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Introduction

Summary

The spontaneous crescentic glomerulonephritis-forming/Kinjoh (SCG/Kj)
mouse, a model of human crescentic glomerulonephritis (CrGN) and sys-
temic vasculitis, is characterized by the production of myeloperoxidase-
specific anti-neutrophil cytoplasmic autoantibody (MPO-ANCA) and
marked leucocytosis. This study was performed to identify the specific popu-
lations of leucocytes associated with CrGN and susceptibility loci for patho-
genic leucocytosis. Four hundred and twenty female (C57BL/6 X SCG/Kj) F,
intercross mice were subjected to serial flow cytometry examination of the
peripheral blood (PB). Kidney granulocytes and monocytes were examined
histopathologically. Linkage analyses were performed with 109 polymorphic
microsatellite markers. Correlation studies revealed that increase of the
granulocytes, F4/80* cells, CD3"CD4 CD8™ T cells and dendritic cells (DCs)
in peripheral blood (PB) were associated significantly with glomerulonephri-
tis, crescent formation and vasculitis. In kidney sections, F4/80"" cells were
observed in crescent, while F4/80"&" cells were around the Bowman’s cap-
sules and in the interstitium. Numbers of F4/80" cells in crescents correlated
significantly with F4/80* cell numbers in PB, but not with numbers of F4/80*
cells in the interstitium. Genome-wide quantitative trait locus (QTL)
mapping revealed three SCG/Kj-derived non-Fas QTLs for leucocytosis, two
on chromosome 1 and one on chromosome 17. QTLs on chromosome 1
affected DCs, granulocytes and F4/80* cells, but QTL on chromosome 17
affected DCs and granulocytes. We found CrGN-associated leucocytes and
susceptibility QTLs with their positional candidate genes. F4/80* cells in cres-
cents are considered as recruited inflammatory macrophages. The results
provide information for leucocytes to be targeted and genetic elements in
CrGN and vasculitis.

Keywords: anti-neutrophil cytoplasmic autoantibody, crescentic glomerulo-
nephritis, quantitative trait locus, SCG/Kj mice, vasculitis

genetic factors are important for both the production of
ANCA and the occurrence of ANCA-associated vasculitis

Vasculitis is characterized by inflammation and necrosis of
blood vessel walls, and its clinical presentation depends on
the type and size of vessels involved. The disease phenotype
of small-vessel vasculitis in the kidney is crescentic
glomerulonephritis (CrGN). Anti-neutrophil cytoplasmic
autoantibody (ANCA) is detected in serum of patients with
small-vessel vasculitis. Myeloperoxidase (MPO)-specific
ANCA (MPO-ANCA) is related to the occurrence of micro-
scopic polyangiitis and idiopathic pauci-immune necro-
tizing CrGN. Previous studies of patients have shown that

(AAV) [1,2], in relation to the dysfunction of granulocytes
and lymphocytes [3,4]. Genetic studies of murine models
possibly shed light on studies in human vasculitis [2].

As a unique animal model of early and spontaneously
occurring CrGN and vasculitis, the spontaneous crescentic
glomerulonephritis-forming/Kinjoh (SCG/Kj) mouse has
been established [5]. Previous studies have revealed that
CrGN and vasculitis in this model have been demonstrated
to be associated with MPO-ANCA production and conse-
quent hyperfunction of neutrophils [6,7]. We also identified
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14 susceptibility loci linked to histopathological traits
and autoantibody production on mouse genome using
(C57BL/6 x SCG/Kj) F, intercross (BSF,) mice [8].

Profiles of leucocytes in peripheral blood (PB) have been
studied extensively in human vasculitis and other autoim-
mune diseases to elicit their pathological mechanisms and
to clarify therapeutic targets [9]. In the follow-up procedure
of BSF, mice, we observed the profiles of leucocytes in PB
with flow cytometry (FCM) repeatedly according to the age
of the mice. Here, we report findings in the leucocyte line-
ages associating with the renal disease, particularly F4/80*
cells, susceptibility quantitative trait loci (QTLs) linked to
abnormal leucocytosis. We also report epistatic interactions
among QTLs and their candidate genes.

