2230

Mivazawa et al: Role of mast cells in renal fibrosis

Table 1. Nucleotide sequences of the polymerase chain reaction (PCR) primers, the expected sizes of the amplified products, annealing
temperature, and cycle numbers of PCR reactions

Annealing

Primers Product temperature Cycles

RMCP I 5" primer 5-ACGAAAGTTACAACTCCGTTC-3 475bp 60°C 32
3 primer 5-GTGTCTCAAGCAGGTCAGG-3 -

RMCPV 5 primer 5-GTCTATAACCGTCCTCCTAG-3 381 bp 54°C 38
3 primer S-TTTTGCATCTTCTTGOGGTTG-Y

RMCP VI 5 primer 5'-GGCCATCCTACCAGTCAACAC-Y 341 bp 60°C 30
¥ primer 5-CACCATTGAGTTGAGCTTTGCG-3

GAPDH 5" primer 5-GGGAGCCAAAAGGGTCATCATCTC-3 516 bp 64°C 18
3’ primer 5'-CCATGCCAGTGAGCTTCCCGTTC-3

All of the PCR reactions were performed as described in the Methods section,

Collection of Cell Cultures (Salisbury, UK) and main-
tained in Dulbecco’s modified Eagle’s medium (Invitro-
gen, Grand Island, NY, USA) supplemented with 10%
fetal calf serum (FCS), glutamine, and nonessential
amino acid equilibrated with 5% CO;-95% air at 37°C.
For experiments, cells grown to 80% confluence in
100-mm dishes were exposed to fresh medium with or
without 100 pg/mL heparin (sodium salt; Sigma) for
6 hours and then used for RNA preparation.

Reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA fractions were prepared from pieces
of renal cortex or cultured cells by the guanidinium
thiocyanate-phenol-chloroform method [27], and 5 g of
RNA was reverse-transcribed by use of oligo(dT) primers
in 20 uL of buffer as previously described [28]. For the
analysis of levels of mRNA for RMCPs I1, V, and VIII,
1 pL of this reaction mixture containing the cDNA was
amplified by PCR in 50 uL of 10 mmol/L Tris-HCI {pH
9.0) containing 50 mmol/L KCl, 1.5 mmol/L MgCl;, 5 and
3 primers (Table 1}, and Taq DNA polymerase (Promega,
Madison, WI, USA). Aliquots were electrophoresed on
a 2% agarose gel and visualized with ethidium bromide
under ultraviolet illumination. For the quantitative mea-
surement of cytokine mRNA levels, real-time PCR was
performed by using an ABI PRISM 7700 Sequence De-
tector and TaqgMan® Pre-Developed Assay Reagents
for Gene Expression Quantification System (Applied
Biosystems, Foster City, CA, USA). Using multiple re-
porter dyes, we assayed the mRNA levelsof each cytokine
and endogenous control (GAPDH) in the same tube and
expressed cytokine mRINA levels as the ratio relative to
the endogenous control. '

Hydroxyproline analysis

The amount of hydroxyproline in the renal cortex
was measured according to Kivirikko et al [29] as an
index of collagen content. At sacrifice, pieces of re-
nal cortex for the hydroxyproline assay were weighed,
snap-frozen in liquid nitrogen, and stored at —80°C for

subsequent use, The samples were hydrolyzed in 1 ml,
of 6N hydrochloric acid at 110°C for 18 hours in tightly
capped tubes. After the hydrolysates had been neu-
tralized with sodium hydroxide, their hydroxyproline
content was assessed colorimetrically at 560 nm with
p-dimethylaminobenzaldehyde. Results were expressed
as ng per mg wet renal cortex.

Statistical analysis

Allvalues were expressed as the mean £ SD. Datawere
analyzed by the Mann-Whitney U test, and a difference
with a value of P < 0.05 was considered to be statistically
significant.

RESULTS
PAN nephrosis in Ws/Ws and +/+ rats

In PAN nephrosis model induced by uninephrectomy
and subsequent administration of PAN, increases in uri-
nary protein excretion and BUN level were observed in
both mast cell-deficient Ws/Ws and their control (+/+)
littermates; there was no difference in either parameter
between the two groups (Fig. 1). At 6 weeks, the level of
urinary protein excretion markedly decreased because of
the loss of functioning nephrons (end-stage renal failure).

Renal fibrosis induced in Ws/Ws and +/+ rats by PAN

Interstitial fibrosis occurred in both PAN-treated
Ws/Wsand +/+ ratsat 2 weeks at the border of the cortex-
medulla. A significant expansion of the fibrotic area was
observed at 6 weeks in both strains. Unexpectedly how-
ever, the fibrosis was more severe in the Ws/Ws rats than
in their +/4 littermates (Fig. 2). No obvious fibrosis was
observed in the control animals. The magnitude of fibrosis
was semiquantitatively determined with light microscopy
(Fig. 3). The degree of fibrosis was similar in both groups
at 2 weeks, but was greater in Ws/Ws rats than in +/+ rats
at 6 weeks.

To confirm these histologic results, we measured the
hydroxyproline content in the renal cortex (Fig. 4). At
2 weeks, although the content of this collagen marker
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Fig. 1. Clinical course of puromycin aminonucleoside (PAN) nephro-
sis in Ws/Ws and +/4 rats. Blood urea nitrogen (A4), urinary protein
excretion (B). Conirol +/+ (O); Control Ws/Ws (M); PAN-treated +/+
{); PAN-treated Ws/Ws rats (w).

in PAN-treated animals was slightly higher than that in
control animals, the difference was not statistically sig-
nificant; and the level was similar in PAN-treated Ws/Ws
and +/+ rats. At 6 weeks, the content was significantly
greater in PAN-treated animals than in control animals,
Moreover, the level in the PAN-treated Ws/Ws rats was
significantly higher than that in the PAN-treated +/+ rats.
Thus, the fibrotic changes in the interstitium assessed by
both histologic and biochemical methods were greater in
Ws/Ws rats than in their +/+ littermates.

