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Introduction: Proliferative glomerulonephritis with monoclonal IgG deposits (PGNMID) occasionally pre-

sents refractory nephrotic syndrome resulting in poor renal prognosis, but its etiology is not fully eluci-

dated. Given that glomerular endothelial cell (GEC) stress or damage may lead to podocytopathy and

subsequent proteinuria, as in thrombotic microangiopathy (TMA), diabetic kidney disease, and focal

segmental glomerulosclerosis, we investigated the evidence of glomerular endothelial injury by evalu-

ating the expression of plasmalemmal vesicle-associated protein-1 (PV-1), a component of caveolae in the

cases of PGNMID.

Methods: We measured the immunofluorescent PV-1 intensities of 23 PGNMID cases and compared with

those of primary membranoproliferative glomerulonephritis (MPGN) (n ¼ 5) and IgA nephropathy (IgAN)

(n ¼ 54) cases. PV-1 localization was evaluated with Caveolin-1, and CD31 staining, and the ultrastructural

analysis was performed using a low-vacuum scanning electron microscope (LVSEM). To check the as-

sociation of podocyte injury, we also conducted 8-oxoguanine and Wilms tumor 1 (WT1) double stain. We

then evaluated PV-1 expression in other glomerulitis and glomerulopathy such as lupus nephritis and

minimal change disease.

Results: The intensity of glomerular PV-1 expression in PGNMID is significantly higher than that in the

other glomerular diseases, although the intensity is not associated with clinical outcomes such as urinary

protein levels or renal prognosis. Immunostaining and LVSEM analysis revealed that glomerular PV-1

expression is localized in GECs in PGNMID. 8-oxoguanine accumulation was detected in WT1-positive

podocytes but not in PV-1–expressing GECs, suggesting GEC-derived podocyte injury in PGNMID.

Conclusion: PV-1 overexpression reflects glomerular endothelial injury, which could be associated with

podocyte oxidative stress in PGNMID cases.
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S
ince the establishment of the concept of prolifer-
ative glomerulonephritis with monoclonal IgG

deposits (PGNMID) by Nasr et al.,1 approximately 100
PGNMID cases have been reported in the literature.2-4

PGNMID is diagnosed based on immunofluorescence
(IF) findings indicating monoclonal IgG deposits with
IgG subclass and light-chain staining. In transmission
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electron microscope (TEM) analysis, PGNMID is
distinguished on the basis of the pattern of the struc-
ture of deposits from other deposition diseases, such as
light-chain and/or heavy-chain deposition diseases.2

Histologic patterns of glomerulonephritis in PGNMID
were reported as membranoproliferative, membranous,
mesangial proliferative, and endocapillary proliferative
glomerulonephritis. Most patients with PGNMID
manifest nephritic proteinuria, hematuria, and variable
kidney dysfunction. Some case reports have suggested
that an intensive immunosuppressive regimen,
including rituximab, may be effective for PGNMID.5,6

However, certain cases exhibit nephrosis, which is
resistant to immunosuppression, and rapidly or grad-
ually progresses to end-stage kidney disease, including
recurrent cases of renal allograft.7,8 Nevertheless, the
pathologic and clinical features of PGNMID have not
been completely elucidated.

GECs, which are covered by glycocalyx and fenes-
trated, play vital roles such as regulation of glomerular
filtration, vascular tone, coagulation, inflammation, and
homeostasis of glomerular functions.9 Injury and
dysfunction of GECs have been reported in TMA,10

diabetic nephropathy,11 focal segmental glomerulo-
sclerosis,12 crescentic glomerulonephritis,13 or other
glomerulonephritis.9 Anti–vascular endothelial growth
factor therapy (representatively, bevacizumab) has
been proved to cause TMA and subsequent podocyt-
opathy because podocytes depend on vascular endo-
thelial growth factor from GECs to maintain
cytoskeletal and Akt signaling pathways for sur-
vival.14,15 However, TMA-like endothelial injury is not
common in PGNMID cases.

