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Background: Membranous nephropathy (MN) is a specific entity of glomerulonephritis, 
and its glomerular inflammation is characterized by the deposition of immune complexes in 
the glomerular basement membrane and proteinuria. However, the molecular mechanisms 
underlying the glomerular inflammation of MN are not fully understood. This study was 
designed to investigate the role of clusterin (CLU) in the development of MN using a mouse 
model of cationic bovine serum albumin (cBSA)-induced MN.
Methods: Both wild-type C57BL/6j (WT) and CLU-knockout C57BL/6j (CLU-KO) mice 
were immunized with cBSA. The kidney function was determined by the levels of serum 
creatinine (SCr), blood urea nitrogen (BUN) and urinary protein. MN and glomerular 
deposits of CLU, complement C3 and immunoglobulins (Igs) were determined by histolo-
gical analyses. Serum proteins were analyzed by the enzyme-linked immunosorbent assay, 
Western blot and liquid chromatography-mass spectrometry.
Results: Here, we showed that after cBSA immunization, SCr and proteinuria were 
increased in CLU-KO mice but not in WT mice. Similarly, severe glomerular atrophy and 
mesangial expansion along with C3 deposit were only found in the kidneys of CLU-KO mice 
but not in WT mice. However, there were no differences of serum IgG and complement 3 
levels between CLU-KO and WT mice. In the serum of WT mice, CLU bound to anti-cBSA 
IgG, complements (eg, C8), proteinase/protease inhibitors and antioxidative proteins to form 
a complex, and incubation with WT serum reduced the complement-dependent lysis of 
podocytes in cultures.
Conclusion: Our data suggest that a CLU deficiency induces cBSA-initiated glomerular 
inflammation of MN in a disease-resistant strain of mice, suggesting an anti-glomerular 
inflammatory function of CLU in the resistance to MN development. This function may be at 
least in part due to the formation of CLU-anti-cBSA Igs complex that prevents glomerular 
inflammation or injury in the disease-resistant mice.
Keywords: inflammatory glomerular disease, membranous nephropathy, immune complex, 
glomerulonephritis, mouse model

Introduction
Glomerulonephritis is a term for various patterns of glomerular inflammation or 
injury and is typically presented by one or both of the nephrotic or nephritic 
syndromes.1 Membranous nephropathy (MN) is one entity of the glomerulonephri-
tis, and it is the most common cause (20–40%) of the nephrotic syndrome in 
nondiabetic adults,2–4 and approximately 30% of MN cases eventually lead to end- 
stage kidney disease.4–8 Except of similar clinical features such as proteinuria, MN 
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is classified into primary and secondary MN based on the 
different profiles of histopathology.9 The primary MN is 
typically caused by the binding of circulating autoantibo-
dies to podocyte-expressing autoantigens such as M-type 
phospholipase A2 receptor (PLA2R) to form immune- 
complex deposit in the subepithelial zone between the 
basement membrane and the podocyte, and subsequent 
thickening of glomerular basement membrane (GBM), 
a typical lesion of MN.7,9–11 The secondary MN is asso-
ciated with circulating antigens or pre-formed circulating 
immune complexes (CIC) that may be generated by the 
systemic diseases (eg, systemic lupus erythematosus, 
SLE), malignancy, medications, infections or exposure to 
foreign antigens.9,10 In the secondary MN, the antigens 
bound with antibodies or CIC accumulate not only in the 
subepithelial space but also likely in the subendothelial 
space and the mesangium, resulting in atypical lesions 
including mesangial expansion.7,10 However, the molecu-
lar mechanisms by which the immune complexes or auto-
antibody or CIC-stimulated inflammation cause 
glomerular injury and proteinuria in MN are not fully 
understood. In addition to all various types of immunoglo-
bulins, the immunofluorescence analyses of the immune 
complex deposits in renal biopsies show that the MN 
lesions are positively stained with glomerular expression 
of C3, C5b-9, C1q, C4d, factor B and mannose-binding 
lectin (MBL),10,12,13 and in vitro anti-PLA2R1 autoantibo-
dies activate complement-dependent cytotoxicity (CDC),14 

suggesting that activation of complements by classical 
and/or lectin pathways may mediate the podocyte or glo-
merular injury in the pathogenesis of MN.10 However, the 
role of complement regulatory proteins (both soluble and 
local membrane-bound) in the development of MN is 
barely investigated.

Clusterin (CLU) is a circulating glycoprotein in the 
physiological fluids (ie, plasma, semen, milk and cere-
brospinal fluid), and it is a disulfide-linked heterodimer 
(approximately 75–80 kDa) encoded by a single gene.15,16 

Various biological functions of CLU have been reported, 
including complement regulation, lipid transport, sperm 
maturation, apoptosis initiation, endocrine function, mem-
brane protection and cell-to-cell interaction.15 Using CLU 
knockout (CLU-KO) mice compared to wild type (WT) 
control mice, several studies have demonstrated that CLU 
plays an important role in the development of different 
kidney diseases. CLU-KO aging mice spontaneously 
develop progressive glomerulopathy,17 and CLU-KO 
enhances angiotensin II–induced renal fibrosis.18 In 

addition, our group has demonstrated that CLU deficiency 
results in an increase in renal tubular epithelial cell apop-
tosis in the cultures and worsens renal ischemia- 
reperfusion injury (IRI) and delays repair after IRI in 
mice.19,20 These studies may imply a cytoprotective role 
of CLU in the kidney. More interestedly, it has been 
reported that the levels of serum CLU in MN patients 
are significantly lower than those in healthy controls,21 

and the levels of glomerular CLU in renal biopsies of 
MN are inversely correlated with C5b-9 and are a single 
factor being associated with a reduction of proteinuria 
after a follow-up of 1.5 years.22 However, whether CLU 
is an important negative regulator of the immune complex- 
mediated glomerular injury in MN is not investigated yet.