Materials and methods

Mice

The development of the F, intercross mice were described
earlier by Hamano et al. [8]. Briefly, female C57BL/6 (B6)
mice were purchased from the Shizuoka Laboratory Animal
Center (Shizuoka, Japan). Male SCG/Kj mice were bred at
the animal facility of Nippon Kayaku Co., Ltd (Tokyo,
Japan) under specific pathogen-free conditions. B6 and
SCG/Kj mice were crossed to obtain (B6x SCG/Kj) F,
(BSF,) mice, and brother—sister mating of BSF, produced a
total of 420 female BSF, animals. Only female mice were
investigated. Animal care and experimental protocols were
based on the guidelines for animal experiments at the Tokyo
Metropolitan Institute of Gerontology Subcommittee on
Animal Research.

Blood cell count and measurement of proteinuria

PB was obtained from periorbital sinus every 4 weeks. The
white blood cell count was performed by the MEK-6158
Automatic Blood Cell Counter (Nihon Kohden, Tokyo,
Japan). For monitoring the onset of glomerulonephritis
(GN), proteinuria and haematuria were tested. Proteinuria
was measured as described by Knight et al. [10]. Haematu-
ria was tested with Uropaper II urine dipsticks (Eiken
Kagaku, Tokyo, Japan). Mice were killed at 24 weeks of age
or when proteinuria was more than 200 mg/dl and/or hae-
maturia was more than 1+.

Measurements of cell populations in PB by FCM

PB cells were depleted of red blood cells with ammonium
chloride and single-cell suspensions were prepared in stain-
ing medium [phosphate-buffered saline (pH 7-4)/0-2%
bovine serum albumin/0-05% NaNj]. Aliquots of 2-10 x 10*
cells were triply or quadruply stained with monoclonal
antibodies (mAbs). The mAbs against Gr-1 [fluorescein

isothiocyanate (FITC)- or allophycocyanin (APC)-labelled,
RB6-8C5], CD3e (APC-labelled, 145-2C11), CD4
[phycoerythrin (PE)-labelled, GK1-5], CD8a. (biotinylated,
53-6:7), CDllc (APC-labelled, HL3) and CD45R/B220
(biotinylated, RA3-6B2) were purchased from BD
PharMingen (San Diego, CA, USA). PE-labelled or
biotinylated mAb against F4/80 (BM8) was purchased from
Caltag/Invitrogen (Carlsbad, CA, USA). Anti-mouse-
immunoglobulin (Ig)M mAb (clone 331-12) was FITC-
conjugated in our laboratory from the hybridoma kindly
provided by Dr L. A. Herzenberg (Stanford University, CA,
USA). Streptavidin~APC was purchased from BD
PharMingen. Streptavidin—Alexa Fluor 594 was purchased
from Molecular Probes/Invitrogen.

FCM analyses were performed as described previously
[11]. Briefly, cells were first blocked on ice with staining
medium containing 10% normal rat serum. Cells were then
stained with primary antibodies at 4°C for 30 min. After
three washes, biotinylated antibodies were revealed by
streptavidin—APC or streptavidin—Alexa Fluor 594 and
incubated for 30 min at 4°C. The stained cells were exam-
ined using FACStar Plus and CellQuest software (BD
Biosciences). Numbers of each population per 1 ul of PB
were obtained by multiplying numbers in the white cell
count by frequency in FCM.

Histopathology

At autopsy, kidneys were fixed in 10% formalin in 0-01 mol/l
phosphate buffer (pH 7-2), embedded in paraffin and exam-
ined histopathologically, as described previously [8]. Briefly,
kidneys from one individual were dissected into more than
four sections, and 120 glomeruli were examined. GN was
expressed as percentage of glomeruli with endocapillary pro-
liferation and/or mesangial proliferation and/or mesangial
sclerosis. The crescent formation was expressed as numbers
of glomeruli with crescents among 120 glomeruli. Vasculitis
was expressed as numbers of small vessels with granu-
lomatous vasculitis in four independent kidney sections.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue sections were
deparaffinized and rehydrated. After antigen retrieval with
target retrieval solution (pH 6-0; Dako Japan, Tokyo, Japan)
and endogenous peroxidase blocking by 3% hydrogen perox-
ide, tissue sections were blocked with 5% rabbit (Dako; for
anti-Gr-1 and anti-F4/80) or goat serum (Dako; for anti-
MPO). Sections were incubated overnight at 4°C with the fol-
lowing primary antibodies: anti-F4/80 (1:10, clone BMS;
Abcam, Cambridge, MA, USA), anti-Gr-1 (1:20, clone RB6-
8C5; eBioscience, San Diego, CA, USA), anti-MPO (1:100,
RB-373; Thermo Fisher Scientific, Fremont, CA, USA) and
negative control antibodies (10 pg/ml, hamster IgG, rat
IgG2a and rat IgG2b; Biolegend, San Diego, CA, USA).
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Biotinylated rabbit anti-rat immunoglobulin (1:400, for anti-
F4/80 and anti-Gr-1; Dako) or biotinylated goat anti-hamster
IgG antibody (1:100, for anti-MPO; GeneTex, Irvine, CA,
USA) were used as secondary antibody for 60 min at room
temperature, followed by incubation with streptavidin—
horseradish peroxidase (1:500; Dako). Sections were devel-
oped with 3-min 3,3-diaminobenzidine (0-2 mg/ml). In each
mouse, numbers of positive cells per glomeruli in 30 con-
secutive glomeruli were counted at 400-fold magnification.
In each glomerulus, positive cells were counted in the
glomerular tuft, within the crescent and in the peri-
glomerular area. Cells in each of cortical and medullary
interstitium were assessed by counting positive cells in 10
random cortical and medullary fields (x400).