Previous work highlighted that caveolae and trans-
endothelial channels could be involved in trans-
capillary exchanges between GECs and stomatal
diaphragms at their orifices in fenestrated capillaries.16

PV-1 is known as a component of endothelial fenestra
and stomatal diaphragms.17 In the human kidney, PV-1
expression is detected in the peritubular capillaries and
vasa recta, but not in the glomerular artery.17,18 PV-1
expression is also generally negative in glomerulone-
phritis such as IgAN (Supplementary Figure S1A–D)
and primary MPGN.19 A clinicopathological study re-
ported that PV-1 is prominently expressed in the
glomeruli in transplant glomerulopathy and correlated
with the grade of proteinuria.20

We recently reported a case of a patient with de novo
PGNMID that was subsequently complicated after
recurrent (or de novo) IgAN in the renal allograft, who
showed marked injuries in GEC in the TEM analysis as
endothelial proliferation.21 In this case, the allograft
biopsies revealed that PV-1 expression was negative in
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the glomerulus on postoperative day (POD) 1463 at the
stage of development of IgAN (Supplementary
Figure S1E–H), however, glomerular PV-1 expression
started when PGNMID was complicated on POD 1549
(Supplementary Figure S1I–L). This case suggested that
glomerular PV-1 expression is unique in PGNMID,
which is not observed in IgAN, and MPGN as previ-
ously reported.19 In this study, we evaluated glomer-
ular PV-1 expression among PGNMID cases and
compared with other glomerulonephritis and glomer-
ulopathy including IgAN and MPGN cases. We also
show PV-1 localization in GECs by immunohisto-
chemistry and LVSEM analysis. Finally, we propose
that the overexpression of PV-1 in GECs could be
associated with podocyte injury (or stress) such as 8-
oxoguanine accumulation.
METHODS

Patients

This study was approved by the ethics committee at
Tokyo Women’s Medical University (No. 5415). The
clinical and research activities being reported are
consistent with the Principles of the Declaration of
Istanbul as outlined in the “Declaration of Istanbul on
Organ Trafficking and Transplant Tourism.” Details
regarding PGNMID and other GN cases as control were
extracted from the database of 2208 native renal bi-
opsies and 12,316 renal allograft biopsies, which were
performed from 1995 to 2017 in Tokyo Women’s
Medical University. All renal biopsies included in this
study were reviewed independently by 3 pathologists
(AS, KK, and JK).
Pathologic Diagnosis

All biopsy samples were examined using a standard
light microscope, IF, and TEM. For light microscope
examinations, all biopsies were routinely stained with
hematoxylin and eosin, periodic acid–Schiff, Masson’s
trichrome, and periodic acid-methenamine silver. For
IF examinations, 2-mm cryostat sections were dried and
stained with fluorescein isothiocyanate–conjugated
polyclonal antibodies against IgG, IgA, IgM, C3c, C1q,
fibrinogen, C4d, k light-chain, and l light-chain (Dako
Corp., Carpinteria, CA). IgG subclass measurements
were performed using fluorescein isothiocyanate–
conjugated monoclonal antibodies against IgG1, IgG2,
IgG3, and IgG4 (The Binding Site Inc., San Diego, CA).
TEM analysis was conducted for all PGNMID cases to
identify the nonorganized electron-dense deposits in
the glomerular regions. Renal allograft specimens were
histologically diagnosed according to Banff classifica-
tion 2017.22
Kidney International Reports (2023) 8, 151–163



Table 1. Clinical manifestations of PGNMID cases
Characteristics Value

Age, yr, median (range) 47 (7–70)

Sex, male, n (%) 13 (56.5)

U-pro, g/d or g/g.cr, median (range) 1.88 (negative to 12.6)

sCr, mg/dl, median (range) 1.02 (0.42–2.03)

U-OB, n (%) 20 (87.0)

Renal allograft, n (%) 3 (13.0)

Follow-up duration, yr, median (range) 3 (0.5–13)

ESKD, n (%) 4 (17.4)

Death, n (%) 2 (8.7)

Medication

Prednisone, n (%) 21 (91.3)

Other immunosuppressive agents, n (%) 11 (47.8)

ESKD, end-stage kidney disease; PGNMID, proliferative glomerulonephritis with
monoclonal IgG deposits; sCr, serum creatinine; U-OB, urine occult blood; U-Pro, urinary
protein.