Early experimental studies report that immunization 
with cationic bovine serum albumin (cBSA) induces the 
secondary-like MN with mesangial expansion and focal 
segmental endocapillary proliferation in dogs or 
rabbits.23,24 One clinical study also confirms that a small 
group of children with MN have high levels of circulating 
cBSA and anti-BSA IgG (but not CIC), and the cBSA is 
co-localized in the subepithelial immune deposits,25 indi-
cating the clinical relevance of cBSA-induced MN in 
animals. Furthermore, cBSA-induced MN can be found 
in both BALB/c and ICR strains of mice but not in 
C57BL/6j (B6) strain.26–28 The objective of this study 
was to investigate the role of CLU in the resistance to 
MN in B6 mice using CLU-KO B6 mice as compared to 
WT controls.

Materials and Methods
Animals and Cells
Both WT B6 and CLU-KO mice in B6 background 
(female, 7–8 weeks old) were received from the breeding 
colonies in the animal care facility at Jack Bell Research 
Centre (Vancouver, British Columbia, Canada).

Conditionally immortalized heat-sensitive mouse podo-
cytes (HSMPs) were a kind gift from Dr. Stuart Shankland 
(School of Medicine, University of Washington, Seattle, 
WA, USA).29 These cells were grown at 33°C in RPMI 
1640 culture medium (Life Technologies, Inc., 
Gaithersburg, MD, USA) supplemented with 10% fetal 
bovine serum (FBS), 2 mmol/L of glutamine (Sigma- 
Aldrich Canada, Oakville, ON, Canada), 10 mmol/L of 
HEPES (Sigma-Aldrich Canada), 1 mmol/L of sodium 
pyruvate (Sigma-Aldrich Canada), and 10 U/mL of recom-
binant mouse interferon (IFN)-γ (Life Technologies, Inc.). 
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For the experiments, HSMPs were induced into quiescence 
and the differentiated phenotype at 37°C in the same 
medium without addition of IFN-γ.

Induction of MN in Mice by cBSA and 
Experimental Groups
MN in mice (WT or CLU-KO) was induced by immuniza-
tion with cBSA according to the protocol described pre-
viously with minor modification.26 In brief, cBSA solution 
(2 mg/mL cBSA in PBS, pH 7.4) (Chondrex, Inc., 
Redmond, WA, USA) was fully emulsified with an equal 
volume of complete Freund’s adjuvant (Sigma-Aldrich 
Canada). The resultant emulsion (0.1 mL/mouse, 0.1 mg 
cBSA) was subcutaneously injected at the base of the tail. 
After two weeks of the immunization, the mice were 
intraperitoneally (IP) injected cBSA solution (0.2 mL/ 
mouse, 0.4 mg cBSA) every other day (q.o.d.) for a total 
of 5 times. Two WT control groups were included: one 
treated with vehicle PBS (herein PBS-WT) and the other 
treated with cBSA (herein cBSA-WT). The experimental 
group was CLU-KO mice treated with cBSA (herein 
cBSA-KO).

Urine Collection and Protein 
Determination
Urine samples were collected by using a metabolic cage 
(3600M021, Tecniplast, Toronto, ON, Canada). In brief, 
the mice were individually housed in the metabolic cage 
for 8 h during the dark phase of a 12-h light/dark cycle 
without adaptive training. The mice were fed ad libitum on 
the same food and the drinking water as in the “home” 
cages. Urine specimens (1–1.5 mL per mouse) were col-
lected and centrifuged at 5000 ×g to pellet cellular debris, 
and the supernatant (urine) was stored in aliquots at −80°C 
until use. Total protein levels in the urine specimens were 
measured using the Dimension Vista® 1500 System 
(Siemens Healthineers Canada, Oakville, ON, Canada) in 
the Core Chemistry Laboratory at Vancouver General 
Hospital (Vancouver, BC, Canada).

Measurement of Serum Creatinine (SCr) 
and Blood Urea Nitrogen (BUN)
At the endpoint of experiments (day 50 after initial cBSA 
immunization), blood samples were collected via cardiac 
puncture from euthanized mice, and the serum was stored 
at −80 °C until use. Both SCr and BUN were measured in 

the Core Chemistry Laboratory at Vancouver General 
Hospital (Vancouver, BC, Canada).

Histological Examinations of MN in 
Kidney Sections
Kidney tissues were preserved by formalin-fixed and par-
affin-embedded. For histological scoring of severity of 
MN, tissue sections (~4 μm thickness) were routinely 
stained with hematoxylin and eosin (HE). The stained 
tissue slides were scanned with Leica SCN400 Slide scan-
ner (Leica Microsystens Inc., Concord, ON, Canada). The 
number of glomerular atrophies (GA) or atrophic glomer-
ulus in each high-powered field (hpf) (400 ×magnification) 
was counted in each HE-stained section in a blinded fash-
ion (Figure 1), and an average number of at least 20 
randomly selected fields in the kidney sections represented 
the severity of the GA of a mouse.

The mesangial expansion (ME) of the glomeruli as an 
atypical lesion of the secondary MN was examined by 
using a semi-quantitative scoring system in periodic acid 

Figure 1 Semi-quantitative scoring system for histological evaluation of MN in 
mice. (A) Typical images of normal and atrophic glomerulus (pointed by yellow 
arrow). (B) The scoring of mesangial expansion (ME) from 1 to 4. 1: 0–24% of the 
area affected with densely stain, normal to minimal; 2: 25–49%, mild; 3: 50–74%, 
moderate; and 4: >75%, severe.
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Schiff (PAS)-stained tissue sections. The scoring system 
consisted of 1 to 4 scale to determine the severity of the 
extracellular matrix (ECM) deposition into both the capil-
lary walls (the incrassation of basement membrane) and 
the mesangium based on the percentage of the area stained 
strongly with PAS, indicating the ME in an affected glo-
merulus: 1 (0–24% of the area affected with densely stain, 
normal to minimal), 2 (25–49%, mild), 3 (50–74%, mod-
erate), and 4 (>75%, severe) (Figure 1). A range of 180 to 
250 glomeruli were counted for each mouse and were 
averaged for the severity of ME.

