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Ultrastructural Studies of IgG4-related Kidney Disease
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Abstract

Objective  Ultrastructural studies of 1gG4-related kidney disease (IgG4-RKD) characterized by tubulointer-
stitial nephritis (TIN) are limited in previous reports due to the rarity of the condition. In the present report,
we performed ultrastructural examinations and assessed the pathogenesis of this disease.

Patients Clinicopathological studies were conducted in eight patients diagnosed with IgG4-RKD. Routine
light, immunofluorescence and electron microscopy examinations and immunohistochemical assessments of
IeG4 were performed using renal biopsy samples.

Results Hypocomplementemia, positive anti-nuclear antibodies and eosinophilia were confirmed in more
than half of the cases. Electron dense deposits (EDDs) were frequently found in the glomeruli and intersti-
tium. The rate of deposition was 62.5% in both mesangial arcas and Bowman’s capsule. EDDs were fre-
quently detected on the tubular basement membrane (TBM) (87.5% of patients). The interstitium also con-
tained EDDs on collagen fibers in 87.5% of the cases and on basement membrane-like materials in areas of
fibrosis in 37.5% of the cases. The creatinine clearance levels were significantly lower in the patients with
the latter pattern. Meanwhile, the rate of immunoglobulin and/or complement deposition on the TBM was
observed in less than 37.5% of patients, and these findings were not entirely coincident with the cases of
EDDs on the TBM.

Conclusion EDDs are frequently found in the glomeruli and interstitium in patients with IgG4-RKD: how-
ever, immunohistological studies do not provide evidence that TgG4-RKD involves TIN with immune com-
plex nephropathy. The presence of interstitial EDDs may be related to the progression of interstitial fibrosis
in the setting of 1gG4-RKD.

Key words: plasma cell, electron dense deposit, immune complex

(Intern Med 54: 147-153, 2015)
(DOI: 10.2169/internalmedicine.54.2581)

more than half of patients with IgG4-related systemic dis-

Introduction

Recently much attention has been paid to the develop-
ment of IgG4-related nephropathy and/or IgG4-related kid-
ney disease (JgG4-RKD) characterized by tubulointerstitial
nephritis (TIN), as these conditions present with unique
clinical and histological findings. Initially, IgG4-RKD was
reported to be an organ complication associated with auto-
immune pancreatitis (AIP) (1, 2). Immunological disorders,
such as hypocomplementemia, positive anti-nuclear antibod-
ies and hypereosinophilia, are confirmed clinical features in

eases, including AIP and IgG4-RKD (3, 4). Based on this
background, autoimmune and/or allergic disorders are sus-
pected to underlie the pathogenic mechanisms of IgG4-
RKD, although the detailed pathogenesis has not yet been
clarified.

The Japanese Society of Nephrology (JSN) published di-
agnostic criteria for IgG4-RKD in 2011 (5). However, data
regarding the electron microscopic findings of IgG4-RKD
are limited at present. Some patients exhibit electron dense
deposits (EDDs) on the glomerular basement membrane
(GBM) and tubular basement membrane (TBM) (1, 2, 6, 7).

'Division of Nephrology and Kidney Center, Kobe University Graduate School of Medicine, Japan, *Divisions of Clinical Nephrology and
Rheumatology, Niigata University Graduate School of Medical and Dental Sciences, Japan, 3 Joetsu University of Education, Japan and ‘Depart-

ment of Internal Medicine, Nagaoka Red Cross Hospital, Japan

Received for publication January 30, 2014; Accepted for publication June 9, 2014

Correspondence to Dr. Shinichi Nishi, snishi@med.kobe-u.ac.jp

147

298



Intern Med 54: 147-153, 2015 DOI: 10.2169/internalmedicine.54.2581

Table 1. Clinical and Laboratory Data in the Cases with IgG4 Relalted Nephropathy
(n=8)
age sex SBP DBP Cer S-Cr 10) organ complication
years old mmHg mmHg mL/min/1.73m’ mg/dL g/day

case | 68 male 118 68 36.3 1.37 0.1

case 2 70 male 132 68 58 0.93 0.6 AIP

case 3 75 male 122 70 66.9 1.23 0.3

case 4 51 male 150 94 11.2 3.97 0.3

case 5 83 male 112 60 44.4 4.72 0.7

case 6 69 male 128 68 35.6 2.36 1.3 AlP

case 7 78 male 167 70 11.8 6.17 1.4

case 8 76 male 146 60 65 1.21 0.2

mean 71.3 134.4 69.8 41.2 2.74 0.6

SD 9.6 18.6 10.6 21.8 1.97 0.5

SBP: systolic blood pressure, DBP: diastolic blood pressure, Cer: creatinine clearance, Cr: creatinine

AIP: autoimmune pancreatitis
Table 2. Serelogical Data in the Cases with IgG4 Related Nephropathy

(@=8)
Eos IgG4 1gG IgA IgM C3 Cc4 CH50  ANF
% mg/dL, mg/dl  mg/dlL mg/dl mg/dl mg/dl U/ml times or index

case 1 *40 2,295 305 214 48 ‘41 *2< ‘10 "640
case 2 ND 3,496 924 231 108 52 2< 120 320
case 3 6 5,380 623 273 87 ‘41 2« 141 "100.1
case 4 *24.7 2,325 587 199 82 118 23 32 ND
case 5 0 3,144 1,340 35 79 56 ‘6 ‘16 2,560
case 6 7 4,001 1,860 145 99 55 *2< <10 80
case 7 ND 3,935 670 113 74 57 28 27 <40
case 8 *38 2,820 1,021 220 102 60 28 30 ND
mean 14 3,425 916 179 85 66 26 30
SD 15 1,025 494 77 19 25 3 2
Eos: eosinophil, ANF: anti nulear antibody, ND: not done
* indicates abnormal data.

The presence of ultrastructural abnormalities of the glomer-
uli and interstitium has not been thoroughly evaluated in pa-
tients with IgG4-RKD. We herein summarize the pathologi-
cal findings of the glomeruli and interstitium observed on
electron microcopy in eight cases of IgG4-RKD and discuss
the pathogenesis of IgG4-RKD.

Materials and Methods

From 1999 to 2013, 6,342 patients underwent renal biop-
sies at Niigata University Medical and Dental Hospital,
Kobe University Hospital and affiliated hospitals. Informed
consent for the renal biopsy was provided by all patients
prior to the procedure. Among the patients, eight were diag-
nosed with IgG4-RKD based on light microscopic observa-
tions and clinical findings according to the criteria of the
JSN (5). Patients with collagen diseases and vasculitis were
excluded, and no subjects met the criteria for systemic lupus
erythematosus (SLE), Sjogren’s syndrome, anti-neutrophil
cytoplasmic antibody (ANCA)-related vasculitis, rheumatoid
arthritis or sarcoidosis.

Renal tissues were obtained via needle biopsy. All tissues
were examined using routine light microscopy, direct im-

munofluorescence and electron microscopy. For light immu-
nohistochemical staining, formalin-fixed, paraffin-embedded
biopsy specimens were cut into 3-um thick sections and im-
munostained with mouse monoclonal antibodies against hu-
man IgG4 (Zymed Laboratory, San Francisco, USA, or The
Binding Site, Birmingham, UK).