Table 2. Pathologic characteristics of PGNMID cases
Characteristics Value

The pattern of glomerulonephritis, n

Membranoproliferative glomerulonephritis 18

Membranous nephropathy 3

Endocapillary proliferative glomerulonephritis 1

Minor glomerular abnormalities 1

Monoclonality

IgG1 kappa 6

IgG2 lambda 1

IgG3 kappa 16

IgG3 lambda 3

C1q deposition, n 16

C3 deposition, n 21

The location of EDD, n

Subepithelial 10

Intramembranous 16

Subendothelial 19

Mesangial 19

Hump, n 1

Nodule, n 1

C1q, complement 1q; C3, complement C; EDD, electron-dense deposit; PGNMID, pro-
liferative glomerulonephritis with monoclonal IgG deposits.
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Histologic Evaluations

Fluorescein isothiocyanate–conjugated monoclonal
antibody against PV-1 and Alexa Fluor 568–conjugated
polyclonal antibody against caveolin-1 using frozen
sections were stained to evaluate the endothelial
changes in the glomeruli (PV-1: Progen, Heidelberg,
Germany; caveolin-1: Santa Cruz Biotechnology, Dallas,
TX). Rabbit polyclonal antibody against PV-1; mouse
monoclonal antibody against platelet endothelial cell
adhesion molecule (CD31) were used for formalin-fixed
paraffin-embedded sections to confirm the localization
of PV-1 expression (PV-1: Novus Biologicals, Centen-
nial, CO; CD31: DAKO, Agilent Technologies Inc., CA).
Mouse monoclonal antibody against 8-hydroxy-deox-
yguanosine (NIKKEN SEIL Co., Ltd., Shizuoka, Japan)
and rabbit polyclonal WT1 antibody (Santa Cruz
Biotechnology, Dallas, TX), biotinylated Maackia
Amurensiis Lectin II (Vector Laboratories, Burlingame,
CA) were used to evaluate podocyte injury. Goat
antirabbit IgG (HþL), Alexa Fluor 488, goat antimouse
IgG (HþL) Alexa 568, and Alexa Fluor 647 streptavidin
were used as secondary reagents, respectively. IF im-
ages were captured with AX-80 (OLYMPUS, Tokyo,
Japan) or BZ-X800 (KEYENCE, Osaka, Japan). For
LVSEM (Hitachi, Tokyo, Japan) analysis, 5-mm
formalin-fixed paraffin-embedded sections were stained
with periodic acid-methenamine silver to evaluate the
glomerular basement membrane as described previ-
ously.23,24 Gold (III) chloride solution was used after
3,30-diaminobenzidine staining of 3-mm formalin-fixed
paraffin-embedded sections (CD31 and PV-1 immuno-
staining) to enhance the 3,30-diaminobenzidine–stained
areas as white areas in LVSEM as described previ-
ously.25 PV-1 intensities were calculated by ImageJ
software, according to the area of glomeruli without
global sclerosis (Supplementary Figure S2). All statis-
tical analyses were performed using the Prism software
Kidney International Reports (2023) 8, 151–163
(version 9; GraphPad Software). Pathologic and clinical
variables were compared using the Mann-Whitney test
or Kruskal-Wallis test. Correlation between proteinuria
and PV-1 intensity was evaluated with the Spearman
rank correlation coefficient. All P values < 0.05 were
considered statistically significant.

RESULTS

Clinical Manifestations

The clinical manifestations of PGNMID cases are shown
in Table 1, and those of IgAN and MPGN are shown in
Supplementary Table S1. A total of 23 PGNMID cases
(13 males, 10 females) were identified in the renal bi-
opsy database during 1995 to 2017. Two cases were
renal allografts. One case was diagnosed with PGNMID
in both native kidney and renal allograft. The preva-
lence rate in native renal biopsies was approximately
1%. The median age of the patients was 47 years
(range, 7–70 years). Parvovirus infection was confirmed
in one case, and another case had a history of hepatitis
B virus infection. Two cases exhibited a monoclonal
spike in their serum and were diagnosed with mono-
clonal gammopathy of renal significance. The median
serum creatinine level was 1.02 mg/dl (range, 0.42–2.03
mg/dl). The median proteinuria level was 1.88 g/gCr
(range, negative to 12.6 g/gCr), and 11 cases had a
nephrotic-range proteinuria. Urine occult blood was
found in 20 cases. The median follow-up period was 3
years (range, 0.5–13 years). Steroids combined with
other immunosuppressive treatments were adminis-
tered to 11 patients, and 10 patients received oral or
intravenous steroid treatment alone. Two cases
153