Immunohistochemistry
The protein expression (CLU, Igs and complement C3) in 
the kidney sections was detected by using a routine method 
of immunohistochemical staining. In brief, tissue sections 
were boiled in citrate buffer for antigen retrieval for 30 min. 
After cooling down at room temperature (RT), the endo-
genous peroxidase was blocked for 20 min in 0.3% hydro-
gen peroxide in water. The sections were blocked with 
normal rabbit serum for 30 min, and then incubated with 
primary rabbit monoclonal anti-mouse complement C3 
(EPR19394, Abcam, Toronto, ON, Canada), goat anti- 
mouse Igs (IgG + IgM + IgA) (ab102445, Abcam), and 
goat anti-CLU (C18, Santa Cruz Biotech., Santa Cruz, CA, 
USA) overnight at 4°C, followed by incubation with an 
appropriate biotin-labelled secondary antibody in 
a humidifier at RT for 60 min. All the target proteins 
bound with the antibodies were detected by using 
VECTASTAIN® ABC (Avidin-Biotin Complex) kit 
(Vector Lab., Burlingame, CA, USA) and counterstained 
with Mayer’s hematoxylin (Sigma-Aldrich Canada).

Enzyme-Linked Immunosorbent Assay 
(ELISA)
Serum levels of anti-cBSA IgG (subclass IgG1 and IgG2a) 
were measured by ELISA. Briefly, Nunc-Immuno 96 
MicroWell solid plates (Sigma-Aldrich Canada) were 
coated with 0.5 µg/well of cBSA (Chondrex, Inc.) in carbo-
nate-bicarbonate coating buffer (50 mM Na2CO3, 50 mM 
NaHCO3, pH 9.6) at 4 °C overnight, and were blocked with 
1% BSA (Sigma-Aldrich Canada) in PBS-T (PBS contain-
ing 0.05% Tween-20) buffer for 1 h at RT. After washing 
with PBS-T buffer, serum samples (100 µL/well) in tripli-
cate, serially diluted with ELISA buffer (150 mM NaCl, 1 
mM KH2PO4, 10 mm Na2HPO4, 2.6 mm KCl, 0.5% BSA, 
0.1% Tween-20, pH 7.4), were incubated at 4 °C overnight. 

The serum anti-cBSA IgG1 and anti-cBSA IgG2a were 
detected by using biotinylated goat anti-mouse IgG1 
(ab98691, Abcam, 1:1000 diluted) and anti-mouse IgG2 
(ab98696, Abcam, diluted from 1:1000), respectively. The 
color was developed with streptavidin-horseradish peroxi-
dase (HRP) and tetramethylbenzidine (Sigma-Aldrich 
Canada) and was stopped with 2 M H2SO4 solution. 
Similarly, serum complement C3 was determined by using 
mouse complement C3 ELISA kit (ab157711, Abcam) 
according to the manufacturer’s protocol. The serum titers 
of each substance were expressed as optical density (OD) at 
450 nm (OD450). The “noise” associated with this protocol 
was confirmed to be low (approximately 5%) by three 
technical replicates.

Immunoprecipitation
CLU-bound proteins were isolated from the serum of 
cBSA-WT group by immunoprecipitation. In brief, 25 
µL of pooled serum from cBSA-WT mice compared to 
cBSA-KO mice was diluted with 225 µL PBS and was 
added 3 µL of goat anti-CLU antibodies (C-18, Santa Cruz 
Biotech.). After overnight incubation with rotating shaking 
at 4°C, 10 µL of anti-goat IgG biotin and streptavidin- 
agarose beads (S1638, Millipore-Sigma Aldrich Canada) 
were add to the serum solution as secondary antibodies at 
4°C overnight. The immunoprecipitate of CLU and its 
associated proteins was collected by centrifugation at 
8000 ×g and was washed with PBS three times (5 min 
each time) prior to further analyses.

Western Blot Analysis
To confirm the presence of CLU protein in the immuno-
precipitate, the immunoprecipitate was mixed with the 
equal amount of SDS sample buffer (50 mM Tris-HCl, 
pH6.8, 2% SDS, 10% glycerol, 0.1 M DTT and 0.02% 
bromophenol blue) and boiled for 5 min. The proteins 
were fractioned by 10% SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and were transferred to nitrocellu-
lose membranes (Bio-Rad Laboratories, Mississauga, ON, 
Canada). The blot was blocked with 5% milk in TBST (50 
mM Tris-HCl pH7.4, 150 mM NaCl, 0.1% Tween 20) for 
1 h, followed by incubation with goat anti-CLU (C-18, 
Santa Cruz Biotech) primary antibodies and then anti-goat 
IgG conjugated with HRP secondary antibodies. After 
washing with TBST, the CLU protein in the blot was 
detected by using enhanced chemiluminescence (ECL) 
reagents (ThermoFisher Scientific, Rockford, IL, USA).
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To examine if serum CLU bound to anti-cBSA IgG in 
cBSA-WT group, the proteins were eluted out from the 
immunoprecipitate with 6 M guanidine HCl solution and 
were used as “primary antibodies” in the detection of 
cBSA on the blot, which was prepared by electrophoresis 
of different amounts of cBSA (40 μg or 20 μg in the lane) 
in 10% SDS-PAGE, followed by transfer to the nitrocellu-
lose membranes. After incubation with the eluted proteins 
(“primary antibodies”), the cBSA blot was incubated with 
secondary anti-mouse IgG conjugated with HRP. The pre-
sence of anti-cBSA IgG in the immunoprecipitate was 
indicated by the positive detection of cBSA on the blot 
using ECL reagents (ThermoFisher Scientific).

Liquid Chromatography-Mass 
Spectrometry (LC-MS)
Serum CLU-bound proteins in the immunoprecipitate were 
identified by using LC-MS as described previously with 
some modification.30 The proteins were extracted from the 
immunoprecipitate by boiling with the SDS sample buffer 
for 5 min and were fractioned by 10% SDS-PAGE. The 
proteins in the gel were stained with Coomassie blue dye. 
After destaining with 50% methanol in 10% acetic acid, 
the specific protein bands and the bands with higher stain-
ing density in cBSA-WT samples as compared to nonspe-
cific, background protein bands in CLU-KO controls were 
selected for protein identification using LC-MS technique.

