN after COVID-19

positive for SARS-CoV-2 staining

MN without COVID-19

Characteristics (n=38) (n=13) (n=100) “P value °P value
Serum complement C3, median (IQR) 1.4 (1.1-1.5) 1.4 (1.2-1.7) 1.2 (1.0-1.4) 0.007 0.006
Serum complement C4, median (IQR) 0.31 (0.3-0.4) 0.33 (0.2-0.4) 0.27 (0.2-0.3) 0.015 0.085
SMAC (ng/ml), median (IQR) 1646.6 (1333.5-2100.0) 1810.4 (1398.2-2047.3) 1195.8 (859.7-1514.0) 0.001 0.002
C3 positive, n (%) 23 (60.5) 6 (46.2) 67 (67.0) 0.476 0216
C1q positive, n (%) 1(2.6) 1037 5 (5.0) 0.887 0.5628

1QR, interquartile range; MN, membranous nephropathy; sMAC, soluble membrane attack complex.

P value: MN after COVID-19 versus MN without COVID-19.

PP value: MN after COVID-19 with positive for SARS-CoV-2 staining versus MN without COVID-19.

Immunofluorescence values 2+ and above are positive.

Similarly, there was no statistically significant differ-
ence between MN with positive SARS-CoV-2 staining
in tubular cells and those with positive SARS-CoV-2
staining in both glomeruli and tubular cells
(Supplementary Table S8).

Changes of Complement-Related Indicators in
Renal Tissues of Patients With MN After
COVID-19

Immunofluorescence staining showed no significant
difference in the positive rate of renal C3 staining
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among the various groups. Therefore, immunofluores-
cence staining was performed to detect MAC in
glomeruli (Supplementary Figure S2). The results
showed that the intensity of MAC in MN after
COVID-19 was significantly higher compared to that of
patients in the control group (Figure 4). In addition,
patients with MN who were positive for SARS-CoV-2
staining exhibited significantly stronger than that of
patients in either the control group or MN after
COVID-19 negative for SARS-CoV-2 staining (Figure 4).
These findings suggest that the complement activation
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Figure 4. Comparison of the staining intensity of MAC, MBL, factor H, and FHR-5 in renal tissues. Bar graph shows the comparison of per-
centage of case with different intensity in (a) MAC, (b) MBL, (c) factor H, and (d) FHR-5. FHR-5, factor H-related protein 5; MAC, membrane

attack complex; MBL, mannan-binding lectin.
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in the renal tissue of MN after COVID-19 was stronger
compared with that in MN without COVID-19 and
leading to the elevation of the MAC. Furthermore, the
presence of SARS-CoV-2 protein in renal tissue may
further enhance complement activation and contribute
to the exacerbation of kidney injury (Figure 4).

The complement proteins in different pathways
were detected by staining
(Supplementary Figure S2). The staining intensity of
Clq in the classical pathway, MBL in the lectin
pathway, factor H, and FHR-5 in the alternative
pathway showed no significant difference between MN
after COVID-19 and patients in the control group.
However, compared to patients in the control group,
the intensity of factor H in renal tissue of MN after
COVID-19 with positive for SARS-CoV-2 staining was
significantly higher, and no significant difference in
the intensity of FHR-5, Clq, and MBL (Table 4 and
Figure 4). Notably, the intensity of factor H was
significantly greater in 13 patients with positive for
SARS-CoV-2 staining than 25 patients with negative for
SARS-CoV-2 staining (Supplementary Figure S3). It
suggested that the complement alternative pathway
activation may be present in renal tissue of patients
with  positive for SARS-CoV-2 staining. The
complement-related indicators in renal tissue between
MN with positive for SARS-CoV-2 staining in tubular
cell and those with positive for SARS-CoV-2 staining
in glomeruli and tubular cell were compared
and there were not significantly differences
(Supplementary Table S9).

immunofluorescence

DISCUSSION

It has been reported that various glomerular diseases
can arise after COVID-19. Early studies of COVID-19
did not find the evidence of SARS-CoV-2 in kidney
tissue.” 7 Nevertheless, subsequent investigations
have identified the presence of SARS-CoV-2 and
angiotensin-converting enzyme 2 in urine, as well as
SARS-CoV-2 in kidney tissue, providing support for
the kidney as one of the target organs affected by
SARS-CoV-2.7'819 Therefore, in this study, we con-
ducted SARS-CoV-2 staining on renal biopsy tissues of
38 patients who experienced the onset of MN after
COVID-19. Out of these patients, 13 were positive for
SARS-CoV-2 in renal tissues. This finding suggests a
need for further investigation into the relationship
between MN and SARS-CoV-2 infection.

