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3 Birmingham Vasculitis Activity Score (BVAS)
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Abstract

It has been suggested that fibrin deposition participates in the development of crescents in
active glomerulonephritis (GN). In human IgA nephropathy, which is a common form of
mesangioproliferative GN (MsPGN), crescent formation is occasionally observed in active
disease, leading to end-stage renal failure. Factor V is a membrane-bound potent cofactor for
the conversion of prothrombin te thrombin by Factor Xa. An in vive study was conducted to
clarify the contribution of local fibrin production to crescent formation in MsPGN through
mesangial Factor V expression, Wistar rats were injected intravenously with rabbit anti-rat
thymocyte serum. Three days after injection, mesangiolysis with intense mesangial Factor
V expression was observed and immunoelectron microscopy revealed fibrin localization in
mesangiolytic lesions, which had spread inte the glomerular basement membrane adjacent
to the destroyed mesangium, accompanied by clots in Bowman’s space. Marked glomerular
fibrin deposition, together with its deposition in Bowman’s space and cellular crescent
formation, was noted with mesangial proliferation on day 8. Specific bands for Factor V
mRNA were also detected from isolated glomeruli. Fibrin deposition and cellular crescent
formation were significantly suppressed by treatment with anti-Factor V antibody. These
results suggest that local fibrin production, following mesangial Factor V expression, together
with mesangiolysis that spreads to the adjacent glomerular basement membrane, plays a
role in crescent formation in MsPGN.
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Introduction

Anti-thymocyte serum (ATS)-induced rat nephritis is
known as an experimental model for mesangiopro-
liferative glomerulonephritis (MsPGN), referred to
as Thy-1 nephritis [1]. Thy-1 nephritis is charac-
terized by initial mesangiolysis, platelet and mono-
cyte/macrophage infiltration, and subsequent mesan-
gial cell proliferation and mesangial matrix expansion,
similar to human MsPGN [2]. A major difference
between Thy-1 nephritis and human MsPGN is the
lack of immunoglobulin A deposition in the former,
whereas such deposition is frequent in the latter in the
context of IgA nephropathy. Recently, it was reported
that the acute injury of mesangiolysis in Thy-1 nephri-
tis was predominantly due to necrosis [3]. Although
Thy-1 nephritis is basically an MsPGN, it is often
accompanied by crescent formation. Parieta! glomeru-
lar epithelial cells, phenotypically altered podocytes,

T cells, and macrophages have been reported to par-
ticipate in the development of these crescents [4].

In addition, several studies have reported the
observation of fibrin deposition in crescents, especially
in human microscopic polyangitis [5,6] and in exper-
imental anti-glomerular basement membrane (GBM)
nephritis [7]. We previously identified cross-linked fib-
rin in crescents in human MsPGN: IgA nephropathy
and Henoch-Schoénlein purpura nephritis [8]. Of the
various coagulation factors, tissue factor is known to
be the initiator in the extrinsic coagulation cascade, the
major cascade in inflammatory diseases, and, there-
after, to convert Factor X to its active form Xa. On
the other hand, Factor V in its active form (Va) serves
as a membrane-bound cofactor for Factor Xa, which
converts prothrombin to thrombin, causing immediate
conversion of fibrinogen to fibrin. It has been reported
that the rate of prothrombin activation by the pro-
thrombinase complex, XafVa, is about 300000-fold

Copyright © 2004 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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higher than the rate of activation by Factor Xa alone
[9,10]. Thus, Factor Va plays a key role at the end
of the coagulation pathway. Factor V is expressed
in various circulating and non-circulating cells, such
as platelets [11,12], endothelial cells [13], monocytes
[14], and hepatocytes [15]. In a previous in vitro study,
we observed pro-coagulant activity in cultured mesan-
gial cells via expression of Factor V [16]. Therefore,
in the present study, to clarify the contribution of Fac-
tor V in crescent formation in MsPGN, the effects of
anti-Factor V antibody were compared with those of
prednisolone (PSL) in a rat experimental model.