Microsatellite genotyping

Mapping panel was constructed using BSF, as described
previously [8], with modification by adding seven markers
on the middle of chromosome 1 (DIMIT490, DIMIT492,
DIMIT387, DIMIT91, DIMIT139, DIMIT536 and
DIMIT30). Genomic DNA of mice were extracted from tail
samples. Genotypes were determined by polymerase chain
reaction (PCR) using selected simple sequence-length poly-
morphism markers. Genotypes of Fas were represented by
those of DI9MIT87 because of their adjacent positions on
chromosome 19 [8].

Statistical analyses

Comparison of leucocyte counts in PB among B6, BSF,
healthy BSF, and diseased BSF, mice was performed with
analysis of variance (ANova). Associations between
histopathological traits and leucocyte counts in BSF, mice
were determined by correlation coefficients with P-values
derived from Fisher’s transformation. All analyses were per-
formed using StatView, version 5-0 (Abacus Concepts, Inc.,
Berkeley, CA, USA).

Linkage analysis, interval mapping and
interaction analysis

The linkage map for the BSF, was created using
MapManager QTX b20 (Dr K. E Manly, http://www
.mapmanager.org/). Interval mapping for QTL detection
was performed using MapManager QTX in a free regression
model. Likelihood ratio statistics were converted to conven-
tional base-10 logarithm of odds (LOD) scores. To establish
suggestive and significant threshold values, permutation
tests were performed using MapManager QTX as described
previously [12], with 1000 permutations of the data.

For epistatic interaction analyses, a systematic pairwise
genome scan was performed using MapManager QTX b20.
Results of permutation tests (500 times) using the interac-

QTLs for leucocytosis in crescentic nephritis

Table 1. Strength of association among numbers of leucocytes in
peripheral blood and histopathological phenotypes.

Glomerulonephritis Renal
Leucocytes' (GN) Crescents vasculitis
Dendritic cells 0-:376*** 0-236%** 0-436***
Granulocytes 0-393*** 0-332%%* 0-249***
Macrophages/ 0-276*** 0-145** 0-319%**

monocytes

CD4" T cells n.s. n.s. 0-248***
CD8* T cells n.s. n.s. 0-140*
CD4CD8 T cells 0-285%** 0-248*** 0-235%**
B cells n.s. n.s. n.s.

Strength of association expressed as Pearson’s correlation coeffi-
cients (r) and P-values; *P<0-01; **P<0-005 ***P<0-0001.
"Numbers of cells in peripheral blood at 12 weeks of age (/ul). n.s.=
not significant; GN = percentage of glomeruli with nephritic lesions;
crescents = number of crescents in 120 glomeruli; renal vasculi-
tis=number of inflamed vessels in four kidney sections. Three
hundred and eighty-three mice underwent both flow cytometry and
histological analyses.

tion model by MapManager QTX were utilized to deter-
mine suggestive and significant thresholds of LOD score.

Results

Leucocytes in peripheral blood correlating with disease
traits in BSF, mice

As summarized in Table 1, correlation analyses between leu-
cocyte counts in PB and renal disease traits were performed.
Cell populations were estimated by FCM using lineage
markers, Gr-1 for granulocytes, F4/80 for macrophages/
monocytes [13], CD1lc for dendritic cells (DCs), CD3
for T cells, surface IgM for B cells and markers for
subpopulations.