In brief, protein bands of interest were treated with 100 
mM ammonium bicarbonate twice for 10 min and dehy-
drated with 50% acetonitrile twice for 10 min before drying 
under vacuum. Reduction and alkylation were carried out 
with 10 mM DTT for 35 min at 65 ºC followed by 55 mM 
iodoacetamide for 30 min at RT in the dark after removal of 
excess DTT. Gel pieces were washed twice with 50 mM 
ammonium bicarbonate for 10 min and dried as above with 
50% acetonitrile prior to digestion with trypsin (10 μg/mL). 
Supernatant peptide solutions were transferred to 
Eppendorf and gel pieces extracted 15 min twice with 
50% acetonitrile in 5% formic acid. Extracts were pooled 
with initial supernatant and the volume brought to about 15 
µL and transferred to sample plates for analysis.

An Orbitrap Fusion Lumos MS platform (Thermo 
Scientific) was used for analysis. Samples were introduced 
using an Easy-nLC 1200 system (Thermo) with a 100 µm 
ID x 20 cm in house-made column (ReproSil-Pur 120 
C18-AQ 1.9 µm – Dr. Maisch GMbH HPLC). Prior to 
each sample injection, the analytical column was 

equilibrated at 400 bar for a total volume of 8 μL. After 
injection, sample loading was carried out for a total 
volume of 8 μL at 500 bar. The injection volumes for all 
samples was 4 µL and runs using a gradient of mobile 
phase A (water and 0.1% formic acid) and B (80% acet-
onitrile with 0.1% formic acid) at 0.3 µL/min, 3–35% 
B from 2 to 40 min followed by 35–40% B over 5 min, 
40–95% B over 3 min and 6 min at 95%.

Data acquisition (control software version 3.1.2412.17) 
was with a data-dependent method and MS2 in the 
Orbitrap. The Lumos was operated with a positive ion 
spray voltage of 2100 and a transfer tube temperature of 
325°C. The default charge state was set as 2. Survey scans 
(MS1) were acquired in the Orbitrap at a resolution of 
60K, across a mass range of 375–1500 m/z, with RF lens 
setting of 60, an AGC target of 4e5, max injection time of 
86 ms in profile mode. For MS2 scans, charge state filter-
ing of 2–5, and dynamic exclusion for 60 seconds with 10 
ppm tolerances was used with a 1.2 m/z window prior to 
HCD fragmentation of 37%. MS2 data acquisition carried 
out in the Orbitrap used a 15K resolution, a fixed first mass 
of 120m/z, an AGC target of 1e5, and a max injection time 
of 54 ms in centroid mode.

The accumulated data were analyzed using 
ProteinLynx Global Server software (PLGS) set with pep-
tide and fragment mass accuracies of 25 ppm and 0.1 Da 
(Waters, Mississauga, ON, Canada), respectively. The pep-
tide/protein search engine was applied to the SwissProt 
database. A search with similar parameters was also car-
ried out using Mascot using the peaks generated in PLGS. 
Proteins with Mascot scores P32 and P2 peptide matches 
were considered statistically significant (p < 0.05) and 
included as affirmative identification.

Fluorescence-Activated Cell Sorting 
(FACS) Analysis
The cell surface binding of serum antibodies to HSMP cells 
was determined by using FACS analysis. In brief, 5 × 104 of 
HSMP cells in 100 µL PBS were incubated with 1 µL of 
serum (1:100 dilution, cBSA-WT versus cBSA-KO) at 4°C 
for 30 min, followed by staining with anti-mouse IgG con-
jugated with fluorescein isothiocyanate (FITC) (Sigma- 
Aldrich Canada) for 15 min in the dark. The antibody binding 
was detected by using a flow cytometry and further quantified 
using FlowJo software (Tree Star Inc., Ashland, OR, USA). 
The cells stained with secondary FITC-anti-mouse IgG only 
were used as background control.
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Complement-Dependent Cytotoxicity 
(CDC) Assay
In brief, 0.2 × 106 HSMP cells were seeded per well in 
24-well plates overnight, followed by incubation with 
1:100 diluted serum (1 µL serum in 100 µL PBS) for 3 min 
at RT. Cell lysis started by addition of 10 µL/well of Low- 
Tox®-M Rabbit Complement (Cedarlane, Burlington, ON, 
Canada) and then incubated at 37°C for 2 h. The HSMP cells 
incubated with 110 µL of PBS containing 0.2% Triton X-100 
were used as a positive control (100% of cell lysis). The 
cellular debris in the resultant supernatant was pelleted by 
centrifugation at 10,000 ×g for 5 min, and the levels of lactate 
dehydrogenase (LDH) in the supernatants were determined 
by using the Cytotoxicity Detection Kit (LDH) (Roche) 
(Sigma-Aldrich Canada) following manufacturer’s protocol. 
The CDC was calculated as follows: CDC (%) = sample 
OD450/control OD450 × 100%.

Statistical Analysis
Data in each group are presented as mean ± standard 
deviation (SD) and were statistically analyzed by using 
GraphPad Prism (version 8.0.0) (GraphPad, La Jolla, CA, 
USA). The difference of the mean between two groups 
based on a sample of the data was determined using two- 
tailed t-test. The mean differences between groups split on 
two independent variables or factors were compared using 
two-way analysis of variance (two-way ANOVA). 
A p-value of <0.05 was considered statistically significant.