Materials and methods

Experimental design

MsPGN was induced in 6-week-old male Wistar rats
(Shimizu Laboratory Materials, Kyoto, Japan) by the
intravenous injection of rabbit ATS, which was pre-
pared as reported previously (1] and provided by Nip-
pon Shinyaku Co (Kyoto, Japan). In this animal model,
mesangial proliferation is known to peak on day 8
[1]. Therefore, 28 rats were injected intravenously
with ATS (0.8 ml’kg BW) for a time-course study
on crescent formation and were sacrificed on days
0,1, 3, 5, and 8 (N = 6, respectively, except day 5:
N = 4). According to the results of this study, another
30 rats were used for a comparative study and were
divided into five experimental groups (N = 6, respec-
tively): (i) the normal group, injected with normal
rabbit serum; (ii) the disease control group, injected
with ATS: (iii) and (iv) the anti-Factor V antibody

low and high groups, injected with ATS and with -

rabbit antibody against human Factor V, RAHWFV
(Nordic . Immunological Laboratories, Tilburg, The
Netherlands), at 0.1 mg/kg (low dose) or 0.5 mg/kg
(high dose)} of IgG; and (v) the PSL group, injected
with ATS and treated with PSL (2 mg/kg per day;
Wako, Osaka, Japan). The doses of anti-Factor V anti-
body were determined by a preliminary experiment,
using various concentrations from 0.1 to 1.0 mg/kg
of IgG, which revealed that the dose of 0.5 mg/kg
achieved a platean in the suppressive effect. Urinary
protein from 24-h urine samples was measured using
the Biuret reaction. Rats were sacrificed on day 8,
when serum and kidneys were collected. These experi-
ments were conducted in accordance with the protocol
approved by the Animal Care Committee of Kyoto
University.

Histological analysis of renal tissue

Kidney tissues were fixed in Dubosque~-Brazil solu-
tion and embedded in paraffin wax. Sections (4 pm)
were stained with haematoxylin and eosin (H&E) and
periodic acid-Schiff (PAS). The crescent formation
score was evaluated by a modified method of Floege
et al {2} as follows: 20 glomerular cross-sections were
graded according to the relative area of Bowman’'s
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capsule occupied by the cellular crescents as 0, neg-
ative; 1, 1-25%; 2, 26=-50%; 3, 51-75%; and 4,
76—100%, and then the averaged grade was calculated.

immunohistological evaluation

Formalin-fixed and dewaxed sections were stained
with an antibody against proliferating cell nuclear anti-
gen (PCNA) using a DAKO EPOS anti-rat PCNA/HRP
kit (DAKOQ, Carpinteria, CA, USA), and with an anti-
body against rat monocyte/macrophage antigen (ED-
1; Chemicon, Temecula, CA, USA) using an ABC
Elite-peroxidase staining kit (Vector Laboratories,
Burlingame, CA, USA). Colour was then developed by
incubation with an ImmunoPure Metal Enhanced DAB
Substrate kit (Pierce, Rockford, IL, USA). The aver-
age of positively stained cell numbers in a glomerular
cross-section was evaluated by counting the cells in
20 randomly selected glomeruli in each section.
Factor V deposition and OS-3-positive cells were
detected on fresh frozen sections, fixed in acetone
for 5 min. Fibrin was detected on formalin-fixed and
dewaxed sections. These sections were stained by an
indirect method as described previously [7], using each
primary antibody as follows: Factor V, a sheep anti-
body against human Factor V (Cedarlane Laborato-
ries, Ontario, Canada); OS-3-positive cells, a murine
monoclonal antibody, OS-3, which was produced as
reported previously [17] and is known to be reac-
tive against parietal glomerular epithelial cells and
transdifferentiated podocytes {4]; and fibrin, a goat
antibody against rat fibrinogen (ICN, Aurora, OH,
USA). Next, sections were incubated with appropriate
biotinylated secondary IgG antibodies (Vector Labo-
ratories). The sections were reacted with avidin-DH-
biotinylated horseradish peroxidase complex (Vector
Laboratories) and then colour was developed. Te eval-
uate Factor V expression, staining density was anal-
ysed by NIH Image version 1.61 [18]. The intensity of
fibrin staining in the glomerular segments was scored
on a scale from 0 to 34 according to a previous
method [19]. '