Interstitial mast cells in PAN-induced nephrosis

Mast cells were immunohistochemically identified by
their immunoreactivity, indicating the presence of RMCP

I, a specific marker for mast cells [30, 31]. An almost
complete absence of mast cells in the skin of Ws/Ws rats
was confirmed by immunostaining for RMCP 1 (data not
shown). Practically no mast cells were detectable in the
kidney of contro! Ws/Ws and +/+ rats. However, in the
kidney tissues of PAN-treated +/+ rats, mast cells were
observed in the interstitium, where they showed a scat-
tered distribution (Fig. 3A). Most were localized in the
peritubular region (Fig. 5B).

To confirm the increase in the number of mast cells in
the kidney, we also examined mRNA levels of other spe-
cific markers for mast cells (i.e., RMCPs II, V, and VIII).
By RT-PCR analysis, mRNAs for all of these proteases
were consistently found in disease-induced rats, but not
in control rats, by the experimental procedures used
(Fig. 6).

The time-kinetics of the number of interstitial mast
cells determined by immunohistochemistry is illustrated -
in Figure 7. After administration of PAN, the number
of mast cells increased significantly in both Ws/Ws and
+/+ rats, but was lower in the former than in the lat-
ter. While the number of mast cells gradually increased
in PAN-treated +/+ rats with the expansion of the in-
terstitial fibrosis, the number in PAN-treated Ws/Ws rats
decreased with the continued expansion. The number in
PAN-treated Ws/Ws rats was one half at 2 weeks and one
fifth at 6 weeks compared with that in the PAN-treated
+/+ rats.

Other interstitial cells in PAN-induced nephrosis

Because thymocytes are ¢-kit—positive cells, the defect
in c-kit carried by Ws/Ws rats could potentially affect
T-cell development, although there have been no reports
showing such T-cell deficits. It is also known that myofi-
broblasts express ¢-kit [32]. To clarify the influence of the
¢-kit deletion in these types of cell in the kidney of Ws/Ws
rats, we examined the levels of monocytes/macrophages,
CD4-, CD8—, and a—SMA-positive cells in the inter-
stitium {Table 2). Low numbers of these types of cells
were detected in the interstitium of the control animals.
After the disease induction, their numbers increased in
both Ws/Ws and +/+ rats, but there were no differences
in them between the two strains. Most of the mono-
cyte/macrophages and CD4—~ and CD8~ positive cells
were found in the interstitial lesion in clusters, especially
in the area around glomeruli and disrupted tubuli, and
the localization was different from that of the mast cells.

Cytokine mRNA levels in renal cortex

To investigate the possible mechanism for the increase
in fibrosis in these Ws/Wsrats, we measured mRNA levels
of cytokines that might affect the progression of fibrosis.
As shown in Figure 8, the levels of mRNA for two poten-
tially profibrotic cytokines, TGF-B and interleukin (IL)-4,
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Fig. 2. Representative histologic changes in the kidney in puromycin aminonucleoside (PAN) nephrosis, Kidney tissues were obtained at 6 weeks
from PAN-treated +/+ rats (A) and PAN-treated Ws/Ws rats (B). Masson-trichrome staining. Original magnification %100,
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Fig. 3. Semiquantification of the fibrotic interstitium in puromycin
aminonucleoside (PAN) nephrosis. Kidney tissues were obtained at
2 and 6 weeks from PAN-treated +/+ and Ws/Ws rats. * P < 0.05.

were higher in the Ws/Ws rats than in the +/+ ones. The
differences between the two groups in the level of TGF-B
mRNA at 2 weeks, and in that of IL-4 mRNA at 6 weeks,
were statistically significant. There were no differences
in mRNA levels of IL-2, IL-10, and interferon (IFN)-y
in the renal cortex between the two strains. These results
suggest that the enhanced production of TGF-p and/or
IL-4in Ws/Ws rats may have caused the enhanced fibrosis
in the kidney.
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Fig. 4. Hydroxyproline content in renal cortex of rats with puromyein
aminonucleoside (PAN) nephrosis. Control +/4 (0): control Ws/Ws
(m}, PAN-treated +/+ (I5); PAN-treated We/Ws rats (m). *P < 0.05;
P <001,

Effect of heparin on the expression of TGF-$1 mRNA
in renal fibroblast in culture

Although mast cells have been shown to produce TGF-
B and IL-4 in culture [9], they also produce other cy-
tokines and factors that may modulate the production of
these cytokines by other types of cells. Heparin is a major
component stored in secretory granules of mast cells and
is known to influence cytokine production in culture [33].
Therefore, using a cell line of interstitial fibroblasts de-
rived from normal rat kidney, we investigated if heparin
could influence the production of TGF-§ in culture. As
shown in Figure 9, the expression of TGF-§ mRNA in
renal fibroblast was inhibited by heparin.

DISCUSSION

In progressive human glomerular diseases, regard-
less of their type, the number of interstitial mast cells
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Fig. 5. Immunostaining for rat mast cell protease (RMCP) I, a specific marker for mast cell, in puromycin aminonucleoside (PAN) nephrosis.
Representative kidney sections obtained at 6 weeks from PAN-treated +/+ rats are shown. RMCP I-positive cells with a scattered distribution are
seen in the interstitium (A). These cells are mostly located in the peritubular region (8). Original magnification, x100 (A} and %200 (B).

Nephrectomy and PAN injection

Fig. 6. Expression of mRNA for rat mast cell proteases (RMCPs) 11,
V, and VIIL. RNA extracted from 3 animals of each group [2-week
puromycin aminonucleoside {PAN)-treated +/+ rats and control +/+
rats] was used for reverse transcription-polymerase chain reaction (RT-
PCR) analysis. Each lane represents the mRNA expression of each
animal. The GAPDH band is shown as the internal control.

increases as interstitial fibrosis expands [14, 15, 17]. The
present study has demonstrated that in PAN nephrosis,
a rat model of progressive glomerular disease, the num-
ber of interstitial mast cells also increased concomitant
with the expansion of interstitial fibrosis. We also found
that the number of interstitial mast cells increased in the
crescentic glomerulonephritis model in Wistar Kyoto rats
(our unpublished observations). These results indicate
that, like in humans, mast cells accumulate in the inter-
stitial area in progressive renal diseases in rats when in-
terstitial fibrosis develops.

