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Quantification of Cytokine Production and
Intraceflular Cytokine Analysis

For quantification of cytokines, CD4* T cells were puri-
fied from freshly prepared LPLs by staining with FITC-
labeled anti-CD4 mAb (BD PharMingen) followed by flow
cytometry with a FACS Vantage system. The purified
CD4* T cells were added to wells of plates coated with
anti-CD3 mAb (10 ug/ml, ¢lone 145-2C11; BD PharMin-
gen) and cultured in RPMI 1640 supplemented with 10%
fetal calf serum (FCS), scdium pyruvate, L-glutamine,
HEPES, and 50 umol/l. 2-mercaptoethancl (complete
medium). Cultures were incubated for 48 hours at 37°C in
5% CO, in a moist air incubator. Cells in culture were
remaoved, separated by centrifugation, and the superna-
tants were then subjected to a cytokine-specific ELISA,
as described previously ® Briefly, microtiter plates were
coated with mAbs to individual cytokines and blocked
with 3% BSA in PBS at 37°C for 2 hours, and then diluted
samples were added to well and incubated overnight at
4°C. Captured cytokines were detected using biotinyl-
ated detection mAbs and peroxidase-labeled anti-biotin
mAb (Vector Laboratories Inc., Burlingame, CA}. The
following mAbs were used for coating and detection,
respectively: anti-IFN-y, R4-6A2 and XMG 1.2; anti-IL-2,
JES6-1A12 and JES6-5H4 mAbs; anti-IL-4, BVD4-1D11
and BVD6-23G2. For intracellular cytokine analysis,
LPLs were cultured in plates coated with anti-CD3 mAb in
complete medium with anti-CD28 mAb. After 48 hours of
culture, the cells were subjected to intracellular cytekine
staining as described previously.*® In brief, cells were
stained with FITC-labeled anti-CD4 mAb (BD PharMin-
gen), fixed, permealized, and then stained with PE-la-
beled anti-IFN-y mAb (BD PharMingen) for analysis using
flow cytometry.

Treatment with Antibiotics and Bacterial Culture

In some experiments, recipient mice were given a com-
bination of antibictics in their drinking water. Metrenida-
zote (0.6 g/L, Wako Pure Chemical Industries Ltd.), neo-
mycin (0.35 g/L, Waka}, streptomycin (0.2 g/L, Wako),
and bacitracin (0.35 g/l., Wake) were added to the drink-
ing water, and the mice were continuously given this
water ad libitum until the histological and cytclogical anal-
yses were performed. To determine total colony forming
units (CFU), mice were treated with antibiotics as above
for 6 weeks, fasted for € hours and then the entire stom-
ach was removed, washed three times with PBS, minced
and homogenized with 2 ml of PBS in a Teflon-glass
homogenizer. This homogenate was then subjected to
serial dilution and spread over culture plates. Anaercbic
bacteria were cultured on GAM agar plates (Nissui Phar-
maceuticals, Tokyo, Jagan) in culture jars (GasPack Sys-
tem BBL, Becton Dickinscn) with AneroPac (Mitsubishi
Gas Chemical Ce, Inc., Tokyo, Japan). For aerobic cul-
tures, brain-heart infusion agar (Difco, Becton Dickinsen),
chocolate agar, and sheep blood agar plates (both from
Nissui) were used. To examine for the presence of indige-
nous microflora in the oral cavity, the muceosal surfaces of
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Figure 1. Histological scores of gastritis, duodenitis and colitis. TCR™™ or
SCID mouse recipients were given RB' T cells prepared from splenocytes of
wt {(blank column, # = 8), [L-47 ~ (solid column. # = 1O} ar JFN-y~ ~
(hatched column. n = 7) mice. The results shown are the mean and SEM.
¢, Dilference between wand IFN-y™ 7 mice was statistically significant,

oral cavity were swabbed, and the swabs were placed in
300 wl of PBS. Then 100 ul of this suspension was spread
over a culture plate. Anaerobic cultures were initiated within
20 minutes after taking samples. After 24 heours of incuba-
tion at 37°C, numbers of CFU were enumerated.

Statistics

The results were compared by the Mann-Whitney test
using the Statview Il statistical program {Abacus Con-
cepts, Berkeley, CA) adapted for Macintosh computers.
The results were considered to be statistically significant
if P values were less than 0.05.

Results

Inflammation of the GI Tract in TCR™/~ and
SCID Mouse Recipients

Previous studies have shown that the transfer of RBM T
cells resulted in severe colitis in either SCID or RAG™/~
mouse recipients, and the colitis was mediated by CD4*
Thi-type cells.* 699 A similar type of colitis was in-
duced in TCR™/~ recipients of wt RBY T cells. Recipients
of IL-4~/~ BB T cells also developed a severe colitis
(Figure 1). We noted that TCR™/~ recipients of either wt or
IL-4~/~ RB™ T cells developed a duodenitis with a heavy
cell infiltration, which was rarely described in SCID recip-
ients previously. These changes were imited to the du-
odenum within 5 cm of the pylorus, and both the jejunum
and ileum remained normal. We also found that these
mouse recipients developed an inflammation of the stom-
ach, especially in the antral region. When recipients of wt,
IL-4=/=, or IFN-y '~ RB™ T cells were compared, recipients
of IL-477~ T cells developed the maost severe gastritis and
those mice receiving IFN-y™/~ T cells showed only minimal
changes (Figure 1). Interestingly, SCID recipients of either
wt or IL-4~/~ RB™ T cells showed mild lesions in the stom-
ach, with only slight cell infiltration. Adoptive transfer of wt or
IL-4~"~ CD45RB"™ T cells did not result in gastritis, duode-
nitis, or colitis (data not shown). .