Double labelling of -smooth muscle actin
(@-SMA) and Factor V

Fresh frozen tissue sections from six rats in the dis-
ease control group were stained indirectly according
to a previously reported modified method [20]. The
sites of the antigen—antibody reaction were revealed
by incubating sections with a sheep antibody against
human Factor V, followed by biotinylated IgG as the
secondary antibody. The preparations were washed
twice in Tris-buffered saline (pH 7.4) and.incubated
with a monoclonal anti-human «-SMA (DAKO), rab-
bit anti-mouse immunoglobulins (DAKQ), and mouse
APAAP complex (DAKO). Colour was then developed
by incubation with a DAB Substrate kit (Pierce) and a
fast red dye (DAKOQ). Twenty glomeruli in each tissue
section were evaluated,
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RT-PCR for Factor V mRNA

For first-strand cDNA synthesis, 1 pg of total RNA
was incubated in a reaction mixture of 1 pl with
50 pumol of Oligo(dT)20 as primer (Life Technologies,
Gaithersburg, MD, USA). The reaction contained 15
units of THERMOSCRIPT RT (Life Technologies),
2 pl of 0.1 m dithiothreitol - 1& mm dNTP mixture, and
40 units of RNAse inhibitor (Life Technologies). The
reaction was performed at 50 °C for 1 h. Subsequently,
the reverse transcriptase was inactivated by heating
the sample at 85°C for 5 min. PCR was performed
in 2 ul of 10x PCR buffer with 0.5 unit of Taq
polymerase (Takara, Tokyo, Japan), containing 2 p!
of each primer 5-CTC TTC CTC ATC CAG ATC
TC-3" (antisense) and 5'-TGA GCA TGA AGA GAA
TAC GG-3' (sense) designed from published mouse
Factor V sequences [21] or 5'-GAT TGT CAG CAA
TGC ATC CTG-3' (antisense) and 5'-GAA GAG TGG
GAG TTG CTG TTG-¥ (sense) designed from mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
[22), respectively. Amplification of the appropriate
¢DNA results in a 580 bp fragment for Factor V.
The PCR product was separated in 2% agarose gels.
Signals for Factor V were normalized in comparison
with the signal for GAPDH.

Immunoelectron microscopy

Part of the biopsy specimen was treated according
to the method of McLean and Nakane [23] and
sectioned (6 pm) on a cryostat [24]. The sections
were incubated with a goat antibody against rat
fibrinogen (ICN) at 4°C overnight. After washing,
further incubation followed with biotinylated anti-
goat IgG for 3 h. The sections were then reacted
with avidin-DH-biotinylated horseradish peroxidase
complex (Vector Laboratories) for 3 h and colour
was developed as described above. Sections were
post-fixed in 2% osmic acid, embedded in Epon
812 (Oken Shoji), and ultrathin sections were cut.
Observation was performed with a HITACHI 7100
electron microscope (Tokyo, Japan).

Statistical analysis

Values are represented as means £ SE. The statistical
significance was determined by a one-way analysis of
vartance (ANOVA) or Student’s t-test, as appropriate.
A difference of p < 0.05 was considered significant.

Results

Urinary findings

In this animal model, proteinuria peaked on the fourth
day after the injection of ATS [25]. In disease control
rats, the amount of urinary albumin on that day was
significantly increased to 59 & 15 mg/day compared
with the low level of normal rats, and that in the

231

Table 1. Change of proteinuria after RAHu/FV injection

Urinary protein, mg/day

Group (mean =* SE)
Neormal 14+2
Disease control 59415
RAHUWFV (C.5 mg/kg of 1gG) 23 £ 4"

* p < 0.05 versus disease control,

RAHwFV-injected group at a high dose of 0.5 mg/kg
of IgG was significantly decreased to 40% of that in
the disease control group (p < 0.05) (Table 1).

Histological evaluation

Nuclear chromatin condensation was observed on day
1. Next, on day 3, we observed chromatin fragmenta-
tion, together with prominent mesangiolysis, segmen-
tally proliferating mesangial cells, glomerular base-
ment membrane breaks, and fibrin precipitation in
Bowman’s space. On day 3, marked mesangial cell
proliferation, crescent formation, and mesangial matrix
widening were observed until day 8. Figure 1 shows
the significant increase in crescent formation after ATS
injection, compared with the normal group. The ATS
injection significantly aggravated cellular crescent for-
mation, which was suppressed in both the anti-Factor
V antibody and PSL groups (Figure 2). The crescent
scores, in both the high dose of anti-Factor V anti-
body and PSL groups, were significantly improved on
day 8 (crescent score: normal, 0.00 =% 0.00; control,
1.03 £ 0.21; low dose, 0.59 £ 0.21; and high dose of
RAHU/FV, 0.49 £+ 0.05, p < 0.05 versus control; PSL,
0.49 £ 0.05, p < 0.05 versus control).