Because PAN nephrosis can be induced in any strain
of rat, using mast cell-deficient Ws/Ws rats, we then in-
vestigated the suggested causal link between mast cell
accumulation and interstitial fibrosis. Unexpectedly, in-
terstitial fibrosis was markedly worse in these rats.
Although mast cells were not completely absent in the
diseased kidney of Ws/Ws rats, their number at 6 weeks
in PAN-treated Ws/Ws rats was approximately one fifth
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Fig. 7. Numbers of interstitial rat mast cell protease (RMCP) I-positive
cells in puromycin aminonucteoside (PAN) nephraosis. Control +/+ (0);
control Ws/Ws (B); PAN-trcated +/+ (D); PAN-treated Ws/Ws rats (m).
*P <005,

of that in the PAN-treated control littermates. Because
it was shown that the number of mast cells in the whole
body of Ws/Ws rats is decreased by aging [23], we consid-
ered that the decrease in the number of interstitial mast
cells from 2 to 6 weeks in the rats resulted from aging
and is irrelevant to the development of interstitial fibro-
sis. The observed interstitial mast cells in the Ws/Ws rats
may have resulted from the accumulation of the remain-
ing small number of mast cells from other parts of the
body [34]. In contrast, there were no differences between
the two strains in the levels of interstitial T lymphocytes
and myofibroblasts, two types of cell that could be af-
fected by the c-kit gene mutation in Ws/Ws rats. Taken
together, these results suggest that the reduction in the
number of interstitial mast cells in Ws/Ws rats resulted
in the exacerbation of interstitial fibrosis in this model.
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Table 2. Interstitial cells in +/4 and Ws/Ws rats at 6 weeks

Control PAN nephrosis
+i+ Ws/Ws +i+ Ws/Ws
ED-1 (monocytes/macrophages)* 8384133 80.0 £ 10.6 570.0 £ 40.1 59201463
W3/25 (CD4™ cells)? 1574 £ 144 165.8 £ 11.8 593.9+424 580.0 + 36.0
OX8 (CD8™ cells)? 21.1+103 16.6 £ 4.8 1165+ 127 1128 +12.6
a-SMA (myofibroblast)? 12403 13+03 11.6+1.1 105433
a-SMA, alpha-smooth muscle actin,
2Data are the numbers of interstitial cells per mm? expressed as mean + $D (N = 5).
*Data are % interstitial positive area expressed as mean £ 5D (N = 5).
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Fip. 8. Expression of cytokine mRNA levels in renal cortex of rats with puromycin aminonucleoside (PAN) nephrosis. Data are expressed as the
ratio to the internal control. PAN-treated +/+ (0): PAN-treated Ws/Ws rats (m). *P < 0.05.

It was demonstrated earlier that myofibroblast prolifera-
tionis paralleled by or precedes the development of inter-
stitial fibrosis in human and animal models [35], but the
result of the present study is not consistent with those pre-
vious studies. It could be possible that there is some un-
known effect that originated from the mutated c-kif gene
that changed the functions of myofibroblasts in Ws/Ws
rats. In addition, we cannot exclude the possibility that
the mutated c-kit gene causes other abnormalities than
mast cell deficiency, although there have been no reports
so far that show such defects in Ws/Ws rats except for
anemia in their early life [23].

Our present study using mast cell-deficient Ws/Ws is
the first one to our knowledge to reveal the role of mast
cells in renal fibrosis. There have been some earlier stud-
ies in which the involvement of mast cells in fibrosis of
lung [36,37], liver [36, 38], and skin [39, 40] was examined
by using mast cell-deficient W/W" mice and/or Ws/Ws
rats. Some of these studies showed no difference in the
magnitude of fibrosis between the mast cell-deficient an-

imals and their control +/+ littermates, which suggested
that mast cells do not appear to be necessary for the in-
duction of fibrosis. In the present study, our histologic and
biochemical analysis revealed that the fibrosis was more
severe in Ws/Ws rats than in +/+ littermates at 6 weeks
after the induction of PAN nephrosis. These data are con-
sistent with other studies on lung [36, 37] and liver [36]
fibrosis, which showed that the increase in the hydrox-
yproline content of the tissues of deficient animals was
greater than that in control +/+ littermates.

The mechanism by which greater renal interstitial fi-
brosis occurred in Ws/Ws rats with PAN nephrosis is
unclear. We investigated the possibility that levels of cy-
tokines that potentially enhance directly or indirectly the
progression of fibrosis are changed in Ws/Ws rats with
PAN nephrosis. The cytokines tested in this study in-
cluded Thl and Th2 cytokines, the balance of which is sug-
gested to affect fibrotic changes [41]. Our results showed
that mRNA levels of TGF-B and IL-4 were higher in
Ws/Ws rats than in controls in the PAN nephrosis model,
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suggesting that the deficiency of mast cells {i.¢., in Ws/Ws
rats) may have caused an increase in their expression,
resulting in more fibrosis in the Ws/Ws rats,