Clinical data

All eight patients were men, with an average age of 71.3x
9.6 (mean + SD) years at the time of the renal biopsy (Ta-
ble 1). Two cases involved complications of AIP. Renal im-
aging revealed multiple low density lesions in two cases on
CT and diffuse kidney enlargement in six cases on enhanced
CT.

The renal function was deteriorated in all patients. The
mean creatinine clearance (Ccr) level was 41.2+21.8 mL/
min/1.73 m’ and the mean serum creatinine (S-Cr) level was
2.74£1.97 mg/dL at the time of biopsy. A significant
amount of urinary protein, more than 0.2 g/day, was con-
firmed in six (75.0%) of the eight cases, and three (37.5%)
of the eight patients had hypereosinophilia (Table 2). All pa-
tients demonstrated elevated serum IgG4 and IgG levels,
with mean values of 3,424.5+1,024.8 mg/dL (cut off level
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Figure 1.

Light microscopy. 1a: Interstitial cell infiltration with a clearly demarcated border be-

tween affected and unaffected areas periodic-acid Schiff (PAS) stain x100. 1b: Specific fibrotic lesions
with collagen fibers and infiltrating cells exhibiting storiform fibrosis on periodic acid Silver methe-
namine (PAM) staining PAM stain x400. 1c: Immunostaining of paraffin sections with anti-IgG4
antibodies. IgG4-positive plasma cells infiltrating the interstitium in affected areas. 1c: Strong posi-
tive findings for IgG4 on the tubular basement membrane (TBM) and interstitium were not con-
firmed in all cases x200. 1d: A small amount of IgG4-positive plasma cells was noted in relatively

unaffected areas x400.

<135 mg/dL) and 916.3+494.2 mg/dL, respectively. Hypo-
complementemia was noted in five (62.5%) patients, and
anti-nuclear antibodies were positive in four (50.0%) pa-
tients. No cryoglobulin, M-peak proteins, myeloperoxidase
(MPO)-ANCA or proteinase (PR3)-ANCA were detected in
any of the patients.

Histological findings

TIN was a dominant histological feature in all cases. The
cells comprising areas of massive infiltration primarily in-
cluded lymphocytes and plasma cells, with occasional
eosinophils. The distribution of infiltrating cells exhibited a
specific pattern with a well-demarcated border between af-
fected and unaffected areas (Fig. la), and the tubular base-
ment membrane displayed thinning in the areas with mas-
sive cell infiltration. In the progressive fibrotic lesions, a
characteristic ‘storiform’ pattern of fibrosis was observed
surrounding nests of lymphocytes and/or plasma cells on pe-
riodic acid-methenamine staining of silver-stained prepara-
tions in all cases (Fig. 1b). Almost all glomeruli exhibited
minor glomerular abnormalities, excluding two cases of
membranous nephropathy.

Immunostaining of paraffin sections with anti-IgG4 anti-

bodies showed infiltration of numerous IgG4-positive
plasma cells into the interstitium (Fig. 1c). The number of
IgG4-positive plasma cells >10/high power field (HPF) and
ratio of IgG4-positive plasma cells/IgG-positive plasma cells
exceeded 40% in all cases. Strong positive findings for IgG4
on the TBM and interstitium were confirmed in three
(37.5%) of the eight cases. A small amount of [gG4-positive
plasma cells was detected in both affected and relatively un-
affected areas in the interstitium (Fig. 1d). IgG4 immuno-
staining also disclosed diffuse reactivity in the glomerular
capillary wall in two cases of membranous nephropathy. In
the other cases, the glomeruli showed no reaction to anti-
IgG4 antibodies. No glomerular deposition of immunoglobu-
lin or complement was observed on routine immunofluores-
cence examinations, excluding the two cases of membranous
nephropathy. C3c deposition along the TBM was noted in
three cases and IgG deposition along the TBM was seen in
one case (Table 3).

EDDs were detected in various lesions on electron mi-
croscopy (Table 4). For example, subepithelial EDDs were
observed in four (50.0%) patients, with segmental distribu-
tion in two cases and diffuse distribution in the two cases of
membranous nephropathy (Fig. 2a) (Table 4). EDD deposi-
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Table 3. Immunofluorescet Study in the Cases with IgG4 Related Nephropathy
(n=8)

findings in light glomeruli Bowman's TBM
microscopy capsule

case 1 MGA, TIN ns ns ns

case 2 MGA, TIN ns ns ns

case 3 MGA, TIN ns ns ns

case 4 MGA, TIN ns ns ns

case 5 MGA, TIN ns ns C3e

case 6 MN, TIN IgG, C3c C3¢, C4 C3c, C4

case 7 MN, TIN IgG, C3c ns IgG, C3c

case 8 MesPGN, TIN ns ns ns

MGA: minor glomerular abnormalities, MN: membranous nephropathy
MesPGN: mesangial proliferative glomerulonephritis
TBM: tubular basement membrane, ns: not specific, ND: not done

Table 4. Electron Microscopic Study in IgG4 Related Nephropathy

(n=8)
distribution of EDDs
subepithelial mesangium subendothelial Bowman's TBM interstitium basement membrane
space space capsule on collagen fibers like substances in
interstitum
case 1 0 0 0 0 + + [
case 2 0 + 0 + + 0 0
case 3 0 + 0 + + + 0
case 4 + + 0 0 + + +
case 5 + + 0 0 + + 0
case 6 + 0 0 + 0 + +
case 7 + 4 + + + -+ + +
case § 0 0 0 + + + 0
deposition rates 50.0% 62.5% "12.5% 62.5% 87.5% 87.5% 37.5%

tion in mesangial areas was also seen in five (62.5%) of the
eight cases; the mesangial EDDs were found in a scattered
distribution in small amounts (Fig. 2b). Almost all of the
EDDs had a homogenous appearance, although one case in-
volved a mixed pattern of high and low electron dense ma-
terials (Fig. 2c). In addition, a small amount of subendothe-
lial deposits was noticed in only one (12.5%) case. In con-
trast, EDD deposition in Bowman’s capsules was detectled in
five (62.5%) of the cight cases (Fig. 2d), and a portion of
the plasma cells contained a well-developed rough endoplas-
mic reticulum (Fig. 3a). Lymphocytes and eosinophils also
infiltrated the interstitum (Fig. 3b). Furthermore, EDDs
were visible on the TBM and collagen fibers themselves in
87.5% of the cases (Fig. 3b, c) and on basement membrane-
like substances within fibrotic lesions in 37.5% of the cases
(Fig. 3d).

Relationships between the clinical data and the
presence of EDDs

There were no clear relationships between the presence of
serological disorders, such as hypocomplementemia and
positive antinuclear factor (ANF), and the presence of EDDs
on Bowman’s capsules, the TBM or interstitium. Cases | to
4 and 8 involved no deposition of IgG or C3c on the TBM,
although these patients exhibited EDDs on the TBM. Three

patients with EDDs on basement membrane-like substances
within fibrotic interstitial lesions showed signiticantly lower
Cer levels, less than 36.0 mL/min/1.73 m®, compared to that
observed in the other cases (p<0.05; statistically significant
difference according to the Wilcoxon test).

Discussion

Previously reported organ disorders associated with 1gG4-
RKD include AIP as well as Mikulicz’s disease (8), scleros-
ing cholangitis (9) and retroperitoneal fibrosis (10). How-
ever, a few patients suffer from IgG4-RKD alone, without
other types of organ involvement (3, 11, 12).