PCNA- and ED-1-positive cells were often observed
in glomeruli, and in crescents, respectively, in the
disease control group (Figures 3B and 3D). The mon-
oclonal antibody, OS-3, was used to detect podocytes

© with phenotypic changes. OS-3-positive cells were

* ok

— —
= N
1 1 1

* %
*k

%

Crescent formation score

Normal 1 3 5 8
Time after ATS injection (days)

Figure 1. Time course of cellular crescent formation in
ATS-induced nephritis. Crescents were evaluated using PAS
staining. Values are from three rats at each time point
*p < 0.05, **p < 0.01 versus normal. N =6 rats per group,
except day 5: N = 4
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Crescent formation score

0.1

Normal Disease

0.5 PSL

control

RAHu/FV, 1gG (mg/kg)

Figure 2. Inhibitory effects of RAHU/FY on crescent formation. Cellular crescents are frequent in the disease control group
{B), the RAHU/FY group (low dose, C; high dose, D), and the prednisolone group (E) on day 8, compared with normal (A) (final
magnification, x270). Significant dose-dependent suppression of crescent formation is seen after treatment by RAHU/FY injection
{F). *p < 0.05 versus disease control group; PSL = prednisclone. N = 6 rats per group

abundantly observed in the crescents from the dis-
ease control group (Figure 3F). As shown in Figure 4,
neither dose of anti-Factor V antibody treatment
decreased the total glomerular cell number, although
PSL did (normal, 80.4 +3.3; contro!, 115.842.4;
low dose, 112.1 & 2.9; and high dose of RAHWTFYV,
115.6 £1.9; PSL, 94.8 £+ 1.3, p < 0.01 versus con-
trol; cells/glomerular cross-section). Such a change
was also observed in the number of PCNA-positive

J Pathol 2004; 204: 229-238

cells (normal, 0.08 &£ 0.02; control, 0.22 £ 0.03; low
dose, 0.19 £ 0.01; and high dose of RAHWFV, 0.17 £
0.04; PSL, 0.09+0.02, p <0.01 versus control;
cells/glomerular cross-section).

Endogenous Factor V expression

Although glomerular Factor V expression was slight
on day 0 (normal), staining density was increased and
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Figure 3. Immunostaining for PCNA-, ED-1-, and OS-3-positive cells. PCNA- (B) and ED-|-positive (D) cells are often observed
both in glomeruli and in crescents in the control, and OS-3-positive cells {F) are abundantly observed in the crescents, while such
cells are scarce in the normal group (A, C, and E, respectively) (final magnification x250)

prominent on day 3: normal, 3.0%; day 1, 39.7%; day
3, 100%; and day 8, 49.4% of the day 3 level; eachp <
0.001 versus normal; staining intensity was intense
and detected mainly in the mesangium (Figures 5A
and 5B). To identify the cell type expressing Factor
V, a-SMA was used as a mesangial cell marker
[26]. Double-labelling experiments using «¢-SMA and
Factor V revealed their frequent co-localization in
the same mesangial areas of glomeruli (Figures 5C
and 5D).

Effect of RAHU/FY on fibrin deposition

There was no fibrin deposition in the normal group,
but deposition was marked in the ATS group on day

8 and decreased in the group injected with a high
dose of anti-Factor V antibody. No such decrease
was seen in the PSL group (Figure 6). The degree
of fibrin deposition decreased in a dose-dependent
manner (normal, 0.0 £ 0.0; control, 2.7 £0.2; low
dose, 2.6 £0.2; and high dose of RAHWFV, 1.3+
0.2, p < 0.01 versus control; PSL, 2.7 £ 0.2).