DCs as well as granulocytes correlated significantly with
all renal disease traits. Correlation between DCs and vascu-
litis was strongest among all leucocyte populations
(Table 1). Macrophages/monocytes were also correlated sig-
nificantly with all renal disease traits, but their correlation
coefficients were weaker than those of granulocytes, except
for renal vasculitis. CD3*CD4 CD8" T cells correlated sig-
nificantly with all disease traits. Although CD4" or CD8" T
cells associated weakly with renal vasculitis, they did not
correlate with GN or crescent formation. B cells, however,
were associated with none of these disease traits (Table 1).

B6, BSF;, healthy BSF, and diseased BSF, mice were
examined by ANova to confirm results of correlation analy-
ses, and to assess their mode of inheritance (Fig. 1). A sig-
nificant increase of granulocytes, macrophages/monocytes,
DCs and CD3"CD4 CD8™ T cells was shown in mice with
GN (GN (+4)) than in healthy mice (GN (-)) (Fig. la—d).
Although not significant, granulocytes, macrophages/
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Fig. 1. Increased numbers of Gr-1* granulocytes (a), F4/80*
macrophages/monocytes (b), dendritic cells (DCs) (¢) and CD4"CD8~
T cells (d) in peripheral blood (PB) of [C57BL/6 X spontaneous
crescentic glomerulonephritis-forming/Kinjoh (SCG/K])] F, intercross
(BSF,) mice with glomerulonephritis (GN). Not plasmacytoid
(CD11¢*B220") but conventional (CD11¢*B2207) DCs increased in
GN (+) mice (e,f). Frequencies of each leucocyte in PB were counted
using flow cytometry in C57BL/6 (B6), (C57BL/6 x SCG/Kj) F,
(BSF,), BSF, without GN [GN (-)] and BSF, with GN [GN (+)] mice
at 12 weeks of age. Numbers of each leucocyte were calculated by
multiplying the frequency and the whole white blood cell number.
Whole leucocyte gates (blood cells except red blood cells and platelets)
were examined. For CD4"CD8™ T cells, CD3" cells were further gated
and analysed. Mean values * standard error of the mean are shown.
P-values were determined with analysis of variance (ANovaA) and
Fisher’s protected least significant difference procedure. Numbers of
mice are shown in parentheses.

monocytes, and DCs tended to increase in BSF; than in B6
mice, indicating that these phenomena inherited the mode
of incomplete dominance.

Subpopulations of DCs correlating with disease traits

It was intriguing that increased DCs in PB correlated with
disease traits. Comparison between diseased and healthy

mice specified that not CD11c¢"B220* DCs but CD11¢*B220~
DCs were involved in the development of GN (Fig. le,f).
CD11¢"B220™ DCs increased significantly in diseased mice
than in healthy mice (Fig. 1e), whereas there were no differ-
ences in CD11¢"B220" DCs among four groups (Fig. 1f).
Similarly, not CD11b™ but CD11b*CDs were increased in
diseased BSF, mice (data not shown). Because B220 is used
to distinguish conventional DCs (cDCs, B2207) and
plasmacytoid DCs (pDCs, B220"), these findings show that
¢DCs were involved in the development of GN.

Distribution of Gr-1" cells, MPO" cells and F4/80" cells
in normal and diseased kidneys

Because Gr-1* cells and F4/80* cells were correlated with
GN, we examined these populations histopathologically as
well as MPO* cells in normal and glomerulonephritic
kidneys with and without crescent formation (Fig. 2a—i).

Gr-1* cells were detected mainly within the glomerular
tuft (Fig. 2b,c, arrows). Gr-1" cells were also detected in
crescents to a lesser extent (Fig.2c, arrowhead), whereas
they were rarely observed in the peri-glomerular area and in
the interstitium (Fig. 2a—c).

As with Gr-17 cells, MPO" cells were found mainly in the
glomerular tuft (Fig. 2e,f, arrows), while they were rarely
found in the peri-glomerular area and in the interstitium
(Fig. 2d—f). These suggest that many of MPO" cells in the
kidney are Gr-1* cells.

F4/80" cells were present in the medullary and cortical
interstitium in healthy mice (Fig.2g). In mice with non-
crescentic GN, an increased presence of F4/80" cells was
demonstrated in the peri-glomerular area (Fig. 2h, arrow)
and in the interstitium. This was the case in mice with
crescentic GN to a greater extent, and F4/80" cells were
also detected in crescents (Fig. 2i). F4/80" cells in the
interstitium and peri-glomerular area were F4/80"¢" (Fig. 2i,
arrows), while those in crescents were F4/80" (Fig. 2i,
arrowheads).