Pathological Features of Gastritis

In all 10 TCR™~ recipients of IL-47/~ RB™ T cells, the
gastric antral and duodenal mucosa were increased in
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Figure 2. Macroscopic and histological features of murine gastritis. A Normal stomach tissue taken from natve TCR™ ™ mice. B: Inflamed stomach from TCR™/~
mice after adoptive transfer of IL-4 ™~ RB™ T cells, € The gastroduoxdenal junction of naive TCR™™ mice. Dt The gastroduadenal junction of the SCITY recipients
given [L-4~"~ RB" T calls. E: The gastroduodenal junction of the TCR™™ recipients given 1L-4777 RB™ T cells. F: The inflamed gastroduodenal junction with
erosion. G and He Antral gastritis with surface erosion and elongation of pits of TCR™ recipients of [L-4~"" RB'"" T cells. Arrows indicate a multinuclear giant
cell. I: The fundic lesion with mikl changes was taken from the same specimen as shown in G, Jz Cell infiltration and dilated pits includling migrating cells in the
surface of the gastric fundic region in TCR™ ™ recipicnts of 11477~ RB' T cells. Kz Histochemistry for peroxidase of the antral region TCR™ ™ recipients of 1-4777
RB'"™ T cells. As positive control, o section from a mouse with colitis induced hy dextran sulfate with neutrophil infiltration was usexl (L), Sections were
countersizined with methylgreen. Images were captured using a X4 objective fens (€, D and E), %20 lens (G, L K, and L) or X40 lens (F, H, and ).

thickness and exhibited an overall turbid appearance. In glands and efongation of pits, and these changes were
five recipients of IL-4 ™/~ RB" T cel's, the gastric fundic area most evident at the gastro-duodenal junction (Figure 2, C to
was also edematous, and erosions with petechiae were F). Most typically, the antral glands were elongated more
sean (Figure 2, A and B). Histological exarnination revealed than twofold longer than their normal length with pit dilata-
that the inflarmmation was accompanied by hypertrophy of tian in some parts, and mononuclear cell infiltration in the
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Figure 3. Immunohistochemistry and detection of apoptosis. CDAY T cells in the antrum of a $CID recipient of IL-47°7 RB' T cells (A). CD4* T cells (B), B220*
c¢lls (€). anel CHIDT cells (DY in the inflamed antrum of TCR™'™ mouse recipients of 1L-4777 RB' T cells. Apoprotic cells were detected by TUNEL in TCR™ ™
recipivnts of wt RB'™ T cells (B} or 1477 RB'™ T colls (F and G). Images were captured vsing 1 % 20 objective lens (A-F) or X100 lens (G,

recipients of wt and IL-4~~ RB'' T cells was seen (Figure
2G). In addition to these findings, recipients of IL-4~/~ RBH
T cells developed surface erosions with multinuclear giant
cell infiltration (Figure 2H). Neutrophil infiitration was not
frequent in the stomach or the duodenum as shown in the
histochemical reaction of myeloperoxidase (Figure 2, K and
L). In50% of IL-4~/~ T cell recipients, a fundic inflammation
with mononuclear cell infiltration and deformity of glandular
pits with cells migrating into the dilated pits were seen
(Figure 2J), while the other 50% of mice showed only mild
changes (Figure 21). In both cases, destruction specific for
parietal cells was nat seen. In the inflamed stomach, a
massive infiltration of CD4™ T cells occurred (Figure 3B), an
event scarcely seenin SCID recipients (Figure 3A). Further-
more, B cell aggregates were also detected by staining with
anti-B220 mAb (Figure 3C). We also assessed the pres-
ence of plasma cells in the inflamed areas; however, no
lgG-, IgA- or IgM-containing cells were seen in the gastric
mucosa by immunostaining (data not shown). The infiltrat-
ing cells were mostly macrophage-like cells as shown by
staining with anti-CD11b Ab (Figure 3D). On the other hand,
there was no expansicn of CD11c™ dendritic cells in the
inflamed stomach {data not shown). Since surface erosion
was enhanced in the gastric mucosa of recipients of IL-4~/~

RBM T cells, we also assessed apoptosis. In recipients of wt
RB" T cells, although there was elongation of glands and a
cell infiltration, apoptotic cells were rare in the epithelium
{Figure 3E). In contrast, in recipients of IL-4 =/~ RB™ T cells,
the numbers of apcptotic cells were clearly increased. Ap-
optosis was readily detected in the infiltrating cells in all
tayers of the mucosa and especially in the surface epithe-
lium (Figure 3, F and G).

Pathological Features of Duodenitis

Duodena! inflammation was seen in TCR™/~ mouse re-
cipients of both wt and IL-47/~ RB™ T cells. The villi and
crypts were both remarkably elongated, and the villi were
dilated due to the cell infiltration (Figure 4, B and C). In
the lamina propria, multinuclear giant cells were fre-
quently seen; however, granulomas were absent {Figure
4D). Immunohistological analysis revealed an infiltration
of CD4* cells (Figure 4E), expansion of dendritic cells
and an infiltration of macrophages (Figure 4F), which
were not seen in naive TCR™/~ mice.
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Figure 4. Histological features of murine duodenitis. Ar H&E stuining of duodenum of TCR™~ mice without cell transfer. Bz Intflamed dusdenum of TCR™'™
recipients of wt RE'" T cells. € and D: Inflamed duodenum of TCR™™ recipients of IL-4777 RB" T cells. Diluted villus of ducdenal tissue was stined with
anti-CD4 (green. E). and anti-CD11b (green) and anti-CD11c (reul mAbs (F). Some CD11c™ cells also express CD11b. G IgA AFCs in ihe duadenum of recipients
of wt RB*" T cells, H: Peyer's patches from recipients of wt RB'™ T cells stined with anti-B220 {(green} and anti-CD3 (red) mabs. I: Peyer's patches of TCR™
mice without T cell transfer. Images were captured using a X 10 objective lens (A-€), X20 (E), or X40 lens (D, F-I)

Production of Cytokines

To assess cytokine production by T cells that infiltrated
the mucosa of adoptive hosts, CD4™* T cells were isofated
from LPLs of the small intestine. The CD4™ T cells recov-
ered from recipients of wt or [L-4~/~ RB™ T cells released
both IFN-y and IL-2 (Figure 5A). 1t should be noted that T
cells from the recipients of wt RB™ T cells also produced
high levels of IL-4 (Figure 5A). We also noted that T cells
infilrating the gastric mucosa produced IFN-y in the
TCR~~ recipients of IL-4~/~ T cells (Figure 5B), atthough T
cells from recipients of IL-47/~ T cells tended to contain
slightly more IFN-y producing cells than recipients of wt
RB™ T cells, as determined by flow cytometry (Figure 5B).
Thus, IFN-vy release by T cells recovered from recipients of
wt or IL-4~"~ RB™ T cells were, for the most part, compa-
rable. However, the lack of IL-4 secretion resulted in a
remarkable phenotype, which contributed to the distinct
and severe gastritis in TCR™~ recipients of IL-4~'~ RB™ T
celis. Further, to prave that the milder gastritis in SCID than
in TCR™/~ recipients of IL-4~/~ RB™ T cells, we quantita-
tively assessed TNF-a, IFN-y, and IL-10 by RT-PCR from
total RNA extracts taken from the gastric antrum. Expres-
sion of IFN-y and TNF-« in TCR™/~ recipients was higher
than those seen in SCID recipients (Figure 5C).