Results
An Increase in SCr and Urinary Protein 
(Proteinuria) in CLU-KO B6 Mice After 
cBSA Immunization
At the endpoint of experiment (50 days after initial cBSA 
immunization), the levels of SCr were not different between 
PBS-WT control (2.92 ± 0.38 mg/dL, n = 4) and cBSA-WT 
mice (2.63 ± 0.45 mg/dL, n = 15) (p = 0.2646). As compared 
to the WT control groups, the SCr in cBSA-KO mice (3.53 ± 
0.49 mg/dL, n = 11) was significantly elevated (cBSA-KO vs 
cBSA-WT, p < 0.0001; PBS-WT vs cBSA-KO, p = 0.0434) 
(Figure 2A). However, there was no significant difference of 
BUN between these three groups, indicated by the BUN 
levels of PBS-WT mice (42.84 ± 4.87 mg/dL, n = 4), cBSA- 
WT mice (45.17 ± 7.6 mg/dL, n = 15) and cBSA-KO (45.99 
± 8.75 mg/dL, n = 11) (PBS-WT vs cBSA-WT, p = 0.5769; 
cBSA-WT vs cBSA-KO, p = 0.8011) (Figure 2B). Similar to 

the changes of SCr levels in these mice, there was no 
increased proteinuria in cBSA-WT mice (2.88 ± 1.92 g/L, 
n = 9) as compared to 2.40 ± 1.05 g/L (n = 4) in PBS-WT 
mice (p = 0.6495), but an increase in proteinuria was seen in 
cBSA-KO (6.98 ± 3.96 g/L, n = 8) as compared with that of 
cBSA-WT controls (cBSA-WT vs cBSA-KO, p = 0.0181) or 
of PBS-WT mice (PBS-WT vs cBSA-KO, p = 0.0501) 
(Figure 2C). Taken together, the data suggested that genetic 
KO of CLU expression increased susceptibility to cBSA- 
induced renal dysfunction in B6 strain of mice.

The Association of Renal Dysfunction 
with Tissue Damage in CLU-KO B6 Mice 
After cBSA Immunization
To confirm the cBSA-induced MN in CLU-KO B6 mice, 
the glomerular morphology or damage including both 
GA and ME (Figure 1) was examined in cBSA-KO 
mice as compared to WT controls (cBSA-WT and PBS- 
WT mice). Figure 3A shows a typical microscopic image 
of renal cortex of the kidney from the mice in cBSA-WT 
or cBSA-KO group. The tissue sections were stained 
with PAS. There were not any difference in the glomer-
ular morphology and pathology between PBS-WT and 
cBSA-WT groups. Two glomeruli with GA and the 
some with higher scores (3–4) of ME were seen in the 
tissue sections of the cBSA-KO (Figure 3A). The num-
bers of GA per hpf in HE-stained kidney sections of 
cBSA-KO mice were 14.76 ± 4.48 (n = 9), which were 
significantly higher than 5.99 ± 0.97 (n = 8) in cBSA-WT 
(p < 0.0001) or 5.3 ± 0.85 (n = 4) in PBS-WT mice (p = 
0.0018), whereas the numbers of GA were not different 
between the cBSA-WT and PBS-WT mice (p = 0.2567) 
(Figure 3B). Similar data were seen in the scoring of ME 
of glomeruli in PAS stained sections, indicating the 
higher scores of the glomerular ME in cBSA-KO mice 
(1.69 ± 0.18, n = 9) as compared to those in cBSA-WT 
(1.45 ± 0.08, n = 8) (cBSA-KO vs cBSA-WT, p = 
0.0026) or in PBS-WT controls (1.42 ± 0.09, n = 4) 
(cBSA-KO vs PBS-WT, p = 0.0156). Again, there was 
no difference in the ME between PBS-WT and cBSA- 
WT groups (cBSA-WT vs PBS-WT, p = 0.5974) (Figure 
3C). Taken together, these data confirmed the presence of 
pathological changes of glomeruli in cBSA-KO mice but 
not in WT mice, which positively correlated with cBSA- 
induced renal dysfunction in CLU-KO B6 mice as shown 
in Figure 2.
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The Association of Complement C3 
Glomerular Deposits with Kidney 
Damage in CLU-KO B6 Mice After cBSA 
Immunization
One of pathological changes for MN is the deposition of 
immune complexes on the epithelial side of glomerular 
capillary loop.31 As shown in Figure 4, a high level of 
CLU protein was detected in the glomeruli of both PBS- 
WT and cBSA-WT mice, and it was induced in the renal 
capsule epithelium in cBSA-WT. Further, this protein was 
co-localized with Igs but lack of C3 presence in the cBSA- 
WT group, whereas the immunization with cBSA induced 
the glomerular deposition of both Igs and C3 in CLU-KO 
B6 mice. These data suggested the association of C3 
glomerular deposits with MN or glomerular injury in 
CLU-KO B6 mice.

The levels of anti-cBSA IgG1 and IgG2a, and C3 in 
the serum in a serial dilution were measured by using 
ELISA. As shown in Figure 5, there were very little 
differences between cBSA-WT and cBSA-KO mice in 
the levels of anti-cBSA IgG1 (p = 0.7822, cBSA-WT vs 

cBSA-KO) (Figure 5A), anti-cBSA IgG2a (p = 0.1141, 
cBSA-WT vs cBSA-KO) (Figure 5B), and C3 (p = 0.1783, 
cBSA-WT vs cBSA-KO) (Figure 5C), indicating that the 
presence of glomerular injury or C3 in CLU-KO B6 mice 
was not due to an increase in the C3 expression or anti- 
cBSA antibodies in the circulation. Furthermore, the OD 
values of IgG1 in 50,000-fold diluted serum samples were 
similar to those of IgG2a in 400-fold diluted serum sam-
ples, suggesting that IgG1 was a major isotype of antibody 
in response to cBSA immunization.