Characteristics and the trafficking of F4/80" cells in
diseased kidney

Next we analysed the distribution of F4/80" cells in
glomerulonephritic kidney and compared kidneys of GN
with [Cr (+)] and without crescents [Cr ()] (Fig. 3).

As shown in Fig. 3a, more F4/80" cells were demonstrated
within crescents and around glomeruli in Cr (+) kidneys
than in Cr (—) kidneys. F4/80" cells were extensively present
in the medullarly interstitium, especially in nephritic mice
with crescents (Fig. 3b). Whereas F4/80" cell numbers in
crescents were not associated with interstitial F4/80" cells,
they associated positively with numbers of F4/80" cells in
PB (Table 2 and Fig. 4).
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Fig. 2. Distribution of Gr-17 cells,
myeloperoxidase (MPO) cells and F4/80" cells
in healthy and glomerulonephritic glomeruli
with crescents [Cr (+)] and without crescents
[Cr (=)]. Upper photographs: cortical
glomeruli, lower photographs: interstitium.
(a—c) Gr-17 cells were detected mainly within
the glomerular tuft (arrows). Gr-1* cells were
also detected in crescents to a lesser extent

MPO

(arrowhead), whereas they were rarely observed
in the peri-glomerular area and in the
interstitium. (d—f) As with Gr-1* cells, MPO*
cells were found mainly in the glomerular tuft
(arrows). They were detected occasionally in
crescents, while they were rarely found in the
peri-glomerular area and in the interstitium.
(g—i) F4/80" cells were present in the medullary
and cortical interstitium in healthy mice. In
mice with non-crescentic [Cr (—)] GN, an
increased presence of F4/80" cells was
demonstrated in the peri-glomerular area
(arrow) and in the interstitium. This was the
case in mice with crescentic [Cr (+)] GN to a
greater extent, and F4/80" cells were also
detected in crescents. F4/80" cells in the
interstitium and peri-glomerular area were

F4/80

F4/80"s" (arrows), while those in crescents were
F4/80"" (arrowheads). Original

magnifications x 200. Numbers of mice: healthy,
one; Cr (—) GN, three; Cr (+) GN, eight.

QTLs for aberrant increase of cDCs and pDCs

A genome-wide scan was performed to search non-Fas
QTLs for leucocytosis using MapManager QTX software
(Table 3). First, we tried to identify QTLs for increase of
DCs.

There were two QTLs on chromosome 1 predisposing to
the increase of whole DCs (Fig. 5a, upper row). One of
them was the region between DIMIT14 and DIMIT15, and
the other was the region between DIMIT134 and DIMIT9]I.
As shown in Fig. 5b, both of these QTLs derived from
SCG/Kj and were inherited in a recessive manner. We tried
to identify QTLs for cDCs and pDCs. Mapping of the QTL

QTLs for leucocytosis in crescentic nephritis

Cr (+) GN

Cr(-) GN

for increased pDC presented much lower LOD values than
those of total DCs in chromosome 1 (Fig. 5a, upper and
mid rows). Its highest LOD score for the region around
DIMIT15 was found, but it was not significant. However,
analysis of the QTL for increased cDCs created higher LOD
values than that of whole DCs for both regions represented
by DIMITI15 and DIMIT387 (Fig. 5a, upper and lower
rows). These facts indicate that QTLs for increased DCs on
chromosome 1 predominantly controls the frequency of
c¢DCs in PB. Intriguingly, these QTLs and our previously
reported GN-controlling SCG/Kj loci [8], Scg-1 and Scg-2,
shared their mode of inheritance and maximal likelihood
location on chromosome 1 (Fig. 5 and Table 3). Therefore,
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we tentatively call these QTLs Scg-1 and Scg-2 (Figs 5 and
6), respectively. Both these QTLs derived from SCG/Kj and
were inherited in a recessive manner (Fig. 5b,c).

A genome-wide search identified the susceptibility locus
for increased pDC on chromosome 17 (Fig.5a, right
column). It also derived from SCG/Kj and was inherited in

Table 2. Association between numbers of F4/80* cells in crescents and
those in peripheral blood and interstitium?.

F4/807 cells Correlation coefficients* P-values
Peripheral blood® 0-595 0-039
Interstitium? (cortex) 0-305 n.s.
Interstitium? (medulla) 0-544 n.s.