Mucosal and Systemic B Cell Responses in
TCR™"~ Recipients of RB™ T Cells

It should be noted that TCR™/~ recipients of either wt or
IL-4=/= RB"™ T cells exhibited lgA-positive cells in the
small intestine, including the duodenum (Figure 4G). Pey-
er's patches were also reconstituted with distinct T and B
cell zones (Figure 3H), which were filled with B220™ cells
in TCR™/~ mice before T cell transfer (Figure 31). The
plasma lg levels were also elevated following adoptive
transfer of either wt or IL-4~/~ RB" T cells. The 1gG levels
were comparable in both groups; however, the IgA levels
were lower in recipients of IL-4~'~ RB" T cells than recip-
ients of wt RB T cells {Figure BA). The numbers of AFCs in
the small intestine in TCR™/~ recipients were also reconsti-
tuted by adoptive transfer of RB™ T cells. Numbers of 1gG
and IgA secreting cells were much less freguent in TCR™/~
recipients of IL-4 '~ T cells than those mice given wt T cells
{Figure 6B). Thus, systemic IgG responses were fully recon-
stituted in both groups of mice; however, recipients of IL-
47/~ T cells exhibited little class switching to the 1gG or IgA
isotypes. Plasma from these mice did not contain autoreac-
tive Abs when assessed by the binding capacity 10 sections
prepared from the stomach of naive mice.
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Figure 5. Production of cytokines by CD4* T cells infiltrating the G trct. Az
C4* T cells were isolated from the small intestine of TCR ™~ recipients of
w1 (blank column) or 114"~ (solid column} RB'" T cells and stimulated
with anti-C13 mAb for 48 hours, Culture supernatants were subjected te a
cytokine ELISA. Values shown are the mean of three experiments obrained
from pooled cells from three mice in each group, The results shown are the
meian and 80, The difference was statistically significant. B: Procluction of
[EN-¥ by infilirating cells. LPLs were prepared from the inflamed gastric
mucosa of TCR™'™ recipivats of 1L-47" (left) or wt {right) RB"" T cells,
stimulated with anti-C133 and anti-C28 mAbs for 48 hours, and subjected to
intracellular cytokine analysis. C: Relative expression of mRNA for cytokines
in the stomach in TCR™™ and SCID recipients of 11477 RB™M T cells
determined by guantitative RT-PCR. Total RNA was extracted from the antral
mucosa, and MRNA for individual cytokines and GAPDI were analyzed.
Based on the average AC, value of four SCID recipients, dita from individuat
mice were shown as relative expression to SCID mice. Results from four mice
are shown and the resulis inclicated as (+) are the average of relasive
expression for each group. *, Statistically significant difference from SCITY
recipicnts.

Gastritis Was Dependent on the Presence of a
Microfiora

To this point, we found that gastritis was induced in the
TCR™~ recipients of RBY T cells without infection of
pathogenic bacterial strains. However, the indigenous
microfiora in the upper Gl tract or bacteria in ingested
food may play a role in the induction of gastritis. To clarify
this, we gave mice necmycin, streptomycin, bacitracin,
and metronidazole in their drinking water following trans-
fer of IL4~/~ RBY T cells. This treatment essentially elim-
inated the indigenous flora in the oral cavity and the
stomach (Table 1), and efficiently suppressed the gastri-
tis. Interestingly, the effect on gastritis was efficient but
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Figure 6. Reconstitution of systemic and mucosal Ig prodiction. A: Plasma
Ig levels in TCR™ recipients of wt RB'" T cells (blank columun}, 147~
RB* T cells {solid column) or naive TCR™'~ mice {(shaded column). B:
Numbers of IgG, IgA, or IgM secreting cells in the small intestinal LPLs
isolated from TCR™ ™ recipients of wt (blank column), 11-4~/~ RB" (solid
column} or naive TCR™'~ mice (hatched column) wus determined by
ELISPOT assay. Values shown are the mean and a4 8D of each group con-
ining 4 to 7 mice,

only partial, whereas colitis was completely blocked in
these mice (Figure 7). These results indicated that induc-
tion of gastritis was partially dependent on the indigenous
microflora, while cofitis essentially required its presence.

Discussion

We have established a new model for gastritis that is
induced by adoptive transfer of RB™ T cells incapable of
production of IL-4 (Th1-prone T cells). The gastritis and
duodenitis develops in the absence of a particular bac-
terial pathogen, such as Heficobacter spp. and is also
distinet from autoimmune maodels of gastritis. The first
major finding was that this pathogen-free gastritis devel-
oped after adoptive transfer of IL-4~/~ RB™ T cells into
TCR™'~ mice. Gastritis did not occur after transfer of
IL-4~/~ RB™ T cells into SCID mice, clearly suggesting a
requirement for B cell responses for full-blown gastric in-
flammation. Finally, adoptive transfer of IL-4~/~ RB™ T cells
yielded greater mucosal damage when compared with
TCR™~ recipients of wt RB™ T cells. Each of these signifi-
cant new findings is discussed in more detail below.
Numerous studies have attempted to establish in vivo
models for gastric inflammation following infection with H.
pylori. In our model, we successfully induced gastritis
without bacterial infection or specific immunization. Of
course, several models for autcimmune gastritis are in-
duced in the absence of pathogens. Autoimmune dis-
ease induced by thymectomy®*37 or ionizing radiation®®
have both resulted in gastritis. These types of gastritis
were associated with damage of parietal cells or loss of
parietal and chief cells by autoantibodies to the gastric
H*/K*-ATPase. 4748 A similar type of autoimmune gastri-
tis occurs spontanecusly in C3H/He mice.?® “Autoim-
mune gastritis” and “colitis induced in SCID/Rag2~/~
recipients of RB™ T cell transfer” are both caused by the
absence of CD4*CD25* regulatory- T cells, because
gastritis was induced in nu/nu mice recipients of CD25~
T cells prepared from CD25* cell-depleted mice.5® How-
ever, these two models have not been compared with
each other very often. Importantly, autoimmune gastritis

