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Fig. 5. Cytokine levels evaluated by cytometric bead array. A: representative dot plots show cytokine (IL-2, IL-4, IL-6, IL-10, TNF-a, IFN-vy) levels of
prestimulated (0 h) and poststimulated PBMCs incubated with 20 nmol/l renin for 24 h. B: cytokine levels at 0, 6, or 24 h after renin stimulation (2 or 20 nmol/l)
as evaluated by cytometric bead array (n = 6). Filled circle and bold line represent outlier and median, respectively. C: dot plots of cytokine release from isolated
cells from PBMCs stimulated by renin using flow cytometry (n = 6). IL-6 was released by mainly monocytes. Bold lines represents mean. *P < 0.05 compared

with monocytes.

under ERK1/2 inhibitor U0126 using PBMCs from four
healthy subjects. The expression of COX-2 was significantly
increased by renin stimulation, and this expression was inhib-
ited in the presence of U0126 (Fig. 7).

(P)RR knockdown and ERK1/2 phosphorylation. To examine
the response of ERK1/2 phosphorylation to renin via (P)RR, we
knocked down (P)RR expression using siRNA in a human mono-

cyte cell line (U937) because (P)RR expression was highest in
monocytes and was expressed in macrophages infiltrating ANCA-
associated GN. Human recombinant renin induction of ERK1/2
phosphorylation was renin concentration and time dependent in
U937 cells (Fig. 8, A and B). The greatest reduction of (P)RR
expression (50%) was observed 48 h after (P)RR siRNA treat-
ment (Fig. 8C). The knockdown of (P)RR in U937 cells did not
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Fig. 6. Cytokine levels in human PBMCs (n = 4) evaluated by cytometric
beads array in the presence of ERK1/2 inhibitor (U0126). Values are presented
as the median (central line), interquartile range (box), and range (whiskers).
U0126 (+), in the presence of U0126; U0126 (—), in the absence of U0126.
NS, not significant. *P < 0.0S.

affect cell growth or viability (Fig. 8D). ERK1/2 phosphorylation
was significantly decreased by (P)RR siRNA treatment in U937
cells compared with control siRNA (Fig. 8E).

(P)RR expression in human crescentic GN. To test whether
(P)RR is expressed by inflammatory cells responsible for GN,
renal tissues from three cases of ANCA-associated GN were
stained (Fig. 9). High numbers of macrophages (Fig. 9J) infil-
trated around glomeruli. There were few infiltrating T cells (Fig.
9A), B cells (Fig. 9D), and NK cells (Fig. 9G). Infiltrating T cells
(Fig. 9B), B cells (Fig. 9E), NK cells (Fig. 9H), and macrophages
(Fig. 9K) around glomeruli with crescent formation and in the
tubulointerstitium (Fig. 10A) were stained with (P)RR. By con-
trast, lymphocytes and macrophages did not infiltrate around
glomeruli or the mesangium and tubulointerstitial area in the
tissues of a control model, MCNS (Fig. 10B).

DISCUSSION

The present study revealed the expression and functional
role of (P)RR in human lymphocytes and monocytes, and
(P)RR expression in tissue-infiltrating T cells and macro-
phages, that have a major role in the pathophysiology of
ANCA-associated GN (40, 48). (P)RR was present in the
cellular cytosolic region. Both full-length and soluble forms of
(P)RR were expressed in primary isolated PBMCs (Fig. 1C).
However, there is no visible band for THE soluble form of
(P)RR (Fig. 1D). This discrepancy might be due to the kinetics
of soluble (P)RR. Generally, protein secretion has two distinct
pathways: the regulated secretory pathway and the constitutive
pathway (22). Soluble (P)RR is considered to be secreted
through the latter pathway and to be cleaved in the intracellular
compartments of cells and secreted into the extracellular space
over a short period of time without storage in post-Golgi
vesicles (49). The expression level of (P)RR was not affected
by renin stimulation (data not shown). ERK1/2 phosphoryla-
tion, inflammatory cytokine secretion, and COX-2 expression

(PRR IN HUMAN LYMPHOCYTES

were observed after renin stimulation. Thus (P)RR expressed
by inflammatory cells is functionally active. In addition, (P)RR
expression in infiltrating macrophages from the glomeruli and
interstitium was observed in renal biopsy tissues from human
crescentic GN. Feldt et al. showed ERK1/2 activation via
(P)RR using various blockers, but not siRNA, in U937 cells.
However, we used (P)RR siRNA and evaluated ERK1/2 phos-
phorylation in the same cell line.