Circulating CLU Bound to Anti-cBSA 
Antibody and Other Proteins in WT B6 
Mice After cBSA Immunization
Serum CLU was present in WT but not in KO mice 
(Figure 6). To further reveal the insight into the mechan-
isms by which a lack of CLU expression in CLU-KO B6 
mice caused glomerular injury after cBSA immunization, 
CLU-bound proteins in the serum in cBSA-WT mice were 
immuno-precipitated out from the serum by using anti- 
CLU antibody. The proteins in the immunoprecipitates 

Figure 2 The changes of kidney function after cBSA immunization in CLU-KO mice. The parameters of kidney function was determined at day 50 after initial cBSA 
immunization. (A) Serum creatinine (SCr), *p = 0.2646 (cBSA-WT vs PBS-WT); **p < 0.0001 (cBSA-KO vs cBSA-WT). (B) Blood urea nitrogen (BUN), there was no 
statistically significant difference between groups. p = 0.5769 (cBSA-WT vs PBS-WT); p = 0.8011 (cBSA-KO vs cBSA-WT). (C) Urinary protein. *p = 0.6495 (cBSA-WT vs 
PBS-WT); **p = 0.0181 (cBSA-KO vs cBSA-WT). Each value presents the measure of one animal.
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from cBSA-WT mice compared to cBSA-KO mice were 
fractioned in 10% SDS-PAGE and were stained with 
Coomassie blue dye (Figure 7A). As listed in Table 1, 
total of 16 proteins were identified around the selected 
fractions (approximately at 260, 51, 36 and 20 kDa) by 
LC-MS technique, including CLU, Ig chain, complement 
C8, proteinase/protease inhibitors (α2 macroglobulin, kini-
nogen 1, and serine protease inhibitor A3K) and anti- 
oxidative peroxidases (glutathione peroxidase and 
peroxiredoxin 2).

The presence of CLU in the precipitates from WT mice 
was confirmed by the Western blotting (Figure 7B). To 
verify if there was any anti-cBSA IgG specifically bound 
to the CLU in the serum of cBSA-WT mice, the isolated 
precipitate was used as a primary “antibody” in the detec-
tion of cBSA in Western blot analysis. As shown in Figure 
7C, the precipitate contained anti-cBSA antibody that 
reacted with cBSA in the blot. Taken together, these data 
indicated that CLU as an extracellular chaperone bound to 
Igs including anti-cBSA antibody and complement com-
ponents (ie, C8).

The Association of CLU Deficiency with 
Increased CDC of the Serum Against 
Cultured Podocytes
To understand the impact of CLU deficiency on the comple-
ment-mediated glomerular injury in CLU-KO mice, the CDC 
of the sera from CLU-KO mice was determined by the lysis of 
HSMP cells as compared with that from WT control. As 
shown in Figure 8, although KO group might have slightly 
more antibody-binding to the cell surface of HSMP than WT 
group, the difference was not significant between these two 
groups (p = 0.3784, n = 7). The CDC of CLU-KO sera was 
77.97 ± 3.64% that was significantly higher than 71.18 ± 
1.95% of CLU-containing sera from cBSA-WT mice (p = 
0.0010, n = 7) in this in vitro experiment (Figure 9), suggesting 
that a lack of CLU in the serum might result in more potency in 
the induction of complement-mediated podocyte cell death.

Discussion
CLU was initially identified in the testis fluid 37 years ago,32 

but its biological or physiological functions are still not fully 

Figure 3 The severity of glomerular injury after cBSA immunization in CLU-KO mice. The severity of glomerular injury was determined in kidney sections by using semi- 
quantitative histological analyses. (A) Typical microscopic images of the renal cortex of mice in cBSA-WT and cBSA-KO groups. The tissue sections were PAS stained. A: 
artery, yellow star: glomerulus. Scale bar: 80 µm. (B) Glomerular atrophies (GA), the numbers of atrophic glomeruli in a high-powered field (hpf) of HE-stained sections. 
Each value presents the number of each mouse. *p = 0.2567 (cBSA-WT vs PBS-WT); **p < 0.0001 (cBSA-KO vs cBSA-WT). (C) Mesangial expansion (ME) was scored 
according to the PAS staining of thickening basement membrane or ECM deposit along the outer surface of the basement membrane. Each value presents the average score 
of 180 to 250 glomeruli of one animal. *p = 0.5974 (cBSA-WT vs PBS-WT); **p = 0.0026 (cBSA-KO vs cBSA-WT).
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Figure 4 The glomerular deposit of Igs and C3 in mice after cBSA immunization in CLU-KO mice. The glomerular expression of CLU, Igs or C3 was detected by using 
immunohistochemical staining. Upper panel: CLU protein. Red arrow: capsular epithelium. Middle panel: Igs. Bottom panel: C3. G: glomerulus, PT: proximal tubule, A: artery. 
Data are presented in a typical microscopic image of immunohistochemical staining of each target protein. Brown color: positive staining. Scale bar: 80 µm.

Figure 5 Serum levels of anti-cBSA IgG and C3 after cBSA immunization. The serum anti-cBSA IgG subclasses and C3 were measured in PBS-WT (n = 3), cBSA-WT (n = 
12) or cBSA-KO (n = 11) by using ELISA. (A) IgG1 was measured in the serum samples serially diluted from 1:50,000. p = 0.7822 (cBSA-KO vs cBSA-WT); p < 0.0001 (PBS- 
WT vs cBSA-WT). (B) IgG2a was measured in the serum samples serially diluted from 1:200. p = 0.1141 (cBSA-KO vs cBSA-WT); p < 0.0001 (PBS-WT vs cBSA-WT). (C) 
C3 was measured in the serum samples serially diluted from 1:200. p = 0.1783 (cBSA-KO vs cBSA-WT); p = 0.4792 (PBS-WT vs cBSA-WT).
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understood. CLU is a major glycoprotein in the physiologi-
cal fluids,15 and in human sera, it is found in a range of 
35–353 µg/mL in different studies.33–36 In WT B6 mice, 
CLU protein was detected in the serum by using Western 
blot and is about 200 µg/mL in these mice based on the 
measurement with ELISA (data not shown). CLU expression 
is found in cultured T-HMC (human mesangial cell line)19 

and is upregulated locally in the glomerular mesangial cells 
by the complement stimulation.37 In this study, we demon-
strated that a lack of CLU expression in the circulation and 
glomerular cells transformed MN resistance of B6 mice to 
MN sensitivity in response to cBSA immunization, which 

was evidenced by an increase in proteinuria and the presence 
of glomerular injury and antibodies/C3 deposit in CLU-KO 
mice. Similarly, a previous study shows that CLU-KO 
results in the formation of immune complexes (IgG, IgM, 
IgA, and in some cases C1q, C3, and C9)-associated pro-
gressive glomerular injury in aging mice.17 In MN patients, 
the serum levels of CLU (220.77 ±110.9 µg/mL, n = 19) are 
markedly lower than that (366.6 ± 62.0 µg/mL, n = 50) in 
healthy controls (p < 0.001),21 and the levels of glomerular 
CLU in renal biopsies are associated with a reduction of 
proteinuria after a follow-up of 1.5 years at multivariate 
analysis.22 Thus, both clinical and experimental data may 
suggest a protective role of CLU from the local and/or the 
circulation against MN development.