— 183 —



Gastroduodenitis Induced by Th1 Cells 1265
AJP October 2004, Vol. 165, No. 4

Table 1. Total Viable Aerobic and Anaerohic Counts of the Whole Stomach and the Oral Mucosa of Antibiotic-Treated and

Nontreated TCR™'™ Mice (or mean CFU * 8D of 3 mice)

Unireated Treated
Aerobes
Stornach (10° CFU/a whole stomach)
Brain-heart infusion agar 159.3 x 67.2 1107
Chocolate agar 167.0 £ 98.7 1.0+ 0.6
Blood agar 803+ 255 1.0=05
Oral mucosa (CFU/swzab)
Brain-heart infusion agar 1969 * 309 3536
Anaercbes
Stomach (10% CFU/a whole stomach) 305.6 = 119.7 1204
Oral mucosa (CFU/swab) 1444 = 287 39+30

induced by neonatal thymectomy was not dependent on
a microflora.®' Autoimmune gastritis was seen in germ-
free mice with similar severity of inflammaticn, and auto-
antibody levels were comparable to those seen in con-
ventional mice. In contrast, as shown in Figure 7, our
gastritis model was dependent, in a significant way, on
the microflera. Further, no anti-parietal cell autoantibody
could be detected. Besides a requirement for a micro-
flora and the absence of autoantibody, our model is
different from autoimmune gastritis in several important
ways. For example, although neonatal thymectomy
caused gastritis s well as auteimmune oophoritis, orchi-
tis, thyroiditis, pancreatitis, and prostatitis,>”** calitis has
not been described previously. In contrast, the colon was
a major organ affected by RB™ T cell transfer in SCID/
RAG2/~TCR™/~ recipients, which requires the pres-
ence of a microflora. Further, in autoimmune gastritis,
lesions are limited to the gastric corpus, and parietal cell
destruction was the main histological feature. On the
other hand, our model showed more severe inflammatory
changes in the antral mucosa. Since other autoimmune
disease models such as spontaneous gastritis in MRL-
lpr mice were also independent of a microflora or in-
fection, 352 it seems that different subsets of T regu-
tatory cells are affected in auteimmune meodels and
RBM T cell-induced colitis/gastritis models. Thus, our
model is quite distinct from autoimmune gastritis re-
ported previously.
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Figure 7. Treatment of recipient mice with antibiotics. A preparation of
-4/~ RB'"M T cells was transfersed 10 eight TCR™™ mice (including wo
sets of male litermates in each experimental group). Four of these mice were
given a combination of antibiotics in their drinking water (blank squares),
and after 10 weeks histological scores were compared with control mice
without reatment (solid squares).

TCR~'~ recipients of wt or 1L-4~'~ T cells develcped
gastroduodenitis as well as colitis; however, no obvious
changes in the jejunum or ileum were seen. This anatam-
ical localization suggests the possible involvement of
lumenal foreign antigens in the development of this type
of inflarmmation. Colitis induced in SCID or RAG2™/~ mice
by adoptive transfer of RB™ T cells does not occur in the
absence of an indigenous flora.’®'* Through extensive
testing for Helicobacter spp., no pathogenic strains {in-
cluding Helicobacter spp.) were detected in mice, which
developed gastritis and ducdenitis. In addition, neutro-
phit infiltration, which generally indicates bacterial infec-
tion, was not seen in the stomach or the duodenum in our
model. On the other hand, TCR™/~ recipients of IL-47/~
RB™ T cells developed a milder form of gastrits when
they were treated with antibiotics. Of note, colitis was
totally blocked in this group of mice. These results indi-
cate that gastritis was partially dependent on an indige-
nous microflora, while colitis essentially required its pres-
ence. We speculate that orally ingested microbes or
indigenous microflora in upper Gl tract, in addition to
food antigens, which have not been fully degradated in
the stomach or duodenum, may play a similar role in this
type of inflammation.

Another novel aspect of our model is the use of TCR™/~
mice, as opposed to SCID or RAG ™'~ mice. Thus, TCR™
~mice lack T cells but have a fully responsive B cell
repertoire. Indeed, after adoptive transfer of RB™ T cells,
TCR™~ mice exhibit increased plasma IgG levels, and
AFCs were seen in the mucosal tissues. The fact that
transfer of RB™' T cells resulted in colitis and duodenitis
but not gastritis in SCID mice clearly suggests the in-
volvement of B cells in the pathogenesis of gastritis. In
this regard, a different colitis model has also shown that
B cells play protective rofes from inflammation.®® How-
ever, no AFCs were seen in the inflamed stomach tissues
themselves, although small B cell aggregates were de-
tected. Further, mucosal IgA production and IgA AFCs
were actually lower in TCR™/~ recipients of IL-4~/~ RB""
T cells when compared with recipients of wt RB™ T cells,
despite the more significant gastritis which characterize
IL-4~/~ RB™ T cell recipients. On the other hand, plasma
IgG levels in IL-4~/~ RB™ T cell recipients were compa-
rable to recipients of wt RBY T cells. The role of B cells
and Ab production in our model certainly needs to be
further investigated. We speculate that the presence of B
cells and antibody production increases the sensitivity of
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T cells to be triggered into an inflammatory expansion as
well as the activation of macrophage-type cells. Our re-
sults suggest that TCR™~ recipients were more sensitive
than SCID recipients and the former mice would be able
to fully respond to the foreign antigens in the upper GI
tract. To increase this sensitivity, T/B cell interactions are
likely involved, although this interaction may not neces-
sarily occur in the local mucosa but could occur in any
lymphoid tissue, such as spleen or mesenteric lymph
nodes. In the case of H. pylori infection, it is known that
the presence of anti-H. pylori Abs are not required for the
exclusion of bacteria,®® but rather the Abs are actually
involved in the pathogenesis of gastritis in humans®* and
mice due to antigenic mimicry.®® Although we could not
detect autoantibodies against the gastric parietal cells or
H*/K*-ATPase, the presence of elevated Ig levels of
particular idiotypes could play a role in the gastritis. In
this regard, for our model of gastritis in the absence of
infection or immunization, one could implicate molecular
mimicry between any bacterial LPS and host blood group
determinants®®% as an attractive hypothesis, although
there is no direct evidence that this phenomenon actually
occurs.