The pathological description of IgG4-RKD is limited to
the findings of light microscopic and immunohistochemical
assessments conducted in previous cross-sectional case stud-
ies. For example, Sacki (3), Kawano (13) and Yoshita (14)
et al. each evaluated at least 20 patients with IgG4-RKD in
their series using histological evaluations of light and immu-
nohistochemical modalities without electron microscopy. To
date, observations with electron microscopy have been re-
stricted to limited case reports (1, 2, 6, 7, 15-17). Recently
Yamaguchi et al. (18) comprehensively reported the ultra-
structural findings of 10 cases. The authors found the depo-
sition of EDDs on the TBM and interstitium in 100% and
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Figure 2. Electron microscopy of the glomeruli. 2a: Subepithelial deposits exhibiting a segmental
distribution. 2b: Mesangial deposits in paramesangial lesions. 2c: EDDs showing a mixed pattern of
high and low electron dense materials. 2d: EDDs on Bowman’s capsules x3,500.

f3e 2

Figure 3. Electron microscopy of the interstitium. 3a: Some plasma cells showed a tendency to as-
semble together. A well-developed rough endoplasmic reticulum was often observed x3,500. 3b:
EDDs on the TBM (star) and eosinophils in the interstitium (right upper cell) x5,000. 3c: EDDs on
collagen fibers (arrows) x8,000. 3d: EDDs on basement membrane like-substances in the interstitium
(arrowheads) x8,000.
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70% of cases, respectively. Meanwhile, Raissian et al. (19)
documented the presence of EDDs on the TBM in 92.6%
cases of IgG4-RKD. In the present study, the rate of EDD
deposition was 87.5% on both the TBM and interstitium.
Furthermore, we noticed two types of deposition in the in-
terstitium: the presence of EDDs on collagen fibers them-
selves (87.5%) and the presence of EDDs on basement
membrane-like materials within fibrotic lesions (37.5%).
Based on our experience, interstitial EDDs are seldom ob-
served in other types of TIN, including cases of TIN in-
duced by drugs or collagen diseases. The EDDs observed in
patients with I[gG4-RKD may therefore have affinity for the
extracellular matrix of the basement membrane, as EDDs
are frequently observed on the GBM (7, 18), Bowman’s
capsule and TBM (1, 6, 7, 15, 18).

Cornell et al. (7) previously reported the existence of
subepithelial EDDs in two of eight cases. Among our eight
patients, four (50.0%) had subepithelial deposits, including
two patients with membranous nephropathy and one patient
with subendothelial EDDs along the GBM. In the present
study, EDDs were also found to be deposited on Bowman’s
capsule and the TBM at higher rates, 62.5% and 87.5%, re-
spectively, similar to that reported by Yamaguchi (18).

The immunopathogenic role of EDDs deposited on the
TBM has not been fully clarified. The deposition of EDDs

~on the TBM is suspected to represent an immunopathologi-

cal insult leading to the development of interstitial lesions in
patients with lupus nephritis (20) and autoimmune TIN as-
sociated with anti-TBM antibodies (21). Additionally, EDDs
arc often detected on the TBM on kidney graft biopsies in
patients without rejection (22, 23).

It should be carefully determined whether IgG4-RKD is
an immune complex type of nephropathy. The immunofluo-
rescence studies performed in the present series showed
deposition of C3c or IgG on the TBM in only three (28.6%)
cases, whereas most of the patients had EDDs on the TBM.
In contrast, the immunohistochemical studies with anti-IgG4
antibodies did not show any remarkable reactions on the
TBM on light microscopy. Similar results have been docu-
mented in previous articles (2, 4, 6, 11). These observations
suggest that EDDs are not necessarily immune complexes
involving IgG4. Subclass molecules of IgG exhibit distinct
characteristics during immunological reactions. For example,
it has been proven that IgG4 molecules do not have the abil-
ity to activate the complement cascade (24, 25). Detlefsen et
al. (26) demonstrated the positive deposition of C3c, IgG4
and IgG on the basement membrane of the pancreatic duct
in patients with AIP using immunofluorescence. The authors
suspected that immune complex formation on the basement
membrane triggered tissue destruction in cases of AIP. The
pathological significance and structural components of
EDDS remain unclear. Therefore, it is necessary to follow
patients with renal involvement of IgG4-RKD by monitoring
for immunoglobulin, complement and/or EDD deposition on
the TBM and interstitium. In particular, in the present study,
EDDs were found on basement membrane-like substances in

fibrotic lesions in the patients with a significantly reduced
renal function (p<0.05). This finding suggests the presence
of a specific pathological process involving interstitial scle-
rotic changes in patients with IgG4-RKD. The clinical
course of IgG4-RKD is usually responsive to steroids, al-
though some patients exhibit deterioration of the renal func-
tion under steroid therapy (27).

In conclusion, we found that IgG4-RKD frequently pre-
sents with deposition of EDDs in multiple areas, including
the glomeruli and interstitium. In particular, two types of
EDD deposition in the renal interstitium were found in the
present study: deposition on collagen fiber themselves and
that on basement membrane-like substances in fibrotic le-
sions. However, our clinicopathological data did not demon-
strate that EDD formation results from immune complex ac-
tivation. Further investigation is therefore necessary in order
to clarify the pathogenesis of IgG4-RKD in terms of both
immunological and pathological perspectives.
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Hypoelectrolytic isoosmotic solution for infusion prevents
saline-induced ultrastuructural artifacts of renal

biopsy specimens
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Artifacts in the process of specimen preparation are fre-
quent in ultrastructural evaluation of renal biopsy. We
hypothesized that the common practice of wrapping kidney
biopsy specimens in saline-soaked gauze to prevent the
drying of the specimens could be the major factor of arti-
facts. In this study, whole kidneys from two male Sprague-
Dawley rats were used. Before fixation, fresh small cubes of
kidney tissue were macerated in saline (Saline group) or
hypoelectrolytic isoosmotic solution for infusion (HISI
group) (Sorita T3 or SOLDEM 3A) for 10 or 30 min. Then, the
specimens were processed by 1% 0sO, in 0.1 M phosphate
buffer (pH 7.4) and embedded by EPON 812 for ultramicro-
scopic analysis. In the Saline group, ultrastructural exami-
nation revealed swollen podocyte, swollen capillary
protuberance of the mesangium into the glomerular capil-
lary loop, tubular cells with swollen mitochondria and
microvilli, and the smooth muscle cells in the arteriolar wall
with marked vacuolar degeneration were detected after
10 min maceration in saline and these findings become
more pronounced after 30 min maceration. However, in the
HISI group, these artifacts were not identified or limited
within 30 min. It is postulated that HISI solution could
prevent the artifacts, and be used for soaking and wrapping
instead of physiologic saline solution.