In pathology, MN is typically characterized by the for-
mation of immune deposits in the lamina rara externa of the 
GBM – the space between the podocytes and the GBM that 
cause a membrane-like thickening of the capillary 
wall.7,9–11 These immune complexes or deposits induce 
glomerular injury by damaging and/or activating podocytes 
or glomerular visceral epithelial cells through complement- 
dependent processes.10,11 So that the complement-mediated 
podocyte death plays an important role in the pathogenesis 
of MN. How CLU prevents inappropriate complement acti-
vation against podocytes in the pathogenesis of MN is not 
completely known. By immunohistochemical staining, we 
showed similar Igs deposit in the glomeruli of WT as 
compared with that of CLU-KO mice, and there was little 
difference in the serum levels of anti-cBSA IgG and C3 
between these two groups of mice. However, whether their 

Figure 6 Serum CLU in WT mice. The serum proteins (15 µL per lane) were 
fractioned in 10% SDS-PAGE. (A) Coomassie blue staining of protein fractions. (B) 
CLU protein was detected by Western blot analysis.

Figure 7 CLU-bound proteins in the serum of mice after cBSA immunization. Serum CLU and its bound proteins were immunoprecipitated by using anti-CLU antibodies. 
(A) A typical Coomassie blue staining of fractions of immunoprecipitate in 10% SDS-PAGE. Arrow: the protein bands of interest for LC-MS analysis. (B) Western blot 
analysis of CLU protein in the immunoprecipitate. * The heavy chain of anti-CLU antibody. (C) Western blot analysis of anti-cBSA IgG in the immunoprecipitate, in which the 
immunoprecipitates were used as first antibody in the detection of cBSA in the blot. Data present a typical stained PAGE or Western blot of three separate experiments.
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anti-cBSA IgG deposition in the kidney was the same 
between these two groups was not specifically examined. 
Recent evidence suggests that MN is mainly caused by the 
complement (C3, C4 and C5b-9)-mediated podocyte injury, 
which is initiated by the formation of immune complexes in 
the subepithelial area from circulating antibodies (ie, anti- 
PLA2R1 IgG4) binding to the implanted or autoantigens 
(ie, PLA2R1) on the podocytes.10,11 CLU is considered to 
be one of the most important extracellular chaperones in the 
plasma.38,39 Early studies have demonstrated that CLU is 
a complement-regulatory protein that directly binds to and 

inhibits C5b-9 or membrane attack complex (MAC) forma-
tion in different experimental systems including anti-Fx1A 
antibody-induced Heymann nephritis.40–43 In cBSA- 
immunized WT B6 mice, CLU in the serum bound to 
complement C8, a constituent of the MAC, and IgM and 
anti-cBSA IgG, and its expression was associated with the 
absence of C3 deposit in the glomeruli. These data may 
indicate that CLU locally and/or systemically prevents early 
complement pathway in this strain (B6) of mice. The pre-
sence of CLU in the serum reduced CDC against cultured 
podocytes as compared to CLU deficient control. Although 

Table 1 CLU-Bound Proteins

Protein Name 
(Database ID)

Main Functions (www.uniprot.org) MW 
(kDa)

PLGS 
Score

Probability 
(%)

Clusterin (Q06890) Prevents aggregation of non native proteins 51.6 13.02 100

Fibronectin (P11276.3) Binds cell surfaces and maintenance of cell shape 272.3 13.02 100

Alpha 2 macroglobulin 

(Q61838.3)

Inhibits all four classes of proteinases 165.8 13.02 100

Ceruloplasmin (Q61147.2) A copper-binding glycoprotein having ferroxidase activity oxidizing Fe2+ to Fe3 

+ without releasing radical oxygen species.
121.1 12.3 50.18

Serum albumin (P07724.3) Regulation of the colloidal osmotic pressure of blood. 68.7 13.02 100

Kininogen 1 (O08677.1) Inhibits thiol proteases 73.01 13.02 100

Apolipoprotein A IV 

(P06728.3)

A major component of HDL and chylomicrons, a potent activator of LCAT 45.0 13.02 100

Apolipoprotein 

A I (Q00623.1)

Cholesterol transport, a cofactor for LCAT 30.6 13.02 100

Apolipoprotein 

E (P08226.2)

Mainly functions in lipoprotein-mediated lipid transport 35.8 12.3 50.16

Serine protease inhibitor 

A3K (P07759.2)

Inhibits trypsin-like proteases 46.8 13.02 100

Complement C8 beta chain 

(Q8BH35.1)

A constituent of the MAC 66.2 13.02 100

Complement C8 gamma 

chain (Q8VCG4.1)

A constituent of the MAC. 22.5 13.02 100

Ig heavy constant mu 

(P01872.2)

IgM antibodies 49.9 12.41 54.51

Glutathione peroxidase 3 

(P46412.2)

Protects cells and enzymes from oxidative damage 25.3 13.02 100

Peroxiredoxin 2 

(Q61171.3)

A thiol-specific peroxidase against oxidative stress 21.8 12.3 50

Major urinary protein 3 

(P04939.1)

Binds pheromones 21.5 13.02 100

Abbreviations: MW, molecular weight; PLGS, ProteinLynx Global Server software; LCAT, lecithin cholesterol acyltransferase (LCAT); MAC, membrane attack complex.
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the difference was not so large in this in vitro assay, it at 
least indicated that the presence of CLU could reduce the 
complement-mediated cytotoxicity, and it could bind to 

complement and Ig directly. Furthermore, CLU initiates 
the endocytic uptake and removal of misfolded protein 
aggregates, a process which is also termed proteostasis,44 

suggesting a potential mechanism of CLU-mediated 
removal of glomerular immune complex deposit via endo-
cytosis of the podocytes. Taken together, all these data 
suggest that CLU may inhibit or prevent antibody- 
activated MAC against the podocytes by the direct inhibi-
tion of complement activation and/or endocytosis-mediated 
removal of the activated immune complex in the pathogen-
esis of MN, at least in B6 mice after cBSA immunization.