There is now clear evidence for a central role of T
cell-mediated immunity in gastric inflammation, In the
R8T cell transfer model described here, Thi-type cy-
tokine production was required for the induction of colitis
and gastroduodenitis, since transfer of IFN-y~/~ RB™' T
cells resulted in much milder gastroduodenal inflamma-
tion (Figure 1) and colitis.'” On the other hand, it is well
known that IL-4 suppresses cytokine gene expression
induced by IFN-y and IL-2 in murine peritoneal macro-
phages.®2! The severe tissue damage in recipients of
IL-4~'~ RBM' T cells was likely caused by enhanced IFN-vy
and IL-2 production by IL-47/~ T cells due to their pre-
disposition toward a Th1-phenotype. However, the levels
of IFN-y release by isolated T cells were comparable in
these mice. These quantitative differences in Th1 cyto-
kines may not fully explain the fact that the epithelial cell
apoptosis and surface erosion was much more frequent
in IL-4=/~ thanin wt RB"™ T cell recipients. Since IL-4 is &
cytokine that has pleiotropic effects on a variety of cell
types, including epithelial cells and other non-hematopoi-
etic cells, a lack of IL-4 production by infiltrating T cells
may have an impact on tissue repair in addition to a
cytokine imbalance. Gastritis induced by infection with
pathagenic H. pylori in IL-4™/" mice was more severe
than that in IFN-y~/~ mice.®? In a rat acute gastric ulcer
model, healing was accompanied by a rapid rise in tissue
IL-4 levels ® IL-4~/~ mice were more susceptible to the
colitis induced by administration of trinitrobenzene sul-
fonic acid, and tended to develop focal but penetrating
ulcers, which were not frequently seen in IFN-y =/~
mice.®* It is also known that fibroblasts express the IL-4
receptor, and Th2-type cells activate lung fibroblasts with
resultant increase in deposition of collagen and fibronec-
1in.%%% In the afrway or iteal epithelium, IL-4 induces
mucin gene expression® and goblet cell metaplasia.'”-67
Thus, IL-4 may be significantly involved in the epithelial
cell turnover and tissue protection required for the main-

tenance of the gastrointestinal tract architecture, in addi-

tion to its role as a mediator for allowing immunological
homeostasis in the gut.

In summary, we have established a novel murine
model for the upper gastrointestinal tract, which does not
require pathogen infection or deliberate immunization.
The inflammation was mediated by Thi-type immune
responses restricted to a particular subset of T cells
isolated from normal mice. This model also points to the
significance of the host immune system in gastric lesions
and should be of importance to help better understand
the pathophysiology of chronic gastroduodenitis seen in
H. pyfori infection of humans,
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Altered expression of NDST-1 messenger RNA in
puromycin aminonucleoside nephrosis

KENJI NAKAYAMA, YUMIKO NATORI, TOSHINOBU SATO, TOMOYOSHI KIMURA, AKIRA
SUGIURA, HIROSHI SATO, TAKAO SAITO, SADAYOSHI ITO, and YASUHIRO NATCRI

TOKYO, SENDAI, and FUKUOKA, JAPAN

Sulfated portions of glycosaminoglycan (GAG) side chains in heparan sulfate pro-
teoglycan (HSPG) are thought to play an important role in charge-dependent
selectivity of glomerular filiration against plasma proteins. Heparan sulfate N-
acethylglucosamine N-deacethylase/adenosine 3'-phosphate 5'-phosphosulfate:
unsubstiluted glucosamine N-sulfotransferase (NDST) is the key enzyme regulating
sulfation of GAG chains. In this stludy we investigated hanscriptional expression of
NDST-1, 1 of 4 isozymes of NDST, in glomeruli of rats with puromycin aminonucleo-
side (PAN) nephrosis. Nephrosis was induced in rats with a single intraperitoneal
injection of 150 mg/kg PAN. On days 10 and 35, expression of NDST-1 messenger
RNA (mRNA) in glomeruli was analyzed with the use of Northem-blot analysis.
Immunohistochemical studies were also performed with the use of monocional
antibodies that react specifically with the N-sulfated portion of the GAG chain of
HSPG and agrin, a major core protein of HSPG in glomerular basement membrane
{GBM). In addition, we studiad the expression of NDST-1 mRNA in cuffured glomer-
ular epithelial cells (GECs) and glomerular mesangial cells in the presence of PAN.
On day 10, when significant proteinuria developed, the ratios of glomerular expres-
sion of NDST-1 mRNA against glyceraldehyde-phosphate dehydrogenase mRNA in
PAN-teated rats were decreased fo 48% = 4% of those in controls (P < .05).
Immunohistochemical studies revealed that staining for N-sulfated GAG chains of
HSPG on GBM was markedly reduced on day 10 in PAN-treated rats but that staining
for agrin was unchanged. In confrast, on day 35, when PAN-freated rats recovered
from proteinuria, we noted no differences in glomerular expression of NDST-1 mRNA
and staining intensity for N-sulfatled GAG chains on GBM between PAN-treated rats
and confrols. incubafion of GECs for 24 hours in the presence of 50 ng/mL PAN
resulted in the reduction of the expression of NDST-T mRNA (67% x 12% of those in
controls, P < .05). In summary, we found alteration of the expression of NDST-1
mRNA, accompanying a loss of N-sulfated GAG chains of HSPG on GBM without
changes in the core protein agrin, in the course of PAN nephrosis. These data
suggest an important role for this enzyme in heparan sulfate assembly in GBM and
GEC and in the pathogenesis of profeinuria in PAN nephrosis. (J Lab Clin Med 2004;
143:1056-14)
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Abbreviations: cDNA = complementary DNA dCTP = decxycytidine triphosphate; DMEM =
Dulbecco’s medified Eagle medium; EDTA = ethylenediamingtetraacetate; FCS = fetal calf
serumy GAG = glycosaminoglycan; GAPDH = glyceraldehyda-3-phosphate dehydrogenase;
GBM = glomerular basement membrane; GEC = glomeruiar epithelial cell; GMC = glomerular
mesangial cell; GleN = unsubstituted glucosamineg; GleNAC = N-acetylglucosamine; HEPES =
N-2-hydroxysthylpiperazine-N-2-ethanesulforic acld; HSPG = heparan sulfate proteoglycan;
kb = kilobase; mRNA = messenger RNA; NDST = heparan sulfate GlcNAc N-deacsthylase/
PAPS:GIcN N-sulfotransferase; PAN = purormycin aminonucleoside; PAPS = adencsine 3'-
phosphate §'-phosphosulfate; PAS = periodic acid-Schiff; PBS = phosphate-buffered saline
solution; PCR = polymerase chain reaction; ROS = reqctive oxygen species; SDS = sodium
dodecyl sulfate; S8C = standard saline clirate