Key words: artifacts, electron micrograph, physiologic saline,
renal biopsy
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Ultrastructural examination is still pivotal in the diagnosis of
renal biopsies despite the recent development of immunohis-
tochemistry or molecular analyses.' However, artifacts on the
electron micrograph of renal biopsy are quite common. This
can be caused by multiple factors, especially the drying out of
the specimens because of the time lapse between removal
and effective fixation, and mechanical damage including
osmolality, pH and embedding.?* These artifacts disturb
detailed observations and result in misdiagnosis. Introduction
of such artifacts may be particularly problematic when small
specimens of renal biopsies are maintained on saline soaked
gauze in order to prevent drying of the specimens prior to
dividing the specimens into multiple pieces for light micro-
scopic observation, immunofluorescence analysis and ultra-
structural observation. This treatment has been done in order
to avoid the most serious and deleterious artifacts, i.e., drying
of the specimens. Therefore, in this study, we aimed to
address whether saline soaked gauze is a potential cause of
artifacts in ultrastructural analysis and if other approaches,
such as the substitution of an alternate buffer, may prevent
damage and thus lead to an improvement in electron micro-
graph clarity, which could subsequently result in the more
accurate interpretation of the ultrastructural findings in renal
biopsy specimens.

MATERIALS AND METHODS

Kidney tissues from two male Sprague-Dawley (SD) rats (8
weeks) were used in this study. Each rat was killed with deep
anesthesia. Before fixation (2.5% glutaraldehyde + 2%
paraformaldehyde in 0.1 M phosphate buffer), fresh small
cubes of the tissue were macerated in either isotonic physi-
ologic saline (NaCl; 9 g/L, Na* 154 mEqg/L, CI- 164 mEqg/L,



285 mosm) for 10 min or 30 min (Saline group), or in a
hypoelectrolytic iso-osmotic solution for infusion (HISI group)
(Sorita T3 (Ajinomoto Pharmaceuticals, Tokyo, Japan) con-
taining NaCl 0.9 g, KCI 1.49 g, L-sodium lactate C3HsNaOs
2.24 g, and glucose 43 g per 1 liter dest. water, pH 3.5-6.5,
Na* 35 mEg/L, K* 20 mEqg/L, CI- 35 mEg/L, L-Lactate
20 mEg/L, 285 mosm or SOLDEM 3A (Terumo Co., Tokyo,
Japan) containing NaCl 0.9 g, KCI 1.49 g, L-sodium lactate
CsHsNaO; 2.24 g, and glucose 43 g per 1 liter dest. water,
pH 5.0-6.5, Na* 35 mEg/L, K* 20 mEg/L, CI- 35 mEq/L,
L-Lactate 20 mEg/L, 285 mosm) for 10 min and 30 min. In
the Control group, the tissues were dropped directly into the
fixative (Control group). After the fixation, the samples were
processed by 1% OsO4 in 0.1 M phosphate buffer (pH 7.4)
and embedded for observation. Each group was composed
of five pieces of kidney tissue, respectively. For morphologi-
cal analysis, the following parameters were evaluated: the
size of the capillary lumen (capillary), the thickness of lamina
densa (capillary), the thickness of foot process around pores
(endothelium), the larger diameter (endothelium), the width of
foot process (podocyte), the size (podocyte), the width of
mitochondria (podocyte), the width of capillary protuberance
(mesangium), the width of peroxisome (proximal tubules), the
width of mitochondria (proximal tubules), the width of micro-
villi (proximal tubules) and the number of vacuoles (artery).
The Ethics Committee of Japan Community Health Care
Organization Sendai Hospital (Sendai, Miyagi, Japan)
approved this study. Regarding these evaluations, five cells
or organelles were analyzed and evaluated in the respective

Figure 1 Representative artifacts in the
glomerulus. (a) No remarkable change
was found in the Control group. (b)
Swollen podocyte and mesangium
showing a swollen capillary protuberance
into the glomerular capillary loop (white
arrow) were found in saline solution
(Saline group, 30min). (c) Swollen
podocyte and mesangium showing a
swollen capillary protuberance into the glo-
merular capillary loop (white arrow) were
focally detectable in HIS! infusion solution
(Solita-T3) (HISI group, 30 min).

Artifacts of renal specimens by saline 375

specimens except for the number of vacuoles (artery). The
number of vacuoles (artery) was analyzed and evaluated in
an artery of the respective specimens.

Statistical analysis

The statistical differences between two groups were evalu-
ated using the unpaired ttest. P < 0.05 was considered
significant.

RESULTS

In the Control group in which fixation was immediately per-
formed, no morphological abnormalities were detected
(Figs 1-3). However, electron micrographs of the Saline
group exhibited marked artifacts (Figs 1-3). These included
swollen podocyte with dilated mitochondria, mesangium with
swollen capillary protuberance into the glomerular capillary
loop, tubules with swollen mitochondria and microvilli, and
the smooth muscle cells of the arteriole with vacuolar degen-
eration. These artifacts were apparent in the Saline group
with 10 min maceration and became more pronounced after
30 min. maceration. The tissues macerated in HIS|, however,
exhibited no or limited abnormal findings at the 10 or 30 min
time points (Figs 1-3). Their electron micrographs were
almost identical to those of the Control group (Figs 1-3). The
quantification of the artificial changes is summarized in
Table 1.

© 2015 Japanese Society of Pathology and Wiley Publishing Asia Pty Ltd
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Figure 2 Representative artifacts in the
tubulus. (a) No remarkable change was
found in the Control group. (b) Swelling of
mitochondria (white arrow) and microvillus
(black arrow) was detected in saline solu-
tion (Saline group, 30 min). (c) No remark-
able change was found in the tubulus in
HISI infusion solution (Solita-T3) (HISI
group, 30 min).

Figure 3 Representative artifacts in the
arterioles. (a) No remarkable change was
found in the Control group. (b) Vacuole
formation in the arteriolar medial wall was
detected in saline solution (Saline group,
10 min) (white arrow). (¢) The vacuole for-
mation was not remarkable in HIS! infusion
solution (Solita-T3) (HISI group, 10 min)
(white arrow).

DISCUSSION any approaches that minimize the introduction of arifacts

greatly aid the diagnostic accuracy of renal biopsies. This

Practically, the differentiation between the genuine pathologi- study aimed to address the possibility that the handling of
cal changes and artifacts requires experience. Therefore, renal biopsies on physiologic saline-soaked gauze causes

© 2015 Japanese Society of Pathology and Wiley Publishing Asia Pty Ltd
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Table 1 The quantification of the artificial changes
Saline group (1st} Saline group (2nd) HISI group (1st) HISI group {(2nd)
Sorita R SOLDEM
10 min 30 min 10 min 30 min T3 10 min 30 min 310 min 30 min
Capitlary Size of the capillary 7794 + 1847 6783 + 1076 9043 + 2435 8551 + 1589 7714 + 451 6384 + 770 9689 + 1032 9228 + 1803
iumen lumen (nm)
Thickness of lamina 775 109 £ 17 77+£11 114 £ 18 74 212 1069 86+18 83+ 8*
densa (nm)
Endothelium Thickness of foot 745 75+12 7417 77 £ 11 90 £26 727 80+13 8013
process around ’
pores (nm)
Larger diameter (nm) 6916 + 1379 5852 + 936 4860 + 2174 6152 + 1216 6916 + 1307 6384 + 758 6090 + 1466 5321 + 561
Podocyte Width of foot process 399 + 105 237+29 253 + 54 262 + 69 207 £ 45" 213+ 69 197 £30 225+ 37
(nm)
Size (nm) 460180 + 139365 583870 + 227387 672875+ 366205 423104 +68351 356440 £203972 231420 +98792* 110736 £ 61963" 264075 + 71863
Width of mitochondria 505 + 197 944 + 152 372 £49 739 £ 247 466 + 200 439 +197* 305 £ 122 375+ 77*
(hm)
Mesangium  Width of capillary 1702 + 647 1835+ 146 1140 + 258 1078 £ 475 931 £133* 705 + 324* 800 + 88* 554 £ 199
protuberance (nmy)
Proximal Width of peroxisome 1410 +288 1862 + 326 1476 £ 175 1384 £ 188 1835 £ 318 1569 £ 510 1015 +148* 1261 £ 253
tubules (nm)
Width of mitochondria 1623 +288 1623 + 605 1415 £ 228 1969 + 296 505 + 130* 745 +152* 892 £ 97 1154 +77*
(nm)
Width of microvilli 231+15 426 +36 1517 354 +103 125+ 7% 120+ 9* 111 £13* 117 £18*
(nm)
Artery Number of vacuoles 2 5 3 5 1 2 0 2
(per/artery)