Mast cells contain a variety of mediators that have been
shown to directly or indirectly affect the progression of
fibrosis in tissues [42]. Although mast cells have been
shown to produce TGF-p and IL-4 in culture [9], they
also produce other cytokines and factors that may modu-
late cytokine production by other types of cells. Heparin,
a major component stored in secretory granules of mast
cells, was shown to have effects on cell proliferation [43]
and cytokine production [33], both of which are involved
in the pathogenesis of fibrosis. Heparin was also shown to
inhibit DNA synthesis by human renal fibroblasts when
added alone, although it enhanced DNA synthesis when
added with tryptase, a proteolytic enzyme secreted by
mast cells [44]. The present study demonstrated that hep-
arin inhibited the gene expression of TGF-f, the most
potent fibrogenic cytokine, in renal fibroblasts in culture.
A recent study also demonstrated that heparin inhibited
the production of TGF-p by cultured human proximal
tubular epithelial cells, another source of the cytokine
in diseased kidney [45]. Therefore, it is conceivable that
heparin secreted from mast cells may inhibit TGF-p pro-
duction by these cells in the diseased kidney and that this
action may have contributed to the less fibrosis in the con-
trol +/+ littermates in the PAN nephrosis model. We also
tested the effect of heparin on IL-4 production by these
cells, but the production level was very low, and thus the
effect of heparin could not be detected (our unpublished
observation),
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The results of the present study using mast cell-
deficient animals seem to be in conflict with a suggested
role of mast cells in renal diseases. The profibrogenic role
of mast cells has been proposed mostly based on histo-
logic observations of clinical samples and results of in
vitro studies using cultured cells [14-20, 44]. However,
the histologic studies only showed a correlation between
the two phenomena, mast cell accumulation and fibro-
sts, and do not provide evidence of a causal link between
them. In vitro studies, on the other hand, give data on the
potential effects of mast cells or their secretory compo-
nents on fibrosis, but do not provide information about
the overall effect of mast cells. Even if whole components
stored in mast cells or mast cells themselves are used in a
culture system, one cannot provide all cells and extracel-
lular circumstances of the kidney in the in vitro system.
Further studies are needed to elucidate the role of mast
cells in the mechanism of fibrosis, but we consider that
experiments using animal models as well as intervention
studies in humans will be necessary to assess the effect of
mast cells as a whole on fibrosis.

In the kidney of the animal models of glomerular
diseases we tested, mast cells were localized in a scat-
tered distribution in the interstitium, whereas interstitial
mononuclear cells (MNC), mostly consisting of mono-
cytes/macrophages and T lymphocytes, were present in
clusters. In human glomerular diseases on the other hand,
mast cells were restricted to the area of interstitial fibrosis
where only a few T lymphocytes and macrophages were
concomitantly present, but were rarely found in the in-
terstitial lesion where the influx of MNC was pronounced
(our unpublished observations). This interstitial influx of
MNC presumably precedes the interstitial fibrosts and
is suggested to be involved in the mechanism of fibrotic
changes [46]. Therefore, in consideration of these find-
ings, together with the results of the present study, it is
conceivable that mast cells are not involved in the devel-
opment of fibrosis because of their absence in prefibrotic
lesions in contrast to T lymphocytes or macrophages, but
are attracted in fibrotic lesion and possibly participate in
the attenuation or resclution of the fibrotic lesions. Un-
fortunately, in the rodent models it was rather difficult
to discriminate prefibrotic lesions from established areas
of fibrosis, probably because of the short duration and/or
acute inflammation after the disease onset.

CONCLUSION

In the present study, we investigated the role of
mast cells in the development of renal fibrosis by us-
ing mast cell-deficient rats. In human studies, mast cells
are thought to be one of the cell types contributing to
the interstitial fibrosis. However, it could be mentioned
from our data that mast cells are not simply fibrogenic.
Rather, they might have a potential to be protective or
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ameliorative in this model and possibly in other models
and also in humans.
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Abstract Type 2 diabetes mellitus is a heterogeneous
disorder, and the development of type 2 diabetes mell-
itus is associated with both insulin secretion defect and
insulin resistance. The primary metabolic defect leading
to type 2 diabetes mellitus has been thought to be varied
among populations, especially in Japanese and Cauca-
sians. Here, we have done the genome-wide scan for type
2 diabetes mellitus using 102 affected Japanese sib-pairs
to identify the genetic factors predisposing to type 2
diabetes mellitus, Nonparametric linkage analysis
showed one suggestive evidence for linkage to 1lpl3-

p12 [D115905: two-point maximum LOD score (MLS)
of 2.89 and multipoint MLS of 2.32] and one nominally
significant evidence for linkage to 6ql5-ql6 (D6S462:
two-point MLS of 2.02). Interestingly, the 11pl3-pl2
region was reported to be a susceptibility locus for
Japanese type 2 diabetes mellitus with suggestive evi-
dence of linkage, and DII15905 was within 5cM to
D115935% with the highest MLS in the previous linkage
analysis reported. The only overlapped susceptibility
region with suggestive evidence of linkage for Japanese
type 2 diabetes mellitus was DJ1S935-D115905 among
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the three reports including this study. These results ta-
ken together suggest that a susceptibility gene for type 2
diabetes mellitus in Japanese will reside in 11pl13-pl2.

Keywords Type 2 diabetes mellitus - Japanese -
Affected sib-pairs - Linkage - Chromosome 11p

Introduction

Type 2 diabetes mellitus is one of the most common
diseases, and its prevalence is dramatically increasing
worldwide (Zimmet et al. 2001). Type 2 diabetes mellitus
is a heterogeneous disorder, and the development of type
2 diabetes mellitus is associated with both insulin
secretion defect and insulin resistance. Japanese patients
with type 2 diabetes mellitus were reported to be char-
acterized by a lower body mass index (BMI) and lower
fasting insulin levels than other populations (Ehm et al.
2000). Insulin secretion defect is thought to be the pri-
mary defect in Japanese (Kadowaki et al. 1984) whereas
impaired insulin sensitivity is the first metabolic defect
predisposing to the development of type 2 diabetes
mellitus in Caucastians (Martin et al. 1992). These find-
ings suggest that Japanese individuals with type 2 dia-
betes mellitus will have a different genetic risk factor,
which affects the responsiveness of insulin secretion to
glucose, from other populations. Therefore, we need to
identify the susceptibility genes for the development of
type 2 diabetes mellitus in Japanese to start a primary
prevention based on genetic information and to develop
the personalized medicine for type 2 diabetes mellitus in
Japanese. So far, two whole-genome linkage analyses
were carried out using 224 affected sib-pairs (ASPs) from
159 Japanese families (Mori et al. 2002) and 256 ASPs
from 164 Japanese families (Iwasaki et al. 2003), besides
the analysis of 45 ASPs from 18 Japanese American
families {Ehm et al. 2000). The Japanese pecple may
have advantages in the genetic analysis of polygenic
disorders like diabetes since they are supposed to be a
relatively homogeneous population. However, the two
previous reports on the ASP analysis in Japanese did not
give good overlapping regions, except for 6p and 2q, and
it has been argued that the replication by the third panel
is indispensable for genetic susceptibility loci in Japa-
nese. Here, we have carried out the third whole-genome
linkage analysis on 102 ASPs from 102 Japanese families
to identify the susceptibility loci for the development of
type 2 diabetes mellitus.