Studies in both human and experimental animals indi-
cate that the defect of size- and charge-selective bagrier
of the glomerular capillary wall results in the develop-
ment of proteinuria, a most important and common
manifestation of glomerular diseases.™ Structural gaps
in endothelial fenestrae, foot processes of visceral
GECs, and special composition of extracellular matrix
in the GBM contribute to the size-sclective barrier of
glomerular capillary wall.* The status of anionic sites in
the glomemlar capillary wall determines the charge-
dependent selectivity.>* These anionic sites are consti-
tuted by physiological anionic molecules such as HSPG
in GBM and cell-surface sialoglycoproteins.®~% HSPG
is located most densely in lamina rara intema and externa
of GBM.? Biochemical studies suggest that sulfated por-
tions of GAG side chains of HSPG are responsible for
anionic charge in the HSPG molecule.!?™!?

It has been shown that changes in HSPG mole-
cules, including sulfated portions in the GAG chains,
are involved in the development of proteinuria in
human renal diseases and in experimental models
such as PAN nephrosis.!!"'® However, few studies
have investigated the process that regulates sulfation
of GAG chains of HSPG in the kidney. NDST is the
enzyme catalyzing N-sulfation of unsulfated “back-
bone™ disaccharide chains of HSPG, and the N-sul-
fation is essential for further sulfation of GAG
chains.!™'® It is possible that the disturbance of
NDST is closely related to proteinuria in certain
glomerular diseases, but the involvement of NDST
remains to be determined.'®

In this study, we investigated the alteration of gene
expression of NDST-1, 1 of 4 isozymes of NDST,20!
in glomeruli in the presence of acute PAN nephrosis, a
well-known experimental model of nephrotic syn-
drome.?? We also studied the in vitro effect of PAN on
NDST-1 mRNA expression using cultured GECs be-
cause GECs are thought to play an important role in the
synthesis of HSPG in GBM.*#¥24

The present data indicated that NDST-1 mRNA ex-
pression is decreased with the reduction of the N-sulfated

-19 -

portion of heparan sulfate in the nephrotic state and re-
tumns to normnal in the recovery state of PAN nephrosis.

METHODS

Animals. We obtained age-matched male Wistar and

Sprague-Dawley rats weighing 180 to 200 g from Charles
River Japan (Atsugi, Japan) and kept them in our accredited
animal facilities with free access to pelleted food (Oriental
Yeast Co, Ltd., Tokyo, Japan) and tap water. Animal exper-
iments were conducted in accordance with the guidelines set
forth in the Naticnal Institutes Health Guide for the Care and
Use of Laboratory Animals (pub no 85-23).
" Materials. We purchased PAN (Sigma-Aldrich, St Louis,
Mo), Dulbecco’s modified Eagle medium (DMEM), DMEM/
Ham’s F-12 medium {Gibco Laboratories, Grand Island, NY),
FCS, epidermal growth factor, ITS+ premix (Collaborative
Research, In¢, Bedford, Mass), OCT compound (Miles, Inc,
Elkhart, Ind), phosphorus 32-labeled dCTP (NEN Research
Products, Boston, Mass), a random-primed DNA-labeling kit
(Boehringer Mannheim Biochemica, Mannheim, Germany?},
mouse monoclonal antibody against N-sulfated glucosamine-
enriched portion of heparan sulfate (F58-10E4)?® (Seikagaku
Corp, Tokyo, Japan), flucrescein isothiocyanate-conjugated
goat anti-mouse IgG + IgM antibody and goat anti-hamster
IgG antibody (Jackson ImmunoResearch, West Grove, Pa) as
indicated. Hamster monoclonal antibody MI90 against rat
agrin,”® a major HSPG core protein in glomeruli,>” was provided
by Professor Jo H. M. Berden (Department of Nephrology,
Nijmegen University Hospital, Nijmegen, The Netherlands).

A 24-kb cDNA probe specific for rat NDST-1%® and a
1.3-kb ¢DNA probe specific for GAPDH? were prepared
from the plasmids provided by Dr Carlos B. Hirschberg
{Department of Biochemistry and Molecular Biology, Uni-
versity of Massachusetts Medical Center, Worcester, Mass)
and Dr Ph. Fort (Institut de Génétique Moléculaire, Univer-
sité Montpellier, Montpellier, France), respectively.

Animal model. We divided 20 Wistar rats into 2 groups of
10 rats each. In 1 group, PAN nephrosis was induced with an
intraperitoneal injection of 150 mg/kg PAN dissolved in 2 mL
of saline solution.> Rats in the other group were injected with
saline solution alone and used as controls. Five rats in each
group were killed under diethyl ether anesthesia on days 10
and 35. These time points were chosen because previous
studies had shown that massive proteinuria developed by day
10 and disappeared by day 35 after the single 150 mg/kg
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injection of PAN.’® Immediately after animals were killed,
the kidneys were processed for histological study and North-
em-blot analysis as described below. The entire experiment
was repeated 3 times independently.

Twenty-four-hour urine and blood samples were collected
from each rat before it was killed. Urinary protein was deter-
mined as daily excretion in 24-hour urine with the use of the
Biuret method as reported previously.’! Serum concentra-
tions of albumin, creatinine, and total cholesterol were mea-
sured with a Synchron CX3 chemical analyzer (Beckman,
Tokyo, Japan) or Dri-Chem 5000 analyzer (Fuji Film, Tokyo,
Japan).