To the best of our knowledge, this is the first study to
demonstrate that functional (P)RR are expressed in a human
monocyte cell line (13), primary isolated monocytes and lym-
phocytes, and infiltrating T cells and macrophages of ANCA-
associated GN. Moreover, renin stimulation induced secretion
of inflammatory cytokines and expression of COX-2, an im-
portant enzyme for the inflammatory reaction, independently
of angiotensin receptors.

Previous studies showed a relationship between the RAS and
immunoreactions. The RAS exerts a deleterious effect through
the induction of inflammatory responses. Inflammatory cells
such as macrophages and T cells were significant sources of
tissue ACE and contributed to increased local ANG II in
atherosclerotic plaques of human coronary arteries (11). Broad
immunosuppression during ANG II-induced renal damage re-
duced albuminuria, inflammatory cell infiltration of the kidney,
and renal structural damage through a blood pressure-indepen-
dent mechanism (34). Furthermore, AT,R is involved in the
pathogenesis of glomerular injury in active immune complex-
mediated GN. ACE inhibitors and ANG II receptor blocker
could have renoprotective benefits such as the reduction of
proteinuria, glomerular extracellular matrix deposition, mesan-
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Fig. 7. Expression level of cyclooxygenase-2 (COX-2) in human PBMCs.
COX-2 expression in PBMCs in 4 healthy subjects after renin stimulation
is shown. GAPDH was used as an internal control. The expression of
COX-2 was significantly increased by renin stimulation, and this increase
was inhibited in the presence of U0126, a specific ERK1/2 inhibitor.
*P < 0.05.
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Fig. 8. ERK1/2 phosphorylation of U937 cells. A: U937 cells were incubated for 5 min in the presence of various concentrations of renin, and Western blotting
was performed. Graphs show the ratio of p-ERK and total ERK in the presence of various concentrations of renin. Values are presented as the median (central
line), interquartile range (box), and range (whiskers). **P < 0.01 vs. 0 nmol/l. *P < 0.05 vs. 0 nmol/I. B: U937 cells were incubated in the presence or absence
of 20 nmol/l renin for the indicated times, and Western blotting was performed. Graphs show the ratio of p-ERK and total ERK in the presence of 20 nmol/l
for the indicated times. Values are presented as the median (central line), interquartile range (box), and range (whiskers). **P < 0.01 vs. 0 min. C: expression
of (P)RR in U937 cells transfected with (P)RR small interfering RNA (siRNA) or nontargeting siRNA (scRNA). Values are presented as the median (central
line), interquartile range (box), and range (whiskers). The levels of proteins were quantified by densitometric analysis. *P < 0.05 compared with scRNA. D: cell
viability in U937 cells with knocked down (P)RR by (4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay. E: ERK1/2 phosphorylation by
renin stimulation was decreased in (P)RR siRNA-transfected U937 cells. Values are presented as the median (central line), interquartile range (box), and range

(whiskers). *P < 0.05 compared with scRNA.