Subjects and methods

One hundred and two ASPs with type 2 diabetes
mellitus from 102 families were collected mainly from
the Kyushu region in southwestern Japan. Parents and
other siblings were not available in this study. The
participants were interviewed and examined and gave
written informed consent. This project was approved
by the ethics committees of the related institutes. The
diagnosis of type 2 diabetes mellitus was made based on
the American Diabetes Association’s 1997 criteria (Expert
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Fig. 1 (Continued)

Committee on the Diagnosis and Classification of Diabe-
tes Mellitus 1997).

Genomic DNA was isolated from peripheral blood
cells using QIAamp DNA Blood Midi Kits (Qiagen).
Autosomal whole-genome screening of 382 microsatel-
lite markers (ABI PRISM Linkage Mapping Set Ver-
sion 2.5-MD10) was performed using an ABI 3730
automatic sequencer (Applied Biosytems). Analyses and
assignment of the marker alleles were done with ABI
PRISM GeneMapper Software Version 3.0, and 376
markers were available for the linkage analysis. Non-
parametric two-point and multipoint linkage analyses
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Table 1 Results of linkage analysis of type 2 diabetes mellitus and
markers showing evidence of linkage

Marker cM? Analysis MLS P

D6S462 89 Two-point 2.02 0.0097

DII1S905 54 Two-point 2.89 0.0013
Multipoint 2.32 0.0043

“The distance of the marker form the p-terminal end of the chro-
mosome in ¢M

were performed with the MAPMAKER/SIBS program
(Kruglyak and Lander 1995), as described (Sakai et al.
2001). Heterozygosities of the markers were estimated
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with Merlin program (Abecasis et al. 2002) for all
individuals.

Results and discussion

Whole autosomal genome linkage analysis using the
ASP method with 382 microsatellite markers was carried
out on 102 Japanese ASPs with type 2 diabetes mellitus.
In this study, the average heterozygosity of the markers
used was 0.72. Multipoint linkage analysis at all auto-
somal chromosomes using the MAPMAKER/SIBS
program revealed only one region on chromosome 1lp
where the MLS was > 1 (Fig. 1). The highest multipoint
MLS was 2.32 (P=0.0048) at DIIS905 (Fig. 1, Ta-
ble 1). On the other hand, two-point linkage analysis
revealed two markers, D/IS905 (MLS=2.89,
P=0.0013) and D65462 (MLS=2.02, P=0.0097), with
evidence of linkage to type 2 diabetes mellitus (Table 1).
Although the heterozygosity of DI715905 was 0.30 in this
study, it was 0.75 and 0.60 in our two reports using
ASPs (Sakai et al, 2001; Aoki et al. 2004), indicating that
D115905 itself will be useful in the genetic analysis in
terms of heterozygosity in the Japanese population, and
particular alleles of DI75905 might be associated with
type 2 diabetes mellitus. The 11pl13—pl2 region was re-
ported to be linked to Japanese type 2 diabetes mellitus
specifically, in which multipoint analysis showed the
highest MLS of 3.08 near DI1S935 (Moni et al. 2002).
The distance between DJ1S905 and DI1S935 is about
5 ¢cM. These findings together suggest that the 11pl3-
pl12 region will be a susceptibility region for Japanese
type 2 diabetes mellitus.

In addition to DII15905, one nominally significant
evidence of linkage was detected at D65462 (MLS of
2.02) by two-point analysis. However, the multipoint
MLS at D65462 was 0.08, and two other reports did not
show evidence of linkage to this region (Mori et al. 2002;
Iwasaki et al. 2003), suggesting that 6g15-ql6 might not
be a susceptibility region for type 2 diabetes mellitus,
Two susceptibility regions for type 2 diabetes mellitus in
Japanese, chromosome 2 (236.8 ¢M) and chromosome 6
(42.2 cM), were reported to be overlapped between the
two previous linkage studies (Iwasaki et al. 2003).
However, the MLS at these two loci were <1 (Iwasaki
et al. 2003). Among the threc reports including this
study, the overlapped susceptibility region with sugges-
tive evidence of linkage for Japanese type 2 diabetes
mellitus was D[18935-D11S905 only.

In conclusion, we have reconfirmed that the evidence
of linkage for type 2 diabetes mellitus in Japanese to
11p13-pl2 and 11p13-p12 will be a promising region for
future studies on identification of susceptibility genes for
type 2 diabetes mellitus in Japanese.
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versity), Minako Imamura (Kyushu University), Hide-
hiro Ishii (Kitakyushu Municipal Medical Center), Eiji
Kawasaki (Nagasaki University), Kunihisa Kobayashi
(Kyushu University), Ichiro Komiya (University of the
Ryukyus), Shiori Kondo (Matsuyama Red Cross Hos-
pital), Yasuko Kono (Imamura Hospital), Nobuyuki
Koriyama (Kagoshima University), Minoru Kurivama
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(Fukuoka Medical Association Hospital), Isao Morim-
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Sekiguchi (Kyushu University), Yasunori Sera (Sasebo
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Abstract: We have established an animal model of coronary arteritis which is histopathologically similar to
that observed in cases of Kawasaki disease (KD), is a well-known childhood vasculitis syndrome. Coronary
arteritis in this mouse model has been induced by intraperitoneal injection of Candida albicans-derived
substances (CADS). Arteritis varied by mouse strain with the highest incidence by 71.1% (27/38) found in
C3H/HeN mice, but absent in CBA/JN mice (0%, 0/27), suggesting association of genomic background to
develop the disease. The present study aims to elucidate the susceptibility loci associated with coronary
arteritis by using this animal model. The association of the onset of arteritis with polymorphic microsatel-
lite markers between the two strains was examined using one hundred and fifteen of N1 backcross progeny
[(CBA x C3H)F1x C3H]. Based on our analysis, arteritis-susceptibility loci with suggestive linkage were
mapped on DIMit171 and DIMit245 (map position 20.2 cM) on chromosome 1 (P=0.0019). These loci
include several kinds of inflammatory cytokine receptors, such as interleukin 1 receptor and tumor necro-
sis factor receptor. We also found the cytokine response against CADS, levels of inflammatory cytokines
interleukin-1p, tumor necrosis factor-a, and interlenkin-6 in sera increased within 24 hr after CADS
injection. Our results may indicate based on genomics that ligand-receptor interaction between these