The data were presented as mean * standard deviation (SD), except for the number of vacuoles (artery). *indicates statistical significance (P < 0.05) compared to the Saline group performed in

the same experiment and timepoint.

artifacts in subsequent electron microscopy analysis. In addi-
tion, we tested if such artifacts could be prevented by the
substitution of a buffer in place of isotonic saline. In order to
model this situation, we used kidney tissues from male SD
rats soaked in either isotonic saline or HISI and then fixed,
compared with electron microscopy images of control tissues
fixed immediately following the taking of the kidney tissue by
renal biopsy as a gold standard of tissue preparation.

The results of the present study clearly demonstrated that
isotonic physiologic saline caused glomerular, tubular and
vascular artifacts of renal biopsy specimens prior to fixation.
It is entirely true that tissues for electron microscopy should
be fixed in glutaraldehyde directly after biopsy, practical con-
siderations such as the use of the one biopsy specimen for
multiple diagnostic purposes (i.e. light microscopy for tissue,
fluorescent staining and electron microscopy) often dictates
that temporary storage on gauze saturated with saline may
be required to avoid the specimen drying out before fixation.

In order to reconcile the ideal situation, i.e., immediate
fixation after the biopsy with the practical aspects, we sought
to evaluate whether alternate and readily available buffers
could preserve tissue morphological architectures, thus pre-
venting the introduction of the artifacts detailed above.

While isotonic saline attempts to preserve tissue morphol-
ogy through the maintenance of a constant concentration of
sodium ions inside and outside of the cells, the maintenance
of osmotic balance in mammalian cells is, in reality, more
complicated than this. In the human body the osmotic
balance of the cells is not maintained by passive diffusion,
but by active transport of ions over the cell membrane. In the

case of sodium, high concentrations of extracellular sodium
are maintained against its electrochemical gradient by an
ATP-driven sodium potassium pump.5 This pump links the
export of sodium and import of potassium ions from the cell
against their respective electrochemical chemical gradients
(Na extracellular 145 mM vs. intracellular 5~15 mM; K intra-
cellular 140 mM, extracellular 5 mM).> Due to this link
between sodium and potassium ions, we hypothesized that a
buffer containing potassium and 4.3% glucose could help the
maintenance of morphological architecture of the specimens,
even after a cessation of sodium and potassium ion pump
due to a removal of the tissue from the body.

In this study, we used HISI as it is more complex buffer
consisting of sodium ions at one quarter of the concentration
of isotonic saline, chloride ions at a similar concentration to
isotonic saline, potassium ions and glucose. It is also a com-
monly available buffer in the operation room where renal
biopsy is performed. This solution is, therefore, potentially
practical to implement and an inexpensive alternative to iso-
tonic saline in the preparation of renal biopsies. While this
study was not designed to address the mechanism behind
the better performance of HISI we suggest that the contribu-
tions of potassium ions and glucose in the buffer could
control cellular osmolality and thus better preserve the cellu-
lar architecture for electron microscopy examination.

In conclusion, despite its isotonic nature, even a relatively
brief (10 min and 30 min) exposure to saline did introduce
artifacts in electron micrographs of renal tissues. On the
other hand, HISI prevents this formation of artifacts, possibly
due to the presence of potassium salts and glucose. Results

© 2015 Japanese Society of Pathology and Wiley Publishing Asia Pty Ltd
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of this study suggest that the replacement of saline with HISI
could provide a simple and cost effective method to minimize
artifacts associated with tissue preparation of renal biopsy
specimens.
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The renin-angiotensin system (RAS) is involved in inflammation. The
signaling via the ANG II type 1 receptor in human lymphocytes and
monocytes, which play key roles in pathophysiology of glomerulone-
phritis (GN), can enhance inflammation. However, the role of the
(pro)renin receptor [(P)RR], a component of the RAS, in inflamma-
tory reactions is unknown. We assessed whether (P)RR is expressed
in human lymphocytes and monocytes by RT-PCR, Western blotting,
flow cytometry, and immunohistochemistry, and whether (P)RR func-
tions in inflammation. (P)RR mRNA and protein were expressed in
human peripheral blood mononuclear cells (PBMCs). Flow cytomet-
ric analysis revealed high expression of (P)RR on monocytes. (P)RR
was present on PBMCs, infiltrating lymphocytes, and macrophages
around glomeruli with a crescent in anti-neutrophil cytoplasmic anti-
body (ANCA)-associated GN. Renin stimulation of PBMCs from
healthy subjects in the presence of the ANG II type 1 receptor and
ANG I type 2 receptor blockers induced ERK1/2 phosphorylation
and release of IL-6 and expression of cyclooxygenase-2 (COX-2). The
increases in cytokine release and COX-2 expression were inhibited in
the presence of an ERK1/2 inhibitor. (P)RR knockdown by small
interfering RNA in U937 cells, a human leukemic monocyte lym-
phoma cell line, significantly decreased ERK1/2 phosphorylation after
renin stimulation. Thus (P)RR expressed in human inflammatory cells
might contribute to inflammation in ANCA-associated GN.

(pro)renin receptor; renin-angiotensin system; lymphocytes; glomer-
ulonephritis; human

INFLAMMATORY CELLS SUCH AS lymphocytes and macrophages
infiltrate around the glomeruli and tubulointerstitial in glo-
merulonephritis (GN) and play a role in the progression of
renal injury. Classically, B lymphocytes producing immu-
noglobulins (Ig) are involved in the pathogenesis of GN. T
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lymphocytes can abrogate inflammatory activity, leading to
the amelioration of GN. In addition, macrophages have key
functions in inflammation, tissue repair, and remodeling (30,
33). However, activation of these cells in the pathogenesis
of GN is poorly understood.

The renin-angiotensin system (RAS) is essential for blood
pressure control by regulating salt metabolism and body fluid
volume. Angiotensin (ANG) II contributes to the pathophysi-
ology of renal disease, cardiac hypertrophy (32), and athero-
sclerosis (47) by signaling through the ANG 1II type 1 receptor
(ATR). AT;R expressed by human B and T lymphocytes and
monocytes (39) can enhance immune reactions (9). ANG II has
significant proinflammatory actions in the vascular wall, in-
cluding the production of reactive oxygen species, inflamma-
tory cytokines, and adhesion molecules (7). Furthermore, the
inhibition of the RAS is an effective treatment for autoimmune
nephritis (17, 18). The therapeutic use of an angiotensin-
converting enzyme (ACE) inhibitor reduced proteinuria and
glomerular injury in a mouse model of lupus nephritis (18).
However, the mechanism by which the RAS stimulates inflam-
matory cells is not fully understood.