Histologle studies. For light microscopy, renal tissue was
fixed in 95% ethanol for 24 hours at 4°C and embedded in
paraffin as described prcviously.” Two-micremeter sections
were stained with PAS or periodic acid methenamine silver in
accordance with conventional methods. For electron micros-
copy, we fixed blocks (1.5 mm®) of renal tissue in 2.5%
glutaraldehyde and 2% paraformaldehyde followed by post-
fixation with 1% osmium tetroxide. The blocks were then
dehydrated and embedded in Epon 812 (TAAB Laboratories
Equipment Lid., Aldermaston, Berkshire, England). Ultrathin
sections (60 nm) were mounted on coated copper grids,
stained with uranyl acetate and lead citrate, and then exam-
ined with a JEOL 1010 electron microscope (Nippon Denshi,
Tokyo, Japan).*®

For immunohistochemistry, we embedded renal tissue in
OCT compound, snap-froze it in precooled hexane, and
stoted it in liquid nitrogen until use. Fourmicrometer cryostat
sections were air-dried and fixed in acetone for 10 minutes at
room temperature. N-sulfated portions of GAG chains in
HSPG and agrin were detected with the use of a standard
immunofluorescence method with monoclonal antibodies
F58-10E4?% and anti-agrin MI90,? respectively. In brief, the
specimens were incubated with the antibodies diluted in PBS
at a ratio of 1:100 for 1 hour at 37°C. Afier 3 washes with
PBS, the specimens were further incubated with fluorescein
isothiocyanate—goat anti-mouse IgG + IgM antibody or goat
anti-hamster IgG antibody (Jackson) diluted in PBS at a ratio
of 1:100 for 1 hour at 37°C. They were washed again with
PBS, then examined under a BH2 RFL T2 fluorescence
microscope (Olympus Optical Co, Ltd, Tokyo, Japan). Pho-
tographs were taken with a PM-10AD automatic timer
{Olympus). Two of the authors independently examined the
kidney sections and scored the intensity of staining for 10E4
and agrin in GBM of each glomerulus semiquantitatively,
using an arbitrary scale of 4 grades (0-3), depending on the
degree of staining intensity. The mean and SD in all groups of
5 rats were calculated, with an average score of 30 glomeruli
for each rat spacimen.

Cell culture. GECs isolated from Sprague-Dawley rats
were provided by Dr Hideaki Yamabe (Second Department of
Intemal Medicine, Hirosaki University School of Medicine,
Hirosaki, Japan).>*3* GECs were cultured in plates coated
with collagen type I in DMEM-H containing 5% FCS, 2 mmol/L
L-glutamine, 10 ng/mL epithelial growth factor, and 1% ITS+
premix.*® GMCs were isolated from Sprague-Dawley rats and
maintained in DMEM containing 10% FCS, 2 pmol/L t-glu-
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tamine and 1% ITS+ premix as described previously.?

For experiments, confluent GECs were washed 3 times
with DMEM-H containing 0.5% FCS and incubated with
DMEM-H containing 0.5% FCS in the absence or the pres-
ence of PAN at various concentrations (5500 ng/mL). Con-
fluent GMCs were washed and treated in the same manner
with DMEM containing 0.5% FCS. After incubation, cells
were washed 3 times with PBS, frozen with liquid nitrogen,
and stored at —80°C until use for RNA isolation. After incu-
bation of GECs with PAN, cell viability was determined with
the use of the trypan blue exclusion test.

RNA isolation and Northem-blot analyses. On days 10
and 35 afier injection of PAN or saline solution, we isolated
glomeruli from the kidneys using the sequential-sieving
method.’” The glomeruli from 5 rats in each group were
pooled, and total RNA was isolated from the pooled glomer-
uli with the use of the acid-guanidium-phenol-chloroform
method.*® Cellular RNA was also isolated from cultured
GECs and GMCs. After determining the amount of RNA with
a spectrophotometer, we applied 30 pg of cach RNA to 1.0%
agarose gel containing 2.2 mol/L formaldehyde, subjected the
gels to electrophoresis for 4 hours at 100 V and blotted them
to nitrocellulose membrane. Prehybridization and hybridiza-
tion were performed in a selution containing 50% formalde-
hyde, 50 mmol/L HEPES-KCH (pH 7.3), 1 mmel/L. EDTA,
0.2% SDS, 3X S8SC, and 5X Denhart’s solution. After 2
hours of prehybridization at 42°C with 200 pg/mL of dena-
tured salmon-sperm DNA, hybridization was performed at
42°C overnight with cDNA for rat NDST-1 radiolabeled with
[32P]dCTP. After hybridization, the blot was washed exten-
sively with 1X 88C-0.1% SDS at 42°C for 20 minutes and
then 1X SSC - 0.1% SDS at 68°C three times for 20 minutes
each. Control hybridization was performed with cDNA for rat
GAPDH. Autoradicgraphy to detect NDST-1 mRNA and
GAPDH mRNA, respectively, was performed for 24 or 6
hours at room temperature with a BAS Imaging Plate (Fuji
Film). Expression of each mRNA was measured quantita-
tively with the BAS-2000 system (Fuji Film), and the expres-
sion of NDST-1 mRNA was calculated as a relative ratio
against that of GAPDH mRNA. The results were expressed as
a percentage of the ratio relative to those in control.

Real-fime PCR. For the quantitative measurement of
NDST-1 mRNA levels in GMC, we performed real-time
polymerase chain reaction using the ABI PRISM 7700 Se-
quence Detector and TagMan Predeveloped Assay Reagents
for the Gene Expression Quantification System (Applied Bio-
systems, Foster City, Calif). Using multiple reporter dyes, we
assayed the mRNA levels of NDST-1 and endogenous control
(GAPDII). NDST-1 mRNA levels were expressed as the ratio
relative to the endogenous control. The sequence of the
probes were as follows: forward primer sequence, ACT-
CATATTGAACGCTGGCTCA; reverse primer sequence,
TCTGCACTGTGTCCATCACTTTG; TagMan probe se-
quence, CATGCCAACCAGATCCTGGTCTTGGAT.