In previous studies, SARS-CoV-2 has been found
primarily in renal tubular epithelial cells of patients
with COVID-19 with kidney injury.”*"** In this study,
we observed deposits of SARS-CoV-2 nucleocapsid
protein along the glomerular basement membrane for
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the first time. Furthermore, immunofluorescence
confocal microscopy confirmed colocalization of SARS-
CoV-2 nucleocapsid protein and IgG in the immune
deposits. The presence of SARS-CoV-2 in glomerular
podocytes was also confirmed through electron micro-
scopy in previous study reports by Su et al.,” as well as
through in situ hybridization by Amann et al.”” These
findings provide evidence that SARS-CoV-2 is capable
of directly invading renal podocytes. In addition, key
structural components involved in the SARS-CoV-2
infection of host cells, angiotensin-converting-enzyme
2 and angiotensin-converting-enzyme transmembrane
protease serine 2, have been found to be expressed in
podocytes.””*” Therefore, our study suggests that
SARS-CoV-2 infection may contribute to the deposition
of viral protein under epithelial cells and lead to
podocyte injury. However, the relationship between
the SARS-CoV-2 protein deposition, and the patho-
genesis of MN remains unclear and needs further
investigation in future foundational research.'’

There have been few reports about cases of MN after
COVID-19. Patients typically presented with nephrotic
range proteinuria, approximately 80% accompanied by
hematuria, and about 50% accompanied by renal
insufficiency or acute kidney injury.]’m'%’29 Our study
reported the largest number of cases of MN after COVID-
19. Consistent with previous studies, 78.9% of 38 pa-
tients with MN after COVID-19 were with nephrotic
syndrome, and over 60% had hematuria. However, the
proportion of patients with renal insufficiency and acute
kidney injury in our study was low, likely due to the
mild systemic symptoms of COVID-19 in these patients.
The median time from COVID-19 to nephropathy diag-
nosis was 1.0 month, with an interval exceeding 2
months in a small number of patients. Notably, for the
first time, we compared the clinical data of MN after
COVID-19 with primary MN without COVID-19,
revealing that the clinical manifestations of MN after
COVID-19 were more severe. Specifically, urinary pro-
tein, serum albumin, and serum creatinine levels in pa-
tients with MN with positive SARS-CoV-2 staining
differed significantly from patients with MN without
COVID-19, as did serum albumin levels and the pro-
portion of nephrotic syndrome when compared to pa-
tients with MN after COVID-19 with negative SARS-
CoV-2 staining. These findings suggest that the deposi-
tion of SARS-CoV2 protein in tissues can further
aggravate the condition. In our study, we compared the
clinical and pathological characteristics between MN
with positive for SARS-CoV-2 staining in tubular cell
and those with positive for SARS-CoV-2 staining in
glomeruli and tubular cell. No statistically significant
differences were observed. This may be attributed to the
limited number of patients. In addition, SARS-CoV-2
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imposes kidney injury via several mechanisms,
including direct viral invasion, endothelial cell damage,
immune dysregulation, complement activation, coagul-
opathy, and renin-angiotensin-aldosterone system
dysfunction.' A larger sequential study is required to
further establish the impact of the deposition sites of
SARS-CoV-2 protein on kidney injury.