The (pro)renin receptor [(P)RR], a specific receptor for renin
and prorenin, is an important member of the RAS (36). When
prorenin binds to (P)RR, it becomes the active form and
produces ANG I from angiotensinogen. Although full-length
and soluble forms of (P)RR have been isolated (10), the
specific role of each is not known. In addition, (P)RR activa-
tion triggers MAPK ERK1/2 phosphorylation, which stimu-
lates the production of transforming growth factor-g1 (TGF-
31) that mediates cell proliferation and fibrosis (35, 50). Thus
(P)RR could act as an intracellular signaling receptor indepen-
dently of ANG II and participate in the inflammatory reaction,
including GN. However, there is no direct evidence that (P)RR
is responsible for the activation of inflammatory cells involved
in GN. Therefore, we hypothesized that (P)RR expressed in
human lymphocytes and monocytes may participate in the
activation of inflammatory cells and the progression of GN. To
clarify this, we examined (P)RR expression in primary isolated
human lymphocytes and monocytes and investigated ERK1/2
phosphorylation by renin stimulation using primary human lym-
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phocytes and monocytes and a human leukemic monocyte
lymphoma cell line (U937). (P)RR is expressed by human
lymphocytes and monocytes and is responsible for inflamma-
tion by activation of ERK1/2 via the renin-(P)RR pathway and
inflammatory cytokine release. In addition, (P)RR was ex-
pressed by inflammatory cells present during active anti-neu-
trophil cytoplasmic antibody (ANCA)-associated GN.

MATERIALS AND METHODS

Human tissues and blood sampling. The study protocol was ap-
proved by the Institutional Review Board of the Tohoku University
School of Medicine. All participants gave written informed consent
after a full explanation of the purpose and potential risk involved in
participating in the study.

Renal sections were obtained by renal biopsy of three patients
diagnosed with ANCA-associated GN and three patients diagnosed
with minimal-change nephrotic syndrome (MCNS). Venous blood
was obtained from 12 healthy volunteers (6 men and 6 women, age
range 21-45 yr). Plasma was collected concurrently to analyze bio-
chemical parameters. Human brain tissues, pituitary glands, hearts,
kidneys, and adrenal glands were obtained at autopsy for RT-PCR
analysis and stored at —80°C until RNA extraction (43, 44). The
tissues had no macroscopic pathological abnormalities.

Lymphocyte isolation. Peripheral blood mononuclear cells (PBMCs)
were obtained as previously described (6). Briefly, PBMCs were
prepared by layering whole blood on Ficoll-Paque PLUS (GE
Healthcare, Uppsala, Sweden) and centrifuged at 300 g at room
temperature for 20 min. The interphase of mononuclear leukocytes
was carefully aspirated, washed two times in PBS (Sigma-Aldrich,
Munich, Germany), and centrifuged at 1,500 rpm for 5 min. Cells
were then resuspended in RPMI 1640 medium (Invitrogen, Carlsbad,
CA) supplemented with penicillin G (100 IU/ml, Sigma-Aldrich) and
streptomycin (100 g/ml, Sigma-Aldrich). T cells, natural killer (NK)
cells, and monocytes were separated from PBMCs by magnetically
activated cell sorting (MACS).

Immunohistochemistry of (P)RR in human crescentic GN and
PBMCs. Renal biopsies were fixed in 95% ethanol and paraffin
embedded. Tissue blocks were cut into 1.5-um sections for immuno-
staining and periodic acid-Schiff (PAS) staining. For immunostaining,
paraffin sections were deparaffinized and incubated in methanol
containing 0.3% H,0- for 30 min and digested with collagenase to
examine the effect of proteolytic or glycolytic enzymes on the reac-
tivity of surface antigens. Cytospin slides were prepared from PBMCs
after incubation with fixation buffer (00-8222-49, eBioscience, San
Diego, CA) for 30 min. Both tissue and PBMC:s slides were incubated
in primary antibody overnight at 4°C in protein block serum-free
solution (X0909, Dako, Glostrup, Denmark). Primary antibodies
against lymphocytes were used as previously described (37). Antise-
rum against (P)RR was raised in a rabbit by injection of a human
(P)RR fragment corresponding to 224237 amino acids conjugated to
BSA (19, 20). After washing, slides were incubated with Alexa Fluor
555 goat anti-rabbit antibody (A-21428, Life Technologies, Grand
Island, NY) and Alexa Fluor 488 goat anti-mouse antibody (A-11001,
Life Technologies) for 30 min in protein block serum-free solution.
Then, slides were embedded in DAPI-Fluoromount-G (SouthernBiotech,
Birmingham, AL) and observed by TCS-SP8 confocal microscopy
(Leica, Wetzlar, Germany).

mRNA expression. Total RNA was extracted by Isogen (Nippon
Gene, Toyama, Japan). Total RNA (4 ng) was reverse transcribed
with 400 U of reverse transcriptase (PrimeScript; TaKaRa, Otsu,
Japan) using an oligo (dT) primer, as previously described (19, 42).

PCR was performed in a total volume of 20 pl containing 80 ng of
¢DNA, 0.2 mmol/l of each deoxynucleotide triphosphate, 0.25 pmol/l of
each primer, and 0.4 units of Taq DNA polymerase (Promega, Madison,
WI). Primer sequences for (P)RR (GenBank accession no. NM005765)
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were as follows: sense (exon 8) 5'-CCTCCCTCATTAGGAAGA-
CAAGGAC-3’, and anti-sense (exon 9) 5'-TCGAATCTTCTGGTTT-
GTCATCCT-3'. Expression of GAPDH mRNA was used as an internal
control (40-42). After heating at 94°C for 2 min, denaturation, annealing
and elongation were carried out at 94°C for 15 s, 64°C for 30 s, and 72°C
for 1 min, respectively, and the reactions were repeated for 25 cycles,
followed by incubation at 72°C for 5 min.

(P)RR expression in lymphocytes and monocytes and cyclooxygen-
ase-2 (COX-2) in PBMCs were quantified by real-time PCR. Five
nanograms of cDNA was amplified in duplicate using SYBER Premix
Ex Taq II (TaKaRa Bio) on CFX96 (Bio-Rad). The same primers of
(P)RR as above were used. Primers of COX-2 (HA143872) and
GAPDH (HA067812) were purchased from TaKaRa Bio. After heat-
ing at 95°C for 2 min, denaturation, annealing and elongation were
carried out at 95°C for 5 s and 60°C for 20 s, respectively, and the
reactions were repeated for 39 cycles, followed by incubation at 65°C
for 5 s.