RT-PCR for Factor V mRNA in glomeruli

Specific bands for amplified Factor V cDNA were
clearly detected using RT-PCR on total glomerular
RNA isolated from both the disease control group and
the RAHu/FV-injected high-dose group after 8 days of
intravenous injection with ATS (Figure 7). In contrast,
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Figure 4, Total glomerular cell number (A) and PCINA-positive
cell number (B). Total glomerular cell number and
PCNA-paositive cell number are decreased in the prednisclone
group, whereas they are not decreased in the group injected
with anti-Factor V serum. **p < 0.0} versus disease control
group; PSL = prednisolone. N = 6 rats per group

very low levels of Factor V-specific mRNA could be
detected in the normal group.

Immunoelectron microscopy for fibrin

By immunoelectron microscopy, intense mesangial
and capillary luminal fibrin deposition was present
in the early phase of the model on day 3 i a
glomerulus from the disease control rat (Figure 8). The
glomerular basement membrane was ruptured at the
portion adjacent to the damaged mesangial area, where
a surviving mesangial cell was seen nearby. Fibrin clot
was also precipitated in Bowman's space.

Discussion

It has been suggested that intraglomerular coagula-
tion is involved in the development of glomerular
injury [27]. According to the developmental mecha-
nisms of crescent formation, it is suggested that breaks
in the glomerular capillary basement membrane may
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contribute to the leakage of fibrinogen into Bow-
man’s space and thus extracapillary cellular prolifera-
tion appears to be related to precipitation of fibrin [28].
In the present study, we observed disrupted glomeru-
lar capillary basement membranes and precipitated
fibrin clots in Bowman’s space by immuncelectron
microscopy in the early stage of MsPGN. In crescen-
tic GN, fibrin deposition together with necrosis and
tissue factor expression precedes crescent formation
[5,29,30].

In a previous ir vitro study, we reported that mesan-
gial cells produce Factor V and participate in the
coagulation cascade on the mesangial cell surface [31].
Factor V is converted to its active form, Va, by throm-
bin or Factor Xa [32]. The Xa/Va complex serves to
convert prothrombin to thrombin and, subsequently,
thrombin converts fibrinogen to fibrin [33]. In the
present study, we observed mesangial Factor V protein
expression using double labelling of o-SMA and Fac-
tor V, and mRNA expression in glomeruli by northern
blot analysis in the disease control group. Factor V
mRNA expression was up-regulated, not only in the
disease control, but also in the group injected with a
high dose of RAHWFV. These results show that Fac-
tor V was expressed after ATS injection and then was
neutralized in the antibody-treated group, which ame-
liorated fibrin and crescent formation.

Factor V is abundantly available in the circulation
and could permeate the mesangium through fenestra-
tion of glomerular endothelial cells. The role of Factor
V in mesangial cells is comparable to that of tissue
factor (TF), which also acts on their membrane sur-
face and initiates the coagulation cascade. Erlich er al
reported that infusion of recombinant human TFPI
significantly reduced the development of glomerular
fibrin deposition [34], even when administesed intra-
venously. It was reported that kidney transplantation
in patients with inherited thrombophilia, Factor V
G1691A, was clinically associated with acute rejec-
tion, including fibrinoid necrosis and transmural arteri-
tis [35]. On the contrary, in two familial cases of IgA
nephropathy associated with mild type-Factor V defi-
ciency, the disease activity of glomerulonephritis was
also mild [36].

In Thy-1 nephritis, following mesangiolysis, mesan-
gial cell proliferation starts in the next phase [3], which
corresponds to day 3 in the present study, when mesan-
gial Factor V expression was prominently observed.
These findings were consistent with previous obser-
vations showing up-regulated Factor V expression,
using mesangial cells cultured with pro-inflammatory
cytokines and tumour necrosis factor (TNF)-a [37],
and a clinical study, in which a close relationship
was observed between mesangial Factor V expression
and mesangial proliferation in human IgA nephropathy
[20]. Macrophages are also known to produce Factor
V [14] and are found in Bowman’s space; mesangial
cells are not present. Although we could not deter-
mine whether Factor V production predominated in
mesangial cells or macrophages, our results suggest
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Figure 5. Endogenous Factor V staining. Mesangial Factor V staining is intense in the ATS group (B) early on day 3, in contrast
to its absence in the normal group (A) (final magnification, x380). By double immunastaining of the glomerulus for ¢-SMA and
Factor V, a-SMA (red) co-localizes with Factor V (dark brown) in the same mesangial areas (C, final magnification x450). The
boxed area is shown at a higher power in panel D (final magnification x | 100}