inflammatory cytokines and the receptors of these cytokines may affect the onset of arteritis.

Key words: Kawasaki disease, Arteritis, Candida albicans, Interleukin 1 receptor, Chromosome mapping

Kawasaki disease (KD) is an acute febrile mucocuta-
neous syndrome with systemic vasculitis mainly affect-
ing infants and small children. The principal symptoms
of KD are fever, congestion of ocular conjunctivae, red-
dening of lips and oral mucosa, swelling and reddening
of palms and soles followed by peeling of skin,
swelling of cervical lymph nodes coincidentally with
systemic vasculitis (9). Inflammation of medium-sized
muscular arteries, especially the coronary artery, is
commonly associated with this disease. Ischemic heart
disease with thrombotic occlusion, originating from
coronary arteritis is a severe complication of KD,
Histopathologically, it was reported that arteritis defined

*Address correspondence to Dr. Toshiaki Oharaseki, Depart-
ment of Pathology, Ohashi Hospital, Toho University School of
Medicine, 2-17-6 Ohashi, Meguro-ku, Tokyo 153-8515, Japan.
Fax: +81-3-3468-1283. E-mail: oharasek @muc.biglobe.ne.jp
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as ‘productive granulomatous inflammation’ was typical
in KD cases (15, 19). This type of inflammation con-
sists of dense infiltration of both neutrophils and histio-
cytes accompanied with a few lymphocytes. - Mecha-
nisms of developing arteritis in the patients with KD

Abbreviations: CADS, Candida albicans derived substances:;
¢M, centi-morgan; ELISA, enzyme-linked immunosorbent
assay; EvG, Elastica van Gieson; HE, hematoxylin and eosin;
[FN-y, interferon-y; IL, interleukin; #11r1, interleukin-1 receptor
type 1; H1r2, interleukin-1 receptor type 2; KD, Kawasaki dis-
ease; MCLS-6, mucocutaneous lymphnode syndrome-6; MPO,
myeloperoxidase; MPO-ANCA, myeloperoxidase-antineu-
trophilic cytoplasmic antibody; PCR, polymerase chain reaction;
QTL, quantitative trait of loci; TNF-¢t, tumor necrosis factor o
Tnfrsflb, TNF receptor superfamily member 1b; Tnfrsf8, TNF
receptor superfamily member 8; Tnfrsf9, TNF receptor super-
family member 9.
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remain to be determined; however, there are some
reports that coronary arteritis is affected by genetic
polymorphism of several kinds of inflammatory
cytokines, such as tumor necrosis factor o (TNF-ot) (8),
and interteukin-6 (IL-6) (7). Appropriate animal models
of KD will allow for the clarification of the mechanisms
governing the development of arteritis, and possibly,
specific treatments for this disease. One of the animal
models of arteritis that exist is the MRL/lpr mouse
model. It is the standard animal model for studying
systemic lupus erythematosus, with a common afflic-
tion to spontaneous arteritis. In MRL/lpr mice, some
genes associated with arteritis have been elucidated (3).
Recently, it was reported that arteritis in different tis-
sues were under the control of different susceptibility
loci (21).

Some infectious microorganisms, such as Staphylo-
coccus aureus (11), Streptococcus sanguis (16), Strepto-
coccus pyogenes (22), and Rickertsia (6) have been con-
sidered likely etiology candidates for this disease,
though the primary causes remain unclear. These
microorganisms are considered to act as the initial trig-
ger for the development of arteritis in the patients with
KD. Therefore, the initial trigger by an infectious
microorganism is necessary for ideal model of KD to
induce arteritis. However, this spontaneous arteritis
model may not be well suited as an animal model for
KD. On the other hand, Murata (13) has established a
unique arteritis model that has been evaluated as an ani-
mal medel of KD. In this model, arteritis induction is
ascertained by injecting mice with alkaline extract of
Candida albicans as an experimental arteritis. It should
be noted that the quantity of this yeast was observed to
be in elevated in stool samples of KD patients (14).
The histology of this experimental arteritis model is
similar to that of an autopsy case of KD (2). In this
model, genetics in mice may have an influence on the
development of arteritis. It was shown that the inci-
dence of coronary arteritis varied by mouse strain, with
the C3H/HeN mice having the highest incidence and
coronary arteritis being absent in CBA/IN strains (20).

To identify susceptibility loci to the coronary arteritis,
we analyzed coronary arteritis in [(CBA/INXC3H/HeN)
X C3H/HeN]IN1 backcross progeny. The evidence pre-
sented herein shows that the susceptibility loci are
linked to genes of several inflammatory cytokine recep-
tors found in the coronary artery.

Materials and Methods
Chemicals. Sabouraud-2% dextrose broth (MERCK,

Darmstadt, Germany) was used as culture medium.
Sodium chloride, potassium hydroxide, acetic acid,
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ethanol, acetone, diethyl ether (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) and n-octyl alcohol
(Kanto Chemical Co., Tokyo) were used for polysac-
charide extraction from the cell wall of C. albicans.