‘Number of mice: eight. *Strength of association between F4/80"
cells within crescents and those in peripheral blood or interstitium is
expressed as Pearson’s correlation coefficients (r) and P-values.
n.s. = not significant. "Numbers of F4/80" cells in peripheral blood at
the onset of glomerulonephritis (GN) (/ul). ‘Numbers of F4/80* cells
in 10 randomly selected high-power fields.
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Fig. 4. Numbers of F4/80" cell in crescents presented positive
correlation with F4/80" cell numbers in peripheral blood at the onset
of GN. Correlation coefficient and P-value derived from Fisher’s
transformation is presented. Number of mice: 12.
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a recessive manner (Fig. 5b,d). We tentatively denominate it
C17 [Fig. 5, right column of (a), (b) and (d)].

QTLs for aberrant increase of granulocytes and
macrophages/monocytes

Three loci linked to the increase of granulocytes and/or
macrophages/monocytes. Two QTLs were on chromosome
1; 1-log support interval and representative markers of
these QTLs resembled those of Scg-1/DIMIT15 and Scg-2/
DIMIT387. The corresponding QTLs exhibited significant
linkage to the granulocytosis and the
macrophages/monocytes (Fig. 6a, left column). These QTLs
derived from SCG/Kj and were inherited in a recessive
manner (Fig. 6b,c).

A QTL linked to the granulocytosis was segregated
around DI17MIT2]1. It may correspond to CI7. This QTL
inherited in a recessive mode (Fig. 6b). D17MIT21 did not
exert any effect on the macrophages/monocytes (Fig. 6¢).

increase of

The influence of Fas gene and epistatic interactions
between pairs of Fas and non-Fas QTLs

In a previous study, we observed the Fas is the major gene
controlling disease phenotypes [8]. In fact, this study also
revealed a significant difference between the frequency
of Fas genotypes in healthy mice (Fas**, 63; Fas™, 151,
Fas*”%, 15) and that in mice with GN (Fas**, 18; Fas™¥",
67; Fas¥™", 69; x*=80-5, P<0-0001) in BSF, mice. We
attempted to evaluate the effect of Fas mutation on increase
of ¢DCs, pDCs, granulocytes and macrophages/monocytes.
As shown in Fig. 7, all these four cells were increased signifi-
cantly in mice with Fas””*" more than in mice with other
genotypes. Because Fas”"" heterologous mice did not exhibit
more severe leucocytosis than Fas** mice, the effect of Ipr
mutation is inherited in a recessive manner.

To evaluate the possibility of epistatic interactions
between pairs of Fas, DIMIT15, DIMIT387 and D17MIT21,
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Table 3. Leucocytosis and their susceptibility non-Fas quantitative trait loci (QTLs).

QTLs for leucocytosis in crescentic nephritis

Chromosome Representative
Leucocytosis QTL and location® marker Allele* LODS® (trait) Variance® Candidate gene'
Total DCs, ¢cDCs, granulocytes Scg-1 1,76:25 cM DIMITI15 ss 6-5 (cDCs) 7% Fasl, 69-95 ctM
and macrophages/monocytes
Total DCs, ¢cDCs, granulocytes Scg-2 1,51-5cM DIMIT387 ss 5-1 (cDCs) 6% Bcl2, 49-76 cM
and macrophages/monocytes
pDCs and granulocytes C17 17,1798 cM DI7MIT21 ss 4-5 (granulocyte) 5% H2,17-98 <M
Tnf, 18-59 cM

fChromosome and cM location from the Mouse Genome Database (http://www.informatics.jax.org). ‘Genotypes of mice: s = spontaneous cres-
centic glomerulonephritis-forming/Kinjoh (SCG/Kj); b= B6. *Base-10 logarithm of odds (LOD) score in quantitative trait loci (QTL) analyses by
MapManager QTX in free regression model. *Percentage of trait variance calculated by MapManager QTX. "'cM location from the Mouse Genome

Database. DCs = dendritic cells; cDCs = conventional DCs; pDCs = plasmacytoid DCs.
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a systematic pairwise genome scan was performed using . .
Discussion