gial cell activation, and renal plasminogen activator inhibitor-1
(PAI-1) independently of blood pressure control (17). More-
over, ANG II induces various responses in human inflamma-
tory cells, including NF-kB activation (24), chemotaxis in
monocytes (23), and modulation of intracellular redox status in
neutrophils (12) as well as upregulating tissue RAS levels that
activate T cells (9). These results indicated the RAS is respon-
sible for active GN and the immune responses derived from
ATR signaling. In this study, immune responses such as
ERK1/2 phosphorylation, cytokine release, and COX-2 expres-

sion by renin stimulation in the presence of AT;R and AT,R
blockers were observed in human inflammatory cells. We
observed that induction of ERK1/2 phosphorylation was renin
concentration dependent in the nanomolar range (Fig. 4A), as
previously reported (13). However, plasma concentrations of
prorenin and renin are in the picomolar range, and thus the
interaction between renin/prorenin and (P)RR seems impossi-
ble except for renin/prorenin-synthesizing organs (25). (P)RR
may contribute to the activation of the ERK1/2 pathway
directly and induces cytokines release independently of the
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CD3* T cell

CD22" B cell

Fig. 9. Immunohistochemical study of (P)RR in
human anti-neutrophil cytoplasmic antibody-asso-
ciated crescentic glomerulonephritis. Low-power
field (leff) and high-power field (middle) show
lymphocytes or macrophages stained with the indi-
cated specific antibodies (green). A and B: CD3* T
cells. D and E: CD22" B cells. G and H: CD56™
NK cells. J and K: CD68% macrophages, (P)RR
antibody (red), and 4,5-diamidino-2-phenylindole
(DAPI; blue). Right: differential interference con- |
trast of the same cross section with high-power
field panels. (P)RR colocalized with CD3™ T cells
and CD68" monocytes. Scale bars = 50 wm (A4, D,
G,and J) and S um (B, C, E, F, H, L K, L).

CD56" NK eell

CD68" macrophage :

O

ANG II generation pathway in PBMCs after infiltration of the
kidney.

(P)RR is a 350-amino acid protein with a single transmem-
brane domain (36). When prorenin binds to (P)RR, it generates
ANG T in the absence of cleavage of the prosegment (36), and
directly activates MAPK ERK1/2 signaling in several cell
types, including mesangial cells (21, 36), collecting duct cells
(2), vascular smooth muscle cells (3, 14), monocytes(13), and
neurons (8). A previous study suggested that direct renin/
prorenin-induced ERK1/2 activation resulted in increased pro-
fibrotic gene expression, including TGF-B1 and PAI-1, and
thereby increased cell proliferation (51). However, the acti-
vated ERK1/2 pathway in lymphocytes and monocytes induces
secretion of cytokines including IL-6 and TNF-8 in T cells (29)
and IL-6 (27) and TNF-a (26) in monocytes. Moreover,
ERK1/2 activation occurred in a rat Thy-1 model of mesan-
gioproliferative nephritis, and blocking the ERK1/2 pathway
resulted in a significant reduction of mesangial cell prolifera-
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CD22* B cell

CD68* macrophage 796X

tion (5). In addition, ERK1/2 activation in human renal injury
is associated with cell proliferation, histological deterioration,
and renal dysfunction (31). In our study, all experiments were
performed in the presence of an AT;{R blocker and AT,R
blocker. These blockers did not have any effect on ERK1/2
phosphorylation and completely blocked ERK1/2 phosphory-
lation via the renin/ANG II pathway (data not shown). These
findings with our study showing that renin stimulation of
PBMCs induces ERK1/2 phosphorylation, cytokine release
and COX-2 expression indicates (P)RR contributes to the
pathophysiology of GN and renal injury via renin/prorenin-
induced ERK1/2 activation.

The (P)RR expression level in monocytes was high in our
study. Monocytes/macrophages have inflammatory roles in
renal disease and are implicated in the induction of injury and
fibrosis. Many human biopsy studies have shown glomerular or
interstitial macrophages correlate with poor outcomes, includ-
ing progression of disease, severity of histopathological pre-
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Fig. 10. Immunofluorescence of (P)RR in the tubulointerstitial area of human anti-neutrophil cytoplasmic antibody-associated crescentic glomerulonephritis (4)
and human minimal-change nephrotic syndrome (B). Lymphocytes and monocytes were stained with specific antibodies for CD3™ T cells, CD22* B cells,
CD56" NK cells, and CD68" macrophages. (P)RR stained with (P)RR-specific antibody (red), and nuclei stained with DAPI (blue). Scale bars = 100 pm.