In addition to the MAC and antibodies, CLU also binds 
to apolipoprotein A-I,45 ceruloplasmin, fibrinogen, and 
albumin.46 By using immunoprecipitation, Western blot 
and proteomic analysis although the specificity of this 
approach was concerned, we also found albumin, cerulo-
plasmin, fibronectin, and apolipoprotein A-E among the list 
of CLU-associated proteins that were pulled out from the 
serum of cBSA-immunized B6 mice. Fibronectin is an 
essential component of ECM, and genetically reducing the 
plasma fibronectin results in preventing ME and decreasing 
proteinuria in diabetic mice,47 but whether or not a lack of 
CLU binding causes more fibronectin deposit into the GBM 
or results in higher scores of ME in CLU-KO mice in this 
study remains further investigation. Other proteins incorpo-
rated into this “CLU complex” included proteinase/protease 
inhibitors (α2 macroglobulin, kininogen 1, and serine pro-
tease inhibitor A3K) and anti-oxidative peroxidases (glu-
tathione peroxidase and peroxiredoxin 2). The functions of 
these proteins in the protection of podocytes in MN are 
unknown, but α2 macroglobulin inhibits mannose-binding 
protein (MBP)/MASP-derived complement activation (the 
lectin pathway)48 and serine protease inhibitor A3K pre-
vents cell death by inhibiting benzalkonium chloride- 
stimulated TNF-α production in the cornea.49 In addition 
to these two peroxidases, both serine protease inhibitor 
A3K and ceruloplasmin are also found to have antioxidant 
activity as well.50–52 Taken together, these findings in lit-
erature may imply that the “CLU complex” in WT B6 mice 
not only inhibits complement activation via the binding of 
CLU and a2 macroglobulin but also protects the podocytes 
from oxidative stress-induced cell death by the activities of 
peroxidases, serine protease inhibitor A3K and ceruloplas-
min, which however remains further investigation.

Administration of cBSA induces MN in ICR and 
BALB/c but not in B6 mice.26 The reasons why the sus-
ceptibility to cBSA-induced MN is different between these 
strains remain unknown. Similar to ICR or BALB/c 

Figure 8 Serum antibody-binding on the cell surface of cultured heat-sensitive 
mouse podocytes (HSMPs). Serum samples were diluted 1:100, and the levels of 
serum antibody-binding to the cell surface of HSMSs were determined by using 
FACS analysis. (A) A typical FACS histograph of serum antibody-binding. Dote line: 
Background staining. Solid line: antibody-binding levels. (B) Each value presents the 
measure of one animal (n = 7). p = 0.3784 (cBSA-KO vs cBSA-WT).

Figure 9 Effect of CLU in serum on CDC after cBSA immunization. The CDC 
against cultured HSMSs in the presence of 1:100 diluted serum was measured by 
the percentage of LDH release. Each value presents the measure of one animal (n 
= 7). p = 0.0010 (cBSA-KO vs cBSA-WT).
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mice,26,28 IgG1 was relatively predominate as compared to 
IgG2a in B6 mice (both WT and CLU-KO) in the response 
to cBSA immunization, suggesting that there was Th2 
immune response that could favor anti-cBSA IgG1 pro-
duction in B6 mice. However, it is still unknown if there is 
any difference in the kinetics of antibody responses 
between these strains of mice, including their production 
levels, the levels of specific anti-cBSA antibody and the 
numbers of cBSA-reactive B lymphocytes in the immune 
system. It is also interesting to note that there were some 
different clinical and histopathological features of cBSA- 
induced MN between ICR or BALB/c and CLU-KO mice; 
the MN induced an increase in SCr and ME and glomer-
ular damage in CLU-KO B6 mice but not in WT ICR or 
BALB/c mice,26,28 suggesting that CLU in these ICR or 
BALB/c mice may reduce cBSA/anti-cBSA antibody com-
plex-mediated glomerular injury as discussed above. In 
addition to CLU, there are many other complement reg-
ulatory proteins, such as decay-accelerating factor (DAF, 
CD55), membrane cofactor proteins (MCP, CD46), com-
plement receptor 1 (CR1), Crry and CD59,53 these mole-
cules may negatively affect the development of anti-cBSA 
IgG-induced MN in mice. As of today, the differences in 
the expression of these complement regulatory proteins 
including CLU between ICR, BALB/c and B6 mice are 
not investigated.

Conclusion
Clinical studies have reported a negative correlation of 
serum CLU levels with MN in a group of patients,21 and 
glomerular CLU is a factor that is associated with reduced 
proteinuria of MN patients.22 The data from this experimen-
tal study showed that CLU bound to antibodies including 
anti-cBSA IgG, complement components and probably anti- 
oxidative enzymes, which together may result in inactivation 
of inappropriate anti-cBSA IgG-activated complement acti-
vation or inflammation as well as prevention of oxidative 
stress-induced cell death within the glomeruli in B6 mice. 
However, the specific regulatory mechanisms of CLU, 
including CLU-mediated endocytosis of resident glomerular 
cells (eg, podocytes and mesangial cells) for removal of the 
immune complex and its inhibition of complement-mediated 
glomerular injury in the pathogenesis of primary and sec-
ondary MN needs further investigation.
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