Figure 6. Inhibitory effects of RAHu/FY on fibrin deposition. Fibrin deposition is intense in the disease control group (B), the
RAHU/FY group (low dose, C; high dose, D), and the prednisolone group (E} at day 8, compared with the normal group (A} (final
magnification x230)
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Figure 7. Factor V expression in glomeruli by RT-PCR. The
levels of mRNA Factor V were evaluated by RT-PCR using
total glomerular RNA isolated from the normal group, from the
disease contro! group, and from the group injected with 0.5 mg
12G/kg RAHU/FV. The levels of GAPDH mRNA served as the
positive control

Figure 8. Ultrastructural distribution of fibrin viewed by
immunoelectron microscopy in a glomerulus from ATS-induced
nephritis. Fibrin is observed in the mesangium (thin arraws},
capillary lumen (large arrow-heads), and in Bowman's space

(small arrow-heads). Glomerular basement membrane is broken

(thick arrow) adjacent to the mesangiolytic lesion (¥), where a
surviving mesangial cell (M) is seen on day 3 (final magnification
x 3200)

that mesangial cells in the necrotic lesions at least in
part play a role in prothrombin activation through the
formation of prothrombinase complex. As shown in
this study, Factor V expression in the mesangium in
MsPGN may be linked to mesangial cell prolifera-
tion and inflammatory activity, although the regulatory
mechanism of Factor V needs to be clarified.

Fibrin is chemotactic for leukocytes [7]. It is
of interest that crescent formation has features of
delayed-type hypersensitivity (DTH), with the consis-
tent observation of T cells, macrophages, tissue factor,
and fibrin in the glomerular lesion [19,38,39]. The
relevance of a number of adhering molecules, and
chemokines, such as ICAM-1, VCAM-1, and IL-18,
was demonstrated in crescentic GN and dermal DTH
[40,41]. Monocyte chemoattractant protein-1 (MCP-
1) was also recognized as an important factor in the
inflammatory phase of crescentic GN [42]. The effect
of PSL treatment on glomerular cell proliferation in
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Thy-1 nephritis has been previously reported [43]. In
the present study, PSL treatment inhibited both cel-
lular crescent formation and mesangial cell prolifer-
ation, together with PCNA- and ED-1-positive cells,
although PSL did not suppress fibrin precipitation in
Bowman’s space. In a previous study, methylpred-
nisolone therapy suppressed the expression of MCP-1
and glomerular monocytes/macrophage infiltration in
a rat model of crescentic GN [44). Therefore, cor-
ticosteroids may inhibit crescent formation through
suppression of monocyte recruitment, despite the fibrin
deposition. In this context, the clinical efficacy of reg-
imens that include heparin—warfarin in combination
with PSL, azathioprine, and dipyridamole in severe
childhood IgA nephropathy was reported [45].

In the present study, the majority of cells within
crescents were positive for OS-3 staining in the dis-
ease control rats. In addition, ED-1-positive cells
were observed as a subpopulation. These results
are consistent with the previous suggestions that
crescent-constituting cells are derived mainly from
parietal glomerular epithelial cells and transdifferen-
tiated podocytes {4], and that macrophages stimulate
crescent-constituting cells to proliferate [46].

It is known that both thrombin and Factor Xa have
mitogenic effects on mesangial cells [47,48] and stim-
ulate the effect of MCP-1 expression on mesangial
or other cells [49,50]. The Xa/Va complex activates
prothrombin to thrombin. Blocking thrombin gener-
ation using anti-Factor V antibody could therefore
inhibit the coagulation cascade, but may not be effi-
cient in suppressing mesangial cell proliferation and
macrophage infiltration, because Factor Xa alone could
initiate the mitogenic and infiltrating processes. In
our preliminary study, direct inhibition of Factor Xa,
using a specific Xa inhibitor in experimental MsPGN,
may be effective against mesangial proliferation, fibrin
deposition, and crescent formation [51]. In conclu-
sion, local fibrin production, following mesangial Fac-
tor V expression, together with mesangiolysis, which
spreads to the adjacent glomerular basement mem-
brane, plays a role in crescent formation in MsPGN.
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