sentation, likelihood of future fibrosis, or tubular atrophy (4,
15). Through intracellular signaling pathways including
MAPK, macrophages release several proinflammatory cyto-
kines such as TNF-a and IL-6 and proinflammatory chemo-
kines such as monocyte chemotactic protein (MCP), which is
involved in the pathogenesis of crescentic GN (46). Ozawa et
al. (38) demonstrated chronic ANG II infusion in rats activated
MCP-1 and TGF-1, which induced macrophage infiltration in
renal tissues. Furthermore, TGF-B1 is also associated with
crescent formation in GN (41), and MCP-1 and TGF-B1
release is mediated by the RAS. Further studies are required to
determine whether MCP-1 and TGF-B1 are released by (P)RR
stimulation.

In this study, we demonstrated that IL-6 was secreted from
PBMCs stimulated by renin under AT;R and AT,R blockers.
Actually, IL-6 was produced by a variety of cells including T
cells and monocytes/macrophages (1, 45), and IL-6 could
contribute to the pathogenesis or progression of the renal
diseases (16). Moreover, the ERK1/2 pathway is considered to
be important for the regulation of the production of IL-6 in the
human kidney (28). Therefore, (P)RR expressed in lympho-
cytes and monocytes may be involved in immune inflammatory
responses mediated by proinflammatory cytokines such as IL-6
via the ERK1/2 pathway. Moreover, we demonstrated that
COX-2, an important enzyme for the inflammatory reaction,
was increased by renin and suppressed under an ERK inhibitor
in human PBMCs. These experiments were performed in the
presence of AT R and AT,R blockers. Thus these immunore-
actions including cytokine release and COX-2 expression were
induced via (P)RR-mediated direct activation of the ERK1/2
pathway independently of ANG II in human primary PBMCs.

Finally, our flow cytometric data demonstrated that expres-
sion patterns of (P)RR in PBMCs differed among participants.
Interestingly, some subjects had a higher percentage of (P)RR-
positive cells than others (Fig. 3C). We did not identify specific
characteristics, such as sex, age, habit, past history, shape of
the body, or biomarkers that may have accounted for this
difference. Therefore, the cause of different (P)RR expression
levels is unclear and should be studied further. We also
examined the relationship between T cell subpopulations and
(P)RR expression because T cells have an important role in
GN. However, we did not identify a significant correlation
between T cell subpopulations and (P)RR expression.

Several limitations should be acknowledged. It was very
difficult to transfect siRNA into human lymphocytes and
monocytes and maintain cell viability. Our results also re-
vealed that (P)RR expression in monocytes was high and that
(P)RR was expressed by ANCA-associated GN-infiltrating
macrophages. Therefore, we used a human leukemic monocyte
lymphoma cell line, U937 cells, to overcome these issues.
Moreover, we showed that (P)RR was expressed in lympho-
cytes and macrophages infiltrating in GN. However, the num-
ber of samples was insufficient, and the pathophysiological
functions of (P)RR in GN are still unclear. We examined the
expression of (P)RR in PBMCs from healthy subjects, and
future studies should investigate (P)RR expression in GN
patients. Although the role of soluble (P)RR in inflammation is
unclear, there is no currently available antibody that fully
discriminates the soluble and full-length forms of (P)RR. In
addition, further investigations using larger human sample
sizes and various disease conditions, and animal models of GN
such as ANCA-treated or transgenic mice models, are required
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to clarify the association of lymphocyte (P)RR expression and
the immune system.

In conclusion, the present study demonstrated for the first
time that functional (P)RR is expressed by human immune
cells, especially monocytes and NK cells, and is expressed in
infiltrating lymphocytes and macrophages during active GN
such as ANCA-associated GN. These findings indicate that
(P)RR contributes to inflammation as a RAS component during
active GN, independently of the AT;R pathway.
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