Table 3. Clinicopathological characteristics of PGNMID cases
Monoclonality No remission (%) ESKD or death (%) Transplanted kidney (%)

IgG1 k 8.7 0 4.3

IgG2 l 0 4.3 0

IgG3 k 8.7 17.4 4.3

IgG3 l 0 8.7 4.3

ESKD, end-stage kidney disease; PGNMID, proliferative glomerulonephritis with
monoclonal IgG deposits.
No remission is defined as proteinuria $ 3.5 g/d after treatment.
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(parvovirus associated case; an asymptomatic case
found in protocol biopsy after renal transplantation)
did not receive either steroid or immunosuppressive
treatment. Regarding prognosis, 4 cases progressed to
end-stage kidney disease, and the other 3 cases per-
sisted with the nephrotic-range proteinuria. Two pa-
tients died because of infection during
immunosuppressive treatment. Nine patients respon-
ded to the treatments; their urinary protein levels were
reduced to half.
Renal Histopathology

The pathologic characteristics of PGNMID are pre-
sented in Table 2. The pattern of glomerulonephritis
was as follows: MPGN (n ¼ 18), membranous ne-
phropathy (n ¼ 3), endocapillary proliferative
glomerulonephritis (n ¼ 1), and minor glomerular ab-
normalities (n ¼ 1). In 3 cases of renal allograft, the
Figure 1. PV-1 expression in glomerular endothelial cells is significant in PG
h) MPGN. (c, f, i) Alternatively, PV-1 is globally expressed in glomeruli of PG
that in primary MPGN and IgA nephropathy (mean with SD, Kruskal-Wallis
50 mm); (d) immunofluorescent staining for IgA, (e, f) IgG, and (g–i) PV-1
nephritis; PGNMID, proliferative glomerulonephritis with monoclonal immu
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Banff score was all negative. In the IF analysis, all cases
demonstrated light-chain isotype restriction, including
19 cases with exclusive positivity for k chain and 4
cases with exclusive positivity for l chain. Deposit
patterns with clinical features are shown in Table 3. No
case exhibited positivity for IgG4. C1q and C3 de-
positions were found in 16 and 21 cases, respectively.
In the TEM analysis, all cases exhibited nonorganized
electron-dense deposits in the glomerular compart-
ment. The electron-dense deposits were located in the
subepithelial (n ¼ 10), intramembranous (n ¼ 16),
subendothelial (n ¼ 19), and mesangial (n ¼ 19) re-
gions. Two cases demonstrated hump and nodules,
respectively.

PV-1 Staining on the Glomerulus

All evaluable glomeruli in IF images obtained from
PGNMID, MPGN, and IgAN (representative images in
Figure 1a-h) were collected and evaluated for PV-1
intensity. As a result, a total of 72 glomeruli from 30
biopsies of PGNMID, 12 glomeruli from 5 biopsies of
primary MPGN, and 93 glomeruli from 54 biopsies of
IgAN were evaluated (Figure 1j). The intensity of PV-1
in PGNMID is significantly higher than that in MPGN
and IgAN (P < 0.05 and P < 0.001, respectively)
(Figure 1j). However, no significant correlations were
found between the PV-1 intensity and proteinuria or
renal prognosis (Supplementary Figure S3).
NMID cases. (a, d, g) PV-1 is negative in glomeruli of IgAN and (b, e,
NMID. (j) The intensity of PV-1 in PGNMID is significantly higher than
test). (a–c) Periodic acid-methenamine silver staining (black bars ¼
. IgAN, IgA nephropathy; MPGN, membranoproliferative glomerulo-
noglobulin G deposits.