Western blot analysis. PBMCs were collected by centrifuging at
1,500 rpm for 10 min and resuspended with RIPA buffer (Cell
Signaling Technology, Danvers, MA) containing a protease inhibitor
(Roche, Basel, Switzerland), Laemmli Sample Buffer (161-0737,
Bio-Rad, Hercules, CA), and (-mercaptoethanol (Bio-Rad). U937
cells were lysed with RIPA buffer (Cell Signaling Technology)
containing a protease inhibitor (Roche) and phosphatase inhibitor
(Sigma-Aldrich) after renin stimulation. After boiling at 95°C for 5
min, protein extracts were separated by 12% SDS-PAGE for 90 min
at 150 V and transferred electrophoretically to polyvinylidene diflu-
oride membranes (Bio-Rad) for 1 h at 100 V, 4°C. Membranes were
incubated in TBS (10 mmol/l Tris-HCI, 150 mmol/l NaCl) with 5%
nonfat dry milk or 10% BSA for 1 h, then incubated with primary
antibody [anti-(P)RR, 1:5,000; anti-ERK, 1:1,000, 46958, Cell Sig-
naling; anti-p-ERK, 1:1,000, 4377S, Cell Signaling Technology]
overnight at 4°C in TBS with 2% nonfat dry milk or 5% BSA.
Membranes were washed three times in TBS with 0.08% Tween 20
for a total of 30 min and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (anti-rabbit IgG, 1:5,000, sc-
2,004; anti-mouse IgG, 1:5,000, sc-2005; Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 h in TBS with 2% nonfat dry milk or 5% BSA.
After washing three times in TBS with 0.08% Tween 20, chemilumi-
nescence (ECL Western blotting detection system; Amersham, Ar-
lington Heights, IL) was measured using VersaDocMP5000 (Bio-
Rad). Expression of B-actin (1:5,000, sc-47778, Santa Cruz Biotech-
nology) was used as an internal control. Specificity of the antiserum
against (P)RR was examined using an absorption test, performed
using antiserum incubated with an excess amount of human
(P)RR224-237 (10 nmol) for 20 h at 4°C prior use.

Flow cytometric analysis. Six-color flow cytometric analyses were
performed on a FACS Canto II, with a FACS Aria II (Becton
Dickinson, Franklin Lakes, NJ) for cell sorting. Within 30 min after
cell isolation, PBMCs (3 X 10° cells) were stained for 30 min on ice
using the corresponding antibodies and washed three times with PBS
after blocking with goat IgG to avoid reactivity to the secondary
antibody. Three samples used different antibody combinations for
staining as follows: ) anti-(P)RR antibody-PE, anti-CCR7-FITC,
anti-CD4-PerCP, anti-CD45RA-APC, anti-CD3-V450, anti-CD8-
APC-Cy7 or anti-(P)RR antibody-PE, anti-CD19-PerCP, and anti-
CDS56-Pacific blue; 2) nonimmune rabbit serum and anti-CD antibod-
ies as above; and 3) nonimmune rabbit serum and isotype control.
Monocytes were analyzed by gating on the monocyte population
assessed by forward- and side-scatter dot plots. Data were analyzed by
FlowJo software (Tree Star, Ashland, OR). After immunostaining,
cells were resuspended in PBS and analyzed immediately by flow
cytometry with DIVA software (Becton Dickinson). The cutoff value
of fluorescence was 99% negative for the control.

To analyze (P)RR expression on lymphocytes and monocytes,
isolated PBMCs were incubated with an anti-(P)RR antibody, fol-
lowed by a PE-conjugated secondary goat-anti-rabbit antibody (1:100,
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20303, Imgenex, San Diego, CA) for 30 min on ice at each step.
Serum obtained from the rabbit before immunization with the peptide
fragment (nonimmune rabbit serum) was used as a respective isotype
control for the anti-(P)RR antibody.

After renin stimulation, cells were fixed in fixation buffer (00-
8222-49, eBioscience) for 20 min at room temperature and washed
two times with permeabilization buffer (00-8333-56, eBioscience).
Then, cells were stained for 1 h at room temperature using phospho-
ERK (p-ERK) antibody, followed by PE-conjugated secondary goat-
anti-rabbit antibody (1:100, 20303, Imgenex) for 30 min at room
temperature.

ERK1/2 phosphorylation by renin stimulation. To prevent signaling
through AT{R and the ANG II type 2 receptor (AT-R), isolated
PBMCs were preincubated in RPMI 1640 containing penicillin G (100
JU/ml), streptomycin (100 wg/ml), AT;R blocker losartan (10 pmol/l),
and AT>R blocker PD123319 (10 pmol/l) for 60 min. To examine
whether renin stimulation induces cytokine releasing through the
ERK1/2 pathway, a specific ERK1/2 inhibitor, U0126 (10 pmol/l,
U120, Sigma-Aldrich), was incubated with RPMI 1640, penicillin G
(100 IU/ml), streptomycin (100 pg/ml), AT{R blocker losartan (10
pmol/l), and AT,R blocker PD123319 (10 pmol/l) for 60 min.
Thereafter, cells were incubated in medium containing human recom-
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binant renin (2 or 20 nmol/l, R2779, Sigma-Aldrich) for 0, 6, and 24 h.
We used 50 mmol/l Tris-HCI buffer as a vehicle control.

Measurement of renin-induced cytokine release by cytometric bead
array. Release of cytokines (IL-2, IL-4, IL-6, IL-10, IFN-y, and
TNF-a) released from lymphocytes and monocytes were measured by
a BD Human Th1/Th2 Cytokine cytometric bead array kit II (Becton-
Dickinson) according to the manufacturer’s instructions. Fifty micro-
liters of supernatant was stained with a suspension containing a
mixture of human cytokine capture beads and a PE detection reagent.
After 3 h of incubation, samples were washed and analyzed. Standards
provided with the kit were appropriately diluted and used in parallel
for preparation of the standard curves.

Cell culture and small interfering RNA transfection. U937 cells
(American Type Culture Collection CRL-1593.2) were cultured in
RPMI 1640 supplemented with 10% FBS (Life Technologies), peni-
cillin G (100 IU/ml), streptomycin (100 pg/ml), and pyruvate acid
(100 mmol/l) at 37°C in humidified air with 5% CO,. Medium was
changed every 3 days. Cells were serum starved for 24 h before the
renin stimulation experiments were performed. (P)RR small interfer-
ing RNA (siRNA; LQ-013647-01-0005, Thermo Scientific) or non-
targeting control siRNA (D-001810-10-05, Thermo Scientific) were
transfected into U937 cells by electroporation (4D-Nucleofector,
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Fig. 1. Expression of (pro)renin receptor [(P)RR]. A: expression of (P)RR mRNA in human peripheral blood mononuclear cells (PBMCs), kidney, adrenal gland,
heart, frontal lobe, and pituitary gland. Reverse transcription (—; samples without RTase treatment) indicates negative controls (n = 2). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an internal control. B: (P)RR mRNA in subpopulations of lymphocytes and monocytes by real-time PCR
(n = 12). Values are presented as the median (central line), interquartile range (box), and range (whiskers). *P < 0.05. C: expression of (P)RR protein in human
PBMCs (n = 2) by Western blot analysis. Both full-length (39 kDa) and soluble form (28 kDa) of (P)RR were expressed in PBMCs. D: expression of (P)RR
protein in human PBMCs (n = 3) by Western blot analysis. (P)RR antiserum (+), PBMC samples treated with antiserum against (P)RR; Absorption, PBMC
samples treated with antiserum against (P)RR preabsorbed with synthetic human (P)RR224-237. (P)RR gave a strong signal with a molecular weight of 39 kDa.

As an internal control, the membranes were rehybridized with B-actin antibody.
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Lonza, Switzerland). To assess the effect of (P)RR knockdown in cell
growth or viability, a 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay (10009365, Cayman Chemical) was
performed according to the manufacturer’s protocol.