MapManager QTX (Table 4). Permutation tests (500 times)
showed that LOD scores needed for suggestive and signifi-
cant interaction were as follows: ¢cDCs, 8-1 and 24-9; pDCs,
7-8 and 25-8; granulocytes, 8-2 and 28-4; and macrophages/
monocytes, 6-9 and 10-3. Significant interactions between
Fas and DIMIT15 were detected for ¢cDCs, granulocytes and
macrophages/monocytes (Table 4). Interactions between
Fas and DIMIT1I5 for pDCs and interactions between Fas
and DIMIT387 were all suggestive. We found no suggestive
or significant interaction between DIMIT15 and DIMIT387
for leucocytosis. Interactions between Fas and three non-Fas
loci are shown in Fig. 8. It is suggested that there are syner-
gistic epistatic interactions between Fas and DIMITI15 and
between Fas and DIMIT387 (Fig. 8). Interactions between
pairs of non-Fas loci are shown in Fig. 9. Epistatic effects
between DIMITI5 and DI7MIT21 were suggestive to sig-
nificant (Table 4). Figure 9, mid-column, suggests that there
are antagonistic epistatic interactions between DIMITI5
and DI17MIT21.
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In this study, we demonstrated the following: (i) leucocyte
lineages correlated with GN, crescent formation and vascu-
litis; (ii) distribution of F4/80* and Gr-1* cells in
glomerulonephritic kidneys and their origins; and (iii)
mapping of three QTLs for GN-correlated leucocytosis as
well as their epistatic interaction.

Leucocytes related to AAV have been studied extensively
in human and rodents. T cells [14], granulocytes [6,15],
macrophages [16] and DCs [17] are reported to be involved
in AAV or CrGN. These reports are consistent with our
present data.

DCs have pivotal roles in immune system, and recent
studies have revealed that DCs are involved in renal disease,
GN [18], vasculitis [17] and ischaemic reperfusion injury
[19]. Correlation between DC increase and GN is partially
consistent with data from Krueger etal. [20], in which
blood-borne DCs are suggested to enter the inflamed
kidney. Moreover, DCs are activated and induced by
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neutrophil extracellular traps to produce ANCA and to
cause GN [17]. Amelioration of CrGN by DC-specific sup-
pressive drugs is more evidence for the crucial role of DCs
in CrGN [21]. The characterization of GN-correlated DCs
in our model needs further study.

Macrophages/monocytes are involved in CrGN and AAV,
and they are important as crescent-forming cells [16]. Renal
F4/80" cells are distributed in the medullary interstitium of
normal kidneys and also in the peri-glomerular area in
nephritic kidneys [20]. It was also shown that F4/80* cells

Table 4. Interacting quantitative trait loci (QTLs) for leucocytosis'.

are prominent in the interstitium and peri-glomerular area
in GN by anti-glomerular basement membrane (GBM)
antibody [22]. Interestingly, in these GN models, F4/80*
cells are not observed in crescents [20,22]. In our spontane-
ous CrGN model, F4/80* cells were present in crescent as
well as in the interstitium and peri-glomerular areas.
Numbers of F4/80* cells in crescents were correlated sig-
nificantly with F4/80* cell numbers in PB, but not with
those in the interstitium (Table 2 and Fig. 4). Inflammatory
monocytes are known to be released from bone marrow in

Leucocytes Locus 1* Locus 2* LOD total® LOD IX! LOD 1'f LOD 2f*
cDCs DIMIT387 DI7MIT21 88 38 4-8 0-2
DIMIT387 Fas 24-5 85 4-8 10-8
DIMIT15 DI17MIT21 9-4 35 56 0-2
DIMIT15 Fas 28-8 11-0 56 10-8
pDCs DIMIT387 Fas 8:0 3:0 1-0 4-0
DIMIT15 DI17MIT21 10-4 45 2:5 32
DIMIT15 Fas 11-2 44 25 4-0
Granulocytes DIMIT387 Fas 20-7 40 3-4 13-5
DIMITI5 DI7MIT21 13-9 4.7 4-8 42
DIMIT15 Fas 289 9-2 4-8 13-5
Macrophages/monocytes DIMIT387 D17MIT21 79 39 3.7 0-3
DIMIT387 Fas 97 2:9 37 32
DIMIT15 DI17MIT21 121 67 49 0-3
DIMITI5 Fas 14-7 6-0 4.9 32

fSummary of interacting QTLs for leucocytosis with suggestive to significant statistics calculated by 500 permunation tests with MapManager
QTX. *Interacting pairs of QTLs. *Combined likelihood of odds (LOD) for association. ‘LOD for interaction. ""LOD of main effects of loci 1 and 2.
LOD = logarithm of odds; cDCs = conventional dendritic cells; pDCs = plasmacytoid DCs.
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response to the signals of GN and they traffic to the
nephritic kidney [23]. However, Huang et al. reported that
F4/80* ‘resident macrophages’ increased in the interstitium
and peri-glomerular area in anti-GBM GN [24]. Resident
macrophages play an important role in tissue repair and are
characterized as F4/80"Gr-1"", whereas inflammatory/
exudative macrophages are characterized as F4/80™"Gr-1™
[24]. In our model, F4/80" cells in crescents were F4/80°"
compared with those in the peri-glomerular area and the
interstitium (Fig. 2), showing that F4/80" cells in crescents
are inflammatory/exudative macrophages. Taken together,
we consider that F4/80" cells in crescents are recruited by
bloodstream due to the nephritic signals, and their presence
is not because of the local proliferation in the kidney.