Kidney International Reports (2023) 8, 151–163



Figure 2. PV-1 expression is colocalized with CD31 in GEC of PGNMID. (a, b) PV-1 and CD31 colocalization was found in the peritubular
capillaries, but not in the glomeruli in IgA nephropathy and (c, d) primary MPGN. (e, f) In PGNMID, PV-1 and CD31 were merged in glomeruli.
4’,6-diamidino-2-phenylindole was used for nuclear counterstaining. White bars ¼ 50 mm, and asterisk shows same lesions. GEC, glomerular
endothelial cell; MPGN, membranoproliferative glomerulonephritis; PGNMID, proliferative glomerulonephritis with monoclonal immunoglobulin
G deposits; PV-1, plasmalemmal vesicle-associated protein-1.
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Overexpressed PV-1 Is Localized in GECs

Although PV-1 and CD31 were merged in peritubular
capillaries in all cases, glomerular PV-1 expression was
not detected in IgAN and MPGN cases (Figure 2a and b
and Figure 2c and d, respectively). PV-1 and CD31 were
merged in the glomeruli only in PGNMID case
(Figure 2e and f), suggesting that PV-1 expression
localized in GECs. LVSEM analysis showed that the
presence of enhanced white signals of PV-1 and CD31
in the surface of both peritubular capillaries and GECs
(Figure 3). Negative control stain and basement mem-
brane analyses are shown in Supplementary Figure S4.
Moreover, the glomerular PV-1 staining pattern of
PGNMID mostly merged with caveolin-1, whereas it
rarely occurred in IgAN and MPGN (Figure 4).
Kidney International Reports (2023) 8, 151–163
Correspondingly, the numbers of Weibel-Palade
body (WPB) and caveolae were increased in GECs in
PGNMID cases in TEM analysis (Figure 5a�f). In fact,
the density of caveolae and WPB in PGNMID is
significantly higher than in IgAN and MPGN
(Figure 5g and h), but those are not directly associated
with endothelial stress, such as accumulation of 8-oxoG
(Figure 6g). Interestingly, accumulation of 8-oxoG was
observed in WT1-positive (nucleus) area but not in
Maackia Amurensiis Lectin II–positive (cytoplasm or
membrane) area of podocyte (Figure 6g and h) with foot
process effacement (Figure 6i), suggesting oxidative
stress in podocytes of the PGNMID cases. Importantly,
accumulation of 8-oxoG was not observed in IgAN and
MPGN (Figure 6a–c and d–f).
155



Figure 3. LVSEM analysis of PV-1 and CD31 expression in PGNMID. (a–h) Representative case of IgA, (i–p) MPGN, and (q–x) PGNMID were
examined by LVSEM. The lesions were enhanced by methenamine silver or gold (III) chloride combined with 3,30-diaminobenzidine after
immunohistochemistry of CD31 (a–d, IgAN; i–l, MPGN; q–t, PGNMID) and PV-1 (e–h, IgAN; m–p, MPGN; u–x, PGNMID). The panels display
peritubular capillaries (arrowheads) and glomerular capillaries (asterisk). White bars ¼ 20 mm. LVSEM, low-vacuum scanning electron mi-
croscope; MPGN, membranoproliferative glomerulonephritis; PGNMID, proliferative glomerulonephritis with monoclonal immunoglobulin G
deposits; PV-1, plasmalemmal vesicle-associated protein-1.
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Glomerular PV-1 Expression in Various