Genomic DNA was isolated from whole blood
obtained from the tail of animals using the QlAamp
DNA mini kit (Qiagen, Hilden, Germany). FAM
labeled primers for microsatellite markers were pur-
chased from SIGMA Genosys Japan (Ishikari, Japan).
Amplification and labeling of each microsatellite locus
were performed by using Z-Tag polymerase (TaKaRa,
Kyoto, Japan).

Animals. Mice, CBA/INCr (CBA/IN} and
C3H/HeNCrj (C3H/HeN), were purchased from
Charles River Japan (Astugi, Japan). Using C3H/HeN
and CBA/IN strains, (C3H/HeN femaleXCBA/IN
male)F1, (CBA/IN femaleXC3H/HeN male)F1, and
[{CBA/INXC3H/HeN)F1 XC3H/HeN]N1 were pre-
pared. N1 backcross progeny, 4-week-old males, were
used for the linkage analysis (n=115). These mice
were housed in a specific pathogen-free animal quarter
and cared for under strict ethical guidelines.

Preparation of alkaline extract of C. albicans (CADS).
CADS were prepared as follows. C. albicans (strain
MCLS-6) isolated from the feces of patients with typical
Kawasaki disease, was cultured in Sabouraud’s dextrose
medium with 2% glucose at 37 C, After a 72-hr incuba-
tion period, the yeast was harvested by centrifugation
and extracted sequentially with boiling water, 0.1 M,
and 0.5 M potassium hydroxide. After neutralization
with acetic acid and dialysis against distilled water for 3
days, the extract was precipitated with ethanol. Four
milligrams of the CADS, suspended in (.2 ml of phos-
phate-buffered saline without calcium and magnesium
{(PBS(—)), were prepared as the inoculants.

Experimental schedule. Inoculation was conducted
as described in the previous procedures (13). Namely,
mice were injected once daily with 0.2 ml of inoculate
intraperitoneally for 5 consecutive days during the first
and fifth week. Each mouse was sacrificed with carbon
dioxide asphyxiation at the ninth week and autopsied.

Histopathological evaluation of arteritis. The fol-
lowing visceral organs were obtained for histopatholog-
ical examination: heart, aorta, kidney, lung, liver, pan-
creas, spleen, thymus, testis, muscle of hind leg, and
spine. These specimens were fixed in 10% formalin
and embedded in paraffin. Hematoxylin and eosin (HE)
and Elastica van Gieson {EvG) stains were performed
by routine histological techniques. Arteritis in individ-
ual mice was determined using light microscopy. A
mouse with inflammation involving all layers of coro-
nary artery and/or the aortic root was considered posi-
tive for coronary arteritis and used for linkage analysis.
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Microsatellite markers. Two hundred and fifty-six
markers (Fig. 1) were used for the linkage analysis
between C3H/HeN and CBA/IN mice. Amplification
and labeling of specific microsatellite loci were per-
formed by using the polymerase chain reaction (PCR}
with FAM labeled primers. Amplified DNA was ana-
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lyzed with automated fragment analyzer ABI3700 and
genotyped by Genescan software (Applied Biosystems,
Japan).

Linkage analysis. Genotype distribution was com-
pared among affected and non-affected N1 mice. Since
the trait distribution was similar, we performed non-
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Fig. 1. A list of markers examined difference between C3H and CBA mouse in a total 256 markers.
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parametric statistical analysis for establishing genetic
linkage. Contingency tables consisting of affected and
non-affected C3H/C3H and C3H/CBA strains were
constructed, and chi square () tests were performed
with one degree of freedom. As recommended by Lan-
der and Kruglyak, P<0.0034 (¥*>8.58) were the
thresholds for suggestive linkage (10).

Production of inflammatory cytokines after exposure
to CADS. To clarify the inflammatory cytokine
response against CADS, we also examined the sequen-
tial change of serum cytokines after intraperitoneal
injection of CADS. Twenty milligrams of CADS sus-
pended in 0.2 m! of PBS(~) was injected intraperi-
toneally to C3H/HeN. Sera were obtained from sacri-
ficed mice at each time (N=5) for 14 days after injec-
tion of CADS and then frozen at —80 C. Serum
cytokines, such as interleukins IL-1p, IL-4, IL-6, IL-12,
TNF-cf, and IFN-y were measured by using ELISA
assay kits: IL-1P, IL-4, IL-6, IL-12, and TNF-c. (Gen-
zyme, Mass., U.S.A.), and IFN-y (Pierce ENDOGEN,
Qld, Anstralia).

Results

Histological Observations of Arteritis

Table 1 shows the incidence of vasculitis in the coro-
nary artery and/or the aortic root in
(CBA/JNXC3H/HeN)F1, (C3H/HeN XCBA/IN)F1, and
[(CBA/INXC3H/HeN)X C3H/HeN]IN1 was 0%, 16.7%,
and 20.7% respectively, while that in C3H/HeN parents
was 71.1% (27/38), but in CBA/IN absence (0%, 0/27).
Most cases of vasculitis were observed in the aortic root
and/or the coronary artery (Fig. 2). All layers of these
vessels showed severe inflammation, which is defined as
‘productive granulomatous inflammation, but fibrinoid
necrosis was rarely determined.” Intima showed various
degrees of fibrocellular thickening associated with the
lumen of coronary artery became stenotic. In addition
to the disruption of internal and external elastic laminas,
smooth muscle cells in media deteriorated from severe
inflammation. Furthermore, the destruction of the nor-
mal structure of the coronary artery in some cases
caused aneurismal dilatation. However, neither throm-
botic occlusion nor myocardial infarction was observed.
Histological differences of arteritis between N1 and
C3H/HeN was not elucidated. Arteritis in other visceral
organs such as renal artery, testicular artery, and
abdominal aorta were rarely detected.