Statistical analysis. Continuous values were given as the median
and interquartile range. Statistical comparisons were made using a
Mann-Whitney U-test for two-group comparison and the Kruskal-
Wallis test, followed by a Mann-Whitney U-test for multiple compar-
isons of differences among the groups. Statistical significance was
considered when P < 0.05.

RESULTS

(P)RR mRNA and protein expression. (P)RR mRNA was
expressed in all tissues tested and PBMCs (Fig. 14). We also

A

CD56*
NK cells

Fig. 2. Immunohistochemical study of (P)RR in human
PBMCs. Left: lymphocytes or monocytes stained with
specific antibodies (green). A: CD37 T cells. B: CD22* B
cells. C: CD56™ natural killer (NK) cells. D: CD68"
monocytes. E: negative controls. Middle: (P)RR™ lym-
phocytes or monocytes stained with (P)RR-specific anti-
bodies (red). Right: merged pictures and nuclear stain
with 4,5-diamidino-2-phenylindole (DAPI). Scale bars of
low-power field = 5 wm and that of high-power field =
50 pm.

E Negative controls
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investigated the expression of (P)RR mRNA in T, B, NK cells,
and monocytes after isolating PBMCs by flow cytometer sort-
ing. (P)RR mRNA was highly expressed in T cells and NK
cells (Fig. 1B). A 39-kDa band corresponding to full-length
(P)RR protein was clearly detected by Western blotting. Fur-
thermore, we detected a very weak 28-kDa band corresponding
to the soluble form of (P)RR protein (Fig. 1C). Bands from
(P)RR protein but not -actin were abolished by preabsorption
with human (P)RR24-237 peptide (Fig. 1D).

(P)RR expression in human lymphocytes and monocytes.
Positive (P)RR staining was observed in T cells (CD3%, Fig.
2A), B cells (CD227, Fig. 2B), NK cells (CD56™, Fig. 2C), and
monocytes (CD68", Fig. 2D). Localization of fluorescent sig-

Negative controls
555 nm
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nals suggested (P)RR might be expressed within the cell
cytosol rather than on the cell surface except CD68" mono-
cytes. In CD68* monocytes, the immune signals of (P)RR are
overlapping with that of CD68. Isotype sera showed no posi-
tive immunofluorescence (Fig. 2E).

(P)RR expression in human lymphocytes by flow cytometric
analysis. Discrimination between targeted cells (lymphocytes
and monocytes) and other cells (granular leukocytes and red

A

PBMCs

— (P)RR antiserum
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Non-immune serum

F491

blood cells) was achieved by forward and side scatter. PBMCs
treated with anti-(P)RR antibodies showed (P)RR positivity
compared with those treated with nonimmune rabbit serum
(Fig. 3, A and B). Samples treated with anti-(P)RR antibodies
showed (P)RR positivity compared with those treated with
nonimmune rabbit serum or isotype control (Fig. 3C). Figure
3D shows a dot plot of (P)RR-positive cell rate from lympho-
cyte subsets and monocytes of 12 healthy subjects. The ex-
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Fig. 3. Flow cytometric analysis of (P)RR protein in human PBMCs. A: representative flow cytometry histogram of PBMCs treated with (P)RR antiserum (solid
line) or nonimmune serum (dotted line). B: representative flow cytometry dot plots of PBMCs treated with (P)RR antiserum (right) or nonimmune serum (left).
C: representative histograms of (P)RR-PE expression by CD3* T cells, CD19" B cells, CD56" NK cells, and monocytes. Solid line, treated with (P)RR
antiserum; dotted line, treated with nonimmune serum. D: dot plot representing (P)RR-positive subpopulations (n = 12). Bold lines represent mean. *P < 0.05

compared with B cells.
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pression level of (P)RR in monocytes, NK cells, and T cells
was significantly higher than for B cells (P < 0.05). (P)RR
expression tended to be high in monocytes compared with
other cell types.

Renin-induced ERK phosphorylation and cytokine production.
To investigate whether (P)RR in human lymphocytes and
monocytes is functional, we focused on renin-induced
ERK1/2 signaling. Human recombinant renin induction of
ERK1/2 phosphorylation was renin concentration and time
dependent (Fig. 4, A and B). In this study, we used 20 nmol/l
renin after stimulation experiments. Figure 4C shows a box
plot of the ERK 1/2 phosphorylation-positive cell rate before
renin stimulation (prestimulated) and after stimulation
(poststimulated) of PBMCs from nine healthy subjects.
P-ERK-positive cells were significantly increased by renin
stimulation (P < 0.01). Moreover, after isolation of each
cell type (T cells, NK cells, and monocytes) from three
volunteers, we analyzed renin-induced ERK1/2 phosphory-
lation. In respective cells, the histograms shifted to the right,
suggesting ERK1/2 phosphorylation was induced by renin
(Fig. 4D). We could not investigate B cells because of low
cell numbers in total lymphocytes.

(P)RR IN HUMAN LYMPHOCYTES

We also examined whether cytokines were released after
renin stimulation of PBMCs from six healthy subjects. Figure
5A indicates dot plots of each cytokine tested. The left and
right panels show prestimulated (0 h) and poststimulated (after
24 h) levels, respectively. The release of IL-6, IL-10, and
IFN-y was renin concentration and time dependent (Fig. 5B).
Furthermore, to determine which cells reacted to renin, we
examined cytokine release after isolation of T, B, NK cells, and
monocytes from PBMCs (n = 6) by flow cytometer. IL-6 was
mainly secreted by monocytes (Fig. 5C).

To examine the effect of the ERK1/2 pathway on cytokine
secretion, we performed the experiments using the ERK1/2
inhibitor U0126. We focused on IL-6 because this concentra-
tion was higher than the other cytokines after renin stimulation.
Figure 6 indicates box plots of the change in each cytokine
releasing with or without U0126 after stimulation of renin or
Tris-HCI as a vehicle control. IL-6 in response to renin was
significantly increased, and IL-6 was attenuated under U0126.

COX-2 expression. COX-2 is considered to be an important
enzyme for the inflammatory reaction including the ERK1/2
pathway. To identify COX-2 expression via the ERK1/2 path-
way after renin stimulation, we performed the experiments
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Fig. 4. Flow cytometric analysis of ERK1/2 phosphorylation-positive cells induced by renin in primary human PBMCs. A: representative histogram of
phospho-ERK1/2 (p-ERK)-positive cells after incubation with O nmol/l (untreated) and 1, 10, and 20 nmol/l renin. Dotted line, untreated; dashed line, 1 nmol/l;
complex line, 10 nmol/l; solid line, 20 nmol/l. B: representative histogram of p-ERK-positive cells 0, 20, 40, and 60 min after 20 nmol/l renin stimulation. Dotted

line, prestimulated; dashed line, 20 min; complex line, 40 min; solid line, 60 min

. C: box plots representing the percentage of p-ERK-positive cells from total

PBMCs (n = 9). Values are presented as the median (central line), interquartile range (box), and range (whiskers). *P < 0.05 compared with prestimulated. D:
representative examples of flow cytometry histograms of p-ERK of T cells, NK cells, and monocytes. Solid line, treated with (P)RR antiserum; dotted line, treated

with nonimmune serum.
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