Glomerular Disease

To test whether the PV-1 overexpression is unique in
PGNMID, we next examined glomerular PV-1 in-
tensities in various glomerular disease. All evaluable
glomeruli were obtained in IF images from the patients
of lupus nephritis (105 glomeruli from 51 cases), min-
imal change disease (32 glomeruli from 21 cases), pri-
mary and secondary focal segmental glomerulosclerosis
(primary, 45 glomeruli from 21 cases; secondary, 10
glomeruli from 6 cases), primary and secondary mem-
branous nephropathy (primary, 28 glomeruli from 15
cases; secondary, 25 glomeruli from 9 cases), C3 glo-
merulopathy (14 glomeruli from 6 cases), and
156
antineutrophil cytoplasmic antibody–associated
vasculitis (39 glomeruli from 16 cases) (Figure 7a–r).
The clinical information of each disease is presented in
Supplementary Tables S2 and S3. Among them, the
intensity of PV-1 is significantly stronger in lupus
nephritis and antibody-associated vasculitis than in
other glomerular diseases (Figure 7s). We also added
IgG monoclonal pattern analysis for PGNMID, Inter-
national Society of Nephrology/Renal Pathology Soci-
ety classification for lupus nephritis26 and IgG-positive
or IgG-negative analysis for antibody-associated
vasculitis, but there were no significant findings
(Supplementary Figure S5). Finally, PGNMID showed
significantly higher glomerular PV-1 intensity than the
Kidney International Reports (2023) 8, 151–163



Figure 4. The glomerular PV-1 is colocalized with caveolin-1 in PGNMID. (a–c) PV-1 expression was localized only in peritubular capillaries, and
caveolin-1 showed glomerular endothelium pattern in IgA nephropathy and (d–f) primary MPGN. (g–i) In PGNMID, PV-1 was globally positive in
glomeruli and merged with caveolin-1. White bars ¼ 20 mm. MPGN, membranoproliferative glomerulonephritis; PGNMID, proliferative
glomerulonephritis with monoclonal immunoglobulin G deposits; PV-1, plasmalemmal vesicle-associated protein-1.
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other top 3 glomerular diseases (Figure 7t). Therefore,
we conclude that the glomerular PV-1 expression is
unique in PGNMID among various types of glomerular
diseases.
DISCUSSION

Studies have reported that PGNMID occurs in 0.17% to
3.7% of native kidney biopsies.2,3,27 Although mono-
clonal IgG deposits are found in the glomeruli, sero-
logic monoclonal IgG levels are detected in 20% to
30% cases.3,4 Histologically, most cases exhibit the
MPGN and/or IgG3k patterns.2,3 IgG3k type of
PGNMID was also reported to have a higher recurrence
rate in renal allografts.4,28

In our study, the largest single-center case series,
except that from Mayo Clinic,3,4 the most frequent
deposit pattern was also IgG3k, which exhibited sig-
nificant complement component depositions (C3 and
C1q) in the IF analysis and various subendothelial and
mesangial EDDs in the TEM analysis (Table 2) with
worse clinical outcomes than other deposit types
(Table 3), as reported previously.2 These findings
indicate that PGNMID exhibits common clinicopatho-
logical characteristics irrespective of race or region.
Kidney International Reports (2023) 8, 151–163
Next, we demonstrated the pathologic characteristic
of PGNMID, especially, overexpression of PV-1 in
GECs, which belongs to a type II transmembrane
glycoprotein and is known as a component of cav-
eolae.29,30 Caveolae show 50- to 100-nm flask-shaped
structures and invaginations of the plasma mem-
brane.17 Caveolin (homologous genes, CAV1, CAV2,
and CAV3) contains cytoplasmic N-terminus, trans-
membrane domain, and cytoplasmic C-terminus and
maintain the structure of caveolae.31 CAV1 expression
was confirmed in the glomerular endothelium, mesan-
gial cells, podocytes, and Bowman’s parietal epithelial
cells in the glomeruli.32-35 Previous research demon-
strated that the intensity of caveolin-1 expression in
the glomeruli is associated with urinary albumin
excretion in human glomerular disease.36 Caveolae
present in endothelial cells are considered to play a
vital role in the profibrotic signal transduction and the
pathogenesis of albuminuria by promoting endothelial
cell albumin uptake.37,38 Phosphorylation of CAV1
(Y14) is an important regulator of these functions.39

Several studies have reported that inhibition of
caveolin-1 Y14 phosphorylation ameliorates proteinuria
and kidney dysfunction in an animal model of diabetic
kidney disease.40,41
157