Linkage Analysis with Chromosome Mapping

Two hundred and fifty-six microsatellite markers
were tested to segregate loci by original parental strains
(Fig. 1). However, most markers were the same

Table 1. Affected rate of coronary arteritis after 9 weeks
challenge with CADS

Mice Affected rate (%)
C3H/HeN 71.1 (27/38)
CBA/IN 0 (0/27)
(C3H maleXCBA female) F1 0 09
(C3H female X CBA male) F1 16.7 (1/6)

{CBA female X C3H male) F1XC3H 20.7 (24/115)

CBA/IN and C3H/HeN (CBA/INXC3H/HeN) and N1
backcross progeny between Fl1  and C3H/HeN
[(CBA/INXC3H/HeN) X C3H/HeN] were prepared.

sequence length polymorphism between C3H/NeN and
CBA/IN. Only 48 markers were selected for the linkage
analysis (Table 2). Genome-wide interval mapping
analysis between coronary artery and genetic markers
for the identification of susceptibility loci was per-
formed by using % test as described in “Materials and
Methods.” The markers on the chromosome 1 showed
the association even though possibility on other chro-
masome loci may exist. Two of 11 markers on chromo-
some 1, DIMitI7] and DIMit245 around 20.2 ¢M
revealed suggestive linkage with P value of 0.0019
(Table 3). The other markers on chromosome 1 did not
indicate the association. Based on the suggestive level
of DIMitl71 and DIMit245, this region is thought to
influence to the development of coronary arteritis. On
the other chromosomes, the marker, D4Mit285, showed
low probability of 0.017, but was not in the scope to
designate an association.

Circulation of Inflammatory Cytokines after Exposure
to CADS

Sequential changes of inflammatory cytokines IL-12,
IL-1B, TNF-0, IL-6, IFN-y, and IL-4 in serum for 14
days after intraperitoneal injection of CADS were mea-
sured by ELISA assay. Both IL-18 and IL-12 levels in
serurn increased at 1 hr after injection of CADS, and
then decreased gradually, but IL-12 did not decrease
like profile of IL-1f (Fig. 3a). After increases of IL-1[
and IL-12, levels of TNF-o¢ and IL-6 peaked at 3 hr
after the injection, and then restored to baseline by 24 hr
(Fig. 3b). Levels of IFN-y gradually increased over the
same period, but no change in IL-4 level was noted
(Fig. 3c).

Discussion

Some infectious microorganisms have been implicat-
ed in the etiology of KD, though primary causes remain
an enigma (6, 11, 16, 22). These candidates of etiology
may act as initial trigger to induce arteritis. The sponta-
neous arteritis model may not be well suited for study-
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Fig. 2. Histological feature of coronary arteritis in N1 and C3H/HeN. (a) Vasculitis at the coronary artery and aortic root in N1 mouse
(HE stain, X 40), (b) coronary arteritis in N1 mouse (HE stain, X400), (c) aortitis in N1 mouse (HE stain, X400}, {(d) coronary arteritis
and aortitis in C3H/HeN (HE stain, X40), (e) coronary arteritis in C3H/HeN (HE stain, X400), (f) aortitis in C3H/HeN (HE stain,
X 400).
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Table 2. A list of the 48 markers used for the linkage analysis from 236 candidates for markers

Chromosome  Symbol Position (cM)

Chromosome  Symbol  Position (cM)
1 DIMit374 19.0
1 DIMitl71 202
1 DIMit245 202
1 DIMit75 32.1
1 DIMit380 36.9
1 DIMir251 38.1
1 D1Mcg3 38.9
1 D1Mcg6 399
1 DIMit7 410
1 DIMit200 80.0
1 Tgfbm? 106.3
2 D2Mit9?2 414
2 D2Mit206 514
2 D2Mit311 83.1
2 D2Mit456 86.3
2 D2Mit265 105.0
2 D2Mit200 107.0
2 D2Mit457 108.0
3 D3Mit90 46
3 D3Mit200 77.3
3 D3Mit323 84.9
4 " DAMit272 219
4 D4Mit285 71.0
4 D4Mit357 815
5 D5Mit101 81.0

6 D6Mit345 46.0
7 D7Mit232 26.8
8 D8Mit224 17.0
8 Mr2 45.0
8 D8&Mitl4 67.0
9 DOMit2 17.0
9 Cypla2 31.0
9 D9Mit279 670
10 D10Mit214 19.0
Il Hoxb 56.0
I2 DI12Mit231 48.0
13 D13Mitl10 47.0
14 D14Mit2 5.0
14 Nfl 2817
15 D15Mit6 13.7
16 D16Mit5 38.0
17 D17Mit96 54.6
18 D18Mit60 16.0
19 D19Mit128 10.9
19 D19Mit10 470
X DXMit74 20.0
X DXMitl6 37.0
X DXMitl21 67.0

Table 3. A list of markers that exhibited distribution disequilibrium from the 2X2 x* based on a
ratio of affected C3H/C3H:C3H/CBA to non-affected

Chromosome Dtit&n)ce Marker ﬁﬁéﬁ%—a—- X Probability
1 19.0 DIMit374 18:6 7.52 0.0061
34:45
20.2 DIMitl71 19:5 9.62 0.0019%
34:45
20.2 D1Mit245 19:5 9.62 0.0019”
34:45
321 DIMit75 18:6 8.13 0.0044
33:46
38.1 DIMit251 17:7 8.01 0.0046
30:49
389 D1Meg3 159 403 0.0447
31:48
39.9 D1Mcg6 15:9 4.03 0.0447
31:48
41.0 DiMit7 15:9 4,03 0.0447
31:48
4 71.0 D4Mit285 7:17 5.69 0.0171
45:34

@ Suggestive linkage.

ing KD, because it requires an initial trigger from some
infectious microorganisms to induce arteritis. On the
other hand, our model requires injection of CADS to
induce arteritis. This model is very useful for the study
of the pathogenesis of arteritis in KD for two main rea-

sons: 1) both the histological features and distribution of
arteritis are similar to that of KD, and 2) infectious
agents arc required to induce the development of arteri-
tis. The mechanisms of developing arteritis in patients
with KD are still unclear; however, several reports have
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