We identified Fas as QTL with profound effect on
leucocytosis. We also identified two QTLs (both on
chromosome 1, Scg-1 and Scg-2) for increase of cDCs,
granulocytes and monocytes/macrophages, and one
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QTL (on chromosome 17, C17) for increased pDCs and
granulocytes.

Previous reports have demonstrated loci related to auto-
immunity, Scg-1 [8], Slel [25], Bxs3 [26] and Nba2 [27] on
chromosome 1 adjacent to Scg-1/DIMIT15. These loci are
associated with the production of autoantibodies, GN, sple-
nomegaly [8,25,27], vasculitis [8] and loss of tolerance via T
cell abnormalities [28,29]. We note that the peak of the
LOD curve for ¢DCs, as well as the 1-LOD support interval
of Scg-1, is between DIMIT14 and DIMIT15 (Table 3). Fasl,
the structural gene of the Fas ligand, is a positional candi-
date gene. Apoptosis of DCs can occur during DC-T cell
cognate interaction via the Fas—Fasl signal [30]. Fasl is an
attractive candidate in light of the report by Stranges et al.
that Fas-dependent elimination of DCs was a major regula-
tory mechanism to inhibit autoimmune responses, and
DC-specific deletion of Fas was sufficient to cause systemic
autoimmunity [31].
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On chromosome 1 adjacent to Scg-2/DIMIT387 are pre-
viously defined loci, Scg-2/Man-1 [8], Sbwl [32] and Bxs2
[26].  Scg-2/DIMIT387 is  associated  with  the
hyperproduction of IgG and IgG-class autoantibodies
including MPO-ANCA [8,32], GN [8,26] and splenomegaly
[8,32]. One possible candidate gene for Scg-2/DIMIT387 is
Bcl2. Bcl2 is the gene encoding the anti-apoptotic protein
Bcl-2. Bcl-2 controls not only the lifespan of DCs but also T
cell priming by DCs [33]. Moreover, Izawa et al. reported
recently that bone marrow-derived DCs in MRL’" mice
could survive much longer than DCs from normal mice
through up-regulation of Bcl-2, and such accumulation of
mature DCs was one element of autoimmunity [34]. Bcl-2
over-expression also inhibits apoptosis and prolongs sur-
vival of myeloid cell line [35]. Bcl-2 contributes to the
development of resistance to apoptosis in monocytes

[36,37]. Bcl-2 can provide survival signals and differentia-
tion of autoreactive B cells in the murine lupus-like disease
model [38].

Therefore, Bcl-2 is a tempting candidate gene for Scg-2/
DIMIT387, as it may explain a variety of traits, such as
inhibited apoptosis of leucocytes, production of IgG-class
autoantibodies and development of GN.

C17 is represented by D17MIT21, which is adjacent to H2
[murine major histocompatibility complex (MHC)-I and
-II] and Tnf (Table 3). A recent study revealed that stimula-
tion by Toll-like receptors licences pDCs to cross-present
exogenous antigens by MHC-I, consequently generating
effector T cells [39]. With regard to granulocytes, Culshaw
et al. reported that murine neutrophils could also present
antigens to T cells in a MHC-I- and -1I-dependent manner
[40]. These interactions between pDCs or granulocytes and
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T cells may also stimulate pDCs or granulocytes. Tnf, the
gene encoding tumour necrosis factor alpha, is another
attractive candidate gene for proliferation of granulocytes
[41].

This study could not determine whether independent
candidate genes for leucocytosis were in these QTLs, or if
candidate genes only controlled tissue inflammation and
leucocytosis was caused secondarily. The latter hypothesis is
plausible, because it can explain why QTLs on chromosome
1 shared chromosomal location and the mode of inherit-
ance. To clarify the roles of each QTL, the interval congenic
mice for each QTL should be established and back-crossing
is now ongoing in our group.

The elucidation of disease-susceptibility genes and
pathogenic leucocytes in the murine model provides impor-
tant information for the prediction of genes and therapeu-
tic targets in human disease. Further characterization of the
disease susceptibility loci in this work will provide clues in
the pathogenesis and development of new therapies for
human vasculitis.
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