Figure 5. Caveolae and WPBs were increased in PGNMID. (a, b) Caveolae (black arrow) and (c, d) WPBs (red arrow) were found in a IgAN
case and/or a primary MPGN case. (e, f) Those were increased within enlarged glomerular endothelium in PGNMID cases. WPBs contain
microtubular structure inside a single membrane (asterisk indicates same lesion). Arrowheads indicate deposits. (e) Glomerular endothelial cell.
Cellular density of (g) caveolae and (h) WPB was shown (mean with SD, Kruskal-Wallis test). MPGN, primary membranoproliferative
glomerulonephritis; PGNMID, proliferative glomerulonephritis with monoclonal immunoglobulin G deposits; WPB, Weibel-Palade body.
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In contrast, PV-1 is an essential molecule that forms
both stomatal and fenestrated diaphragms17 and plays a
vital role in the formation of endothelial fenestra-
tions.42 PV-1 expression and diaphragmed fenestrate
were detected in embryotic rat glomeruli, whereas PV-
1 expression was not found in adult glomeruli.43

Moreover, in human transplant glomerulopathy, PV-1
overexpression and increases in the number of cav-
eolae in the glomeruli were found to be associated with
proteinuria, probably because of the loss of fenestra-
tions,20 which is also found in patients with diabetic
nephropathy with albuminuria.44 These findings sug-
gest that PV-1 expression serves as a possible marker of
glomerular capillary remodeling.

In PGNMID, we confirmed the colocalization of PV-1
and caveolin-1 in GECs (Figure 4) for the first time, and
increased WPB in the luminal surface of GECs
(Figure 5), as previously reported.45 WPB contains the
von Willebrand factor that forms an adhesive extra-
cellular matrix and allows in situ platelet aggregation
and microangiopathy.46 WPB is also associated with
vascular endothelial inflammation47 because it secretes
interleukin-8, eotaxin-3, endothelin-1, and angiopoie-
tin-2.48 Exocytosis of WPB represents a distinct
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response of endothelial cells to stressors, and local
release of its contents causes escalation of endothelial
injury.49 In this study, we found glomerular PV-1
overexpression in lupus nephritis, antibody-
associated vasculitis, and PGNMID (Figure 7), sug-
gesting that PV-1 expression serves as a possible
marker of glomerular capillary injury (or remodeling).

Moreover, we confirmed that glomerular PV-1
overexpression in PGNMID is related to not only the
endothelial cell damage but also podocyte injury via 8-
oxoG accumulation, which is an indicator of oxidative
stress. In addition, 8-oxoG accumulation could be
induced via endothelin-1 signaling pathway and could
be associated with subsequent progression of chronic
kidney disease as in focal segmental glomerulo-
sclerosis12; however, PV-1 expression is not significant
either in primary or secondary focal segmental glo-
merulosclerosis in our study (Figure 7). Importantly, 8-
oxoG accumulation was observed in GECs not in
podocytes in the previous study,12 whereas we found
that 8-oxoG accumulation was localized in podocytes
that is accompanied with PV-1–expressing GECs
(Figure 6), suggesting that PV-1 overexpression is a
different entity from endothelial endothelin receptor A
Kidney International Reports (2023) 8, 151–163



Figure 6. Accumulation of 8-oxoG is unique in glomeruli of PGNMID. There were no PV-1 expression and accumulation of 8-oxoG in glomeruli,
and/or podocyte effacement in (a–c) IgA nephropathy and (d–f) primary MPGN. Diffuse accumulation of 8-oxoG was observed and merged with
WT1, and Maackia Amurensiis Lectin II(MAL II)–positive podocytes were detected in PGNMID. (g, h) Asterisk shows same lesions. (i) Caveolin-
like particles were observed in glomerular endothelium (black arrow), accompanied with podocyte effacement (arrowheads), which is
compatible with PV-1 expression and 8-oxoG accumulation. White bars ¼ 50 mm and asterisks show same lesions. PV-1, plasmalemmal vesicle-
associated protein-1; WT-1, Wilms tumor 1.
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expression in GECs.12 Another study revealed that
endothelial endothelin receptor A expression in GECs
could be induced by endothelin-1 from podocytes in
focal segmental glomerulosclerosis model mice, sug-
gesting “podocyte derived crosstalk with GECs,”50