It is well-established that COVID-19 can trigger
activation of the systemic complement system.’’ Pa-
tients with COVID-19, particularly those with severe
clinical manifestations, exhibit significantly elevated
levels of serum C3a, C4d, C3bc, C5a, and MAC.'
MAC is the terminal product of the 3 complement
pathways and demonstrates a significant correlation
with respiratory failure and systemic inflammation.”*””
In our study, we observed that MN after COVID-19 had
significantly higher levels of serum complement C3, C4,
and MAC compared to patients with MN without
COVID-19, especially those with positive staining for
SARS-CoV-2. The activation of serum complement may
explain why the kidney injury in patients with MN
after COVID-19 is more severe than that in patients
with MN without COVID-19. Furthermore, complement
activation induced by immune complex deposition in
renal tissues plays an important role in MN patho-
genesis. However, the precise initial pathway of com-
plement activation remains unclear. The components
from all 3 complement pathways (classical, lectin, and
alternative pathways) were found in renal biopsies
from patients with MN, and the role of these pathways
in MN pathogenesis has been reported.”**® Various
studies have confirmed that high expression of MAC in
podocytes was an essential marker of podocyte injury
and aggravation of nephropathy.’*”” In our study, we
assessed MAC expression in renal tissues. The results
revealed significantly stronger MAC expression in pa-
tients with MN after COVID-19 compared to patients
with MN without COVID-19. Exceptionally, MAC
expression in patients with MN with positive staining
for SARS-CoV-2 was stronger than both that in patients
with MN without COVID-19 and those with MN after
COVID-19 with negative staining for SARS-CoV-2.
Meanwhile, the expression of components from all 3
complement pathways were detected in renal tissues.
The expression trend of factor H was consistent with
that of MAC, whereas those in C1q and MBL were not.
Because factor H is a key regulatory factor in the
alternative pathway but not a component, and the
sample size in this study is very small. Future studies
are necessary to confirm whether the alternative com-
plement pathway is involved in the enhanced deposi-
tion of the MAC due to the presence of SARS-CoV-2
protein in renal tissues, consequently leading to more
severe kidney injury. In addition, although IgG4
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positivity was predominant in patients with MN with
COVID-19, the positive rate of glomerular IgG1 was up
to 62.2%. The subclasses of IgG display distinct com-
plement activation profiles. Further basic research is
required to confirm the role of abnormal IgG subclass
distribution.

Limitations exist for this study. The number of MN
after COVID-19, especially patients with positive
staining for SARS-CoV-2, was small, and this may lead
to statistical bias. In addition, the detection of SARS-
CoV-2 in renal tissue was solely performed using
immunohistochemistry and immunofluorescence,
which could potentially result in the exclusion of a few
patients.

This study demonstrated that SARS-CoV-2 protein
was not only expressed in renal tubular epithelial cells
but also deposited along the glomerular basement
membrane. SARS-CoV-2 protein was found to coloc-
alize with IgG in the glomeruli, suggesting that viral
infection on podocytes may contribute to the sub-
epithelial deposition of viral antigens, leading to
podocyte damage. Notably, the clinical manifestations
of MN after COVID-19, particularly those with positive
staining for SARS-CoV-2 appeared to be more severe
compared to patients without COVID-19. The presence
of SARS-CoV-2 protein in renal tissue increased the
expression of MAC in podocytes, potentially explain-
ing aggravation of kidney injury. Therefore, for MN
associated with COVID-19, careful monitoring and
follow-up observation are warranted. According to the
clinical and pathological features, a treatment strategy
targeting the complement system may need to be
considered.
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Figure S1. Image of negative control for SARS-CoV-2
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after COVID-19 with and without positive for SARS-CoV-2
staining.

Table S1. Comparison of clinical characteristics between
MN after COVID-19 with and without positive for SARS-
CoV-2 staining.

Table S2. Comparison of pathological characteristics
between MN after COVID-19 with and without positive for
SARS-CoV-2 staining.

Table S3. Comparison of treatment and prognosis
between MN after COVID-19 with and without positive for
SARS-CoV-2 staining.

Table S4. Comparison of clinical characteristics between
MN with positive for SARS-CoV-2 staining in tubular cell
and those with positive for SARS-CoV-2 staining in
glomeruli and tubular cell.

Table S5. Comparison of pathological characteristics
between MN with positive for SARS-CoV-2 staining in
tubular cell and those with positive for SARS-CoV-2
staining in glomeruli and tubular cell.

Table S6. Comparison of treatment and prognosis
between MN with positive for SARS-CoV-2 staining in
tubular cell and those with positive for SARS-CoV-2
staining in glomeruli and tubular cell.

Table S7. Comparison of complement-related indicators in
serum and in renal tissue between MN after COVID-19 with
and without positive for SARS-CoV-2 staining

Table S8. Comparison of complement-related indicators in
serum and in renal tissue between MN with positive for
SARS-CoV-2 staining in tubular cell and those with positive
for SARS-CoV-2 staining in glomeruli and tubular cell.
Table S9. Comparison of complement-related indicators in
renal tissue between MN with positive for SARS-CoV-2
staining in tubular cell and those with positive for SARS-
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