which is compatible with the other clinical study.12

We speculated that PV-1 expression accompanied
with caveolae and WPB increasing in GECs could cause
podocyte injury, suggesting “GEC-derived crosstalk
with podocyte.” Nonetheless, TMA lesion usually lacks
IgG deposition and is clearly distinguished from
PGNMID in the diagnosis criteria,51 although a mono-
clonal gammopathy of renal significance case, compli-
cated with TMA and PGNMID, was recently
reported.52 Nevertheless, monoclonal gammopathy was
present in 13.7% of patients with TMA and in 21% of
patients older than 50 years.53 It might be related to the
monoclonal Ig acting as an autoantibody against a
complement regulatory protein, which could trigger
the development of another forms of TMA.54 Although
standard therapeutic regimens for PGNMID have not
been established, there are reports on the effectiveness
of the clone-directed approach from the viewpoint of
Kidney International Reports (2023) 8, 151–163
its relationship with monoclonal gammopathy of renal
significance.5,55,56 Moreover, in the renal allograft,
some reports have indicated that treatment of early
PGNMID recurrence with rituximab was effective,
resulting in reasonable, long-term graft survival.27

Importantly, there seem to be benign subgroups of
PGNMID, which would not require an exclusive
immunosuppressor.2 A recent case report also sug-
gested that protection of GECs, using renin angiotensin
system blockades, is one of the therapeutic candidates,
especially in the cases without M-spike or identified
clone.57 Combining previous reports and ours, in
PGNMID, an endothelial stress response different from
TMA was elicited, leading to podocyte damage through
the deposition of “M protein” in the glomerulus, which
activates the complement causing an inflammatory
response.

We need to acknowledge some limitations in this
study. First, we could not find the correlation between
the intensity of glomerular PV-1 expression and clinical
manifestation, although a previous report showed that
glomerular PV-1 expression is related to proteinuria in
transplant glomerulopathy.20 It is probably because
159



Figure 7. Glomerular PV-1 expression in various glomerular disease. (a–r) Glomerular PV-1 expression is confirmed in lupus nephritis and
antineutrophil cytoplasmic AAV among various glomerular disease. (s, t) The intensity of PV-1 is significantly stronger in lupus nephritis and AAV
than in other glomerular diseases, but it is significantly higher in (t) PGNMID (intensity data were reposted from Figure 1j) (mean with SD,
Kruskal-Wallis test). (a–f) Periodic acid-methenamine silver staining; (g–l) immunofluorescent staining; (m–r) PV-1. AAV, antibody-associated
vasculitis; FSGS, focal segmental glomerulosclerosis; MCD, minimal change disease; MN, membranous nephropathy; PGNMID, proliferative
glomerulonephritis with monoclonal immunoglobulin G deposits; PV-1, plasmalemmal vesicle-associated protein-1; SLE, systemic lupus
erythematosus.
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PGNMID develops rapidly and there is a wide variation
in biopsy timing, whereas transplant glomerulopathy
develops in gradual stages, and episodic biopsies for
renal allograft are generally acceptable. Second, some
cases (n ¼ 4) were not examined for paraprotein using
immunofixation, immune electrophoresis, or kappa/
lambda ratio measurement, although paraprotein was
not detected by immune electrophoresis in other cases.
We also did not perform more sensitive evaluation
160
techniques, such as serum immunoblotting and mo-
lecular studies of bone marrow, to detect subtle plasma
cell proliferation, as reported in a case of IgA-
proliferative glomerulonephritis with monoclonal
immunoglobulin deposits.58 Because many of our cases
were originally diagnosed with MPGN or MN and re-
diagnosed with PGNMID on the basis of IgG sub-
classes and light-chain staining in this study, it was
difficult to normalize or categorize the clinical
Kidney International Reports (2023) 8, 151–163
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situation, especially, the immunosuppressor choice
between patients with PGNMID and other patients
with GN. In the future study, evaluating the treatment
regimen with a detailed analysis of the hematological
and histologic findings, such as glomerular PV-1
expression, would be worthy.

In conclusion, we discovered that PV-1 over-
expression in GECs might be a useful histologic marker
for glomerular endothelial injury in PGNMID cases.
Further investigation is required to assess whether
these endothelial alterations are associated with clinical
prognosis and treatment.
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