Statistical analysis. All values are expressed as mean + SD.
Data were analyzed with the use of Student’s ¢ test for unpaired
samples or the Spearman rank-correlation coefficient. P values
of less than .05 were considerad statistically significant.
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Table I. Summary of blood and urine analyses
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Treatment group Urnary protein (mg/day) Albumin (g/dL) Cholesterol (mg/dl) Creatinine (mg/dL)
PAN
Day 10 853.0 x 152.0" 0.78 = 0.13* 353.3 = 20.0* 0.35 =008
Day 35 53.0 =z 327 355+013 950 x 2.7 0.33 = 0.05
Saline solution
day 10 216 22 3.02 = 0.08 1152 +55 0.35 = 0.05
day 35 277 2123 3.45 013 828 =47 0.43 = 0.05

Data expressed as the mean = SD¢{n = 5).
*P < 05 vs controls at each fime point.

Fig 1. Representative photographs of renal histology under light
microscopy {4 and C, PAS staining, original magnification 200X)
and electron microscopy (B and D, original magnification 16,000X).
On day 10 after injection of PAN we detected no apparent changes
under light microscopy (A) and effacement of foot processes of GECs
under electron microscopy (B). We noted no abnormalities in histol-
ogy on day 35 in PAN-treated rats (C and D).

RESULTS

Clinical and histologleal analyses of PAN nephrosis, On
day 10, PAN-treated rats exhibited massive proteinuria,
decreased serum albumin, and increased serum choles-
terol {Table I). On day 33, these parameters were not
significantly different between PAN-treated rats and con-
trols. We detected no significant changes in serumn creat-
inine in PAN-treated rats compared with that in controls.

No obvious macroscopic changes (Fig 1, 4) but foot-
process effacement on electron microscopy (Fig 1, B)
of visceral GECs were observed on day 10 in PAN-
treated rats. We detected no structural abnormalities on
day 35 in the glomeruli of PAN-treated rats on light and
electron microscopy (Fig 1, C and D).

Exprossion of NDST-1 mRNA In PAN nephrosis. To ex-
amine the expression of NDST-1 mRNA in pooled
glomeruli, we performed Northern blotting. Glomerular
expression of NDST-1 mRNA was observed as a single
transcript of 8.5 kb. In PAN-treated rats, the expression
of NDST-1 mRNA was reduced on day 10 (Fig 2, 4).
Densitometric analyses of the autoradiographs from 3

independent series of experiments showed that the ra-
tios of NDST-1 mRNA against GAPDH mRNA in
PAN-treated rats were significantly decreased, to 48%
+ 6% of those in controls (Fig 2, B). On day 35, the
expression of NDST-1 mRNA in the glomeruli of
PAN-treated rats was 85% * 10% of those in controls
(Fig 2, C and D).

Immunoflucrascence studies. Because Northern-blot
analysis and examination of urine and bloed as de-
scribed above indicated that the decrease in expression
of NDST-1 mRNA was correlated with the appearance
of significant proteinuria, we sought to determine
whether changes of N-sulfation of GAG chains oc-
curred in the kidney. Frozen sections of renal tissue
were analyzed under immunofluorecence microscopy
with the specific antibody against N-sulfated glucosam-
ine—enriched portion of heparan sulfate, 10E4.2> Con-
trol rats showed well-stained GBM, Bowman's capsule,
and tubular basement membrane (Fig 3, B), consistent
with the earlier report.?’ In PAN-treated rats, we de-
tected a significant decrease in staining in GBM on day
10, whereas the intensity of staining was not changed in
other parts of the renal sections, including Bowman’s
capsule and tubular basement membrane (Fig 3, A).
When we analyzed the sections with the antibody
against agrin,?® staining intensity was not changed in
either group on day 10 (Fig 3, C and D). On day 35,
PAN-treated rats showed intensity of staining of 10E4
on GBM similar to that in controls {data not shown).
Semiquantitative analysis of staining intensity in GBM
showed significant decrease of N-sulfated portion of
heparan sulfate in PAN-treated rat GBM on day 10
compared with those in the saline solution-treated con-
trol (1.48 = 0.11 vs 2.68 *= 0.13, P < .05; Table II).

Exprossion of NDST-1 mRNA in cuftured GECs and
GMCs. To further investigate the decrease in the glomer-
ular expression of NDST-1 mRNA in PAN nephrosis rats,
we studied the expression of NDST-1 mRNA in cultured
GECs and GMCs. The expression of NDST-1 mRNA was
2.7 times greater in GECs than in GMCs in cells cultured
for 24 hours with medium alone (r = 3; Fig 4).

In the next set of experiments, we studied the effect
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Fig 2. Northern-blot analysis for glomerular expression of NDST-1 mRNA, Northern blotting was performed
with total RNA isolated on (A) day 10 or (€} day 35 from the glomeruli of PAN-treated rats or rats injected with
saline solution alone. Specific probes for rat NDST-1 or GAPDH were used as described in the Methods.
Densitometric analysis showed the decrease in expression of NDST-1 mRNA on day 10 in PAN-treated rats
compared with that in rats injected with saline solution alone (B}, Only minor differences in the expression of
NDST-1 mRNA were observed on day 35 between PAN-treated rats and rats injected with saline solution alone
(D). The ratio of NDST-1 mRNA against GAPDH mRNA in controls is denoted by 100%. Data expressed as

mean * SD of 3 independent experiments.

of PAN on the expression of NDST-1 mRNA by cul-

tured GECs. Incubation of GECs for 24 hours in the
presence of 50 ng/ml. PAN resulted in a significant
decrease in the expression of NDST-1 mRNA com-
pared with that in controls {(# = 3; Fig 5). Densitomet-
ric analysis revealed that the ratio of the expression of
NDST-1 mRNA against GAPDH mRNA in GECs in-
cubated for 24 hours in the presence of PAN was 67%
* 12% of that in controls (P < .05). The ratio in GECs
cultured for 3 hours with 50 ng/mL PAN was 89% *
17% of those in controls. GECs incubated for 24 hours
with medium alone showed an increase in expression of
NDST-1 mRNA compared with that in cells incubated
for 3 hours with medium (Fig 5). In dose-response
experiments, GECs were incubated for 24 hours with
different concentrations of PAN. The expression of
NDST-1 mRNA in GECs decreased significantly in a
dose-dependent manner (n = 3; Fig 6). GEC death was
not observed in this range during the experiments.
Because GMCs expressed less NDST-1 mRNA than

did GECs, we performed real-time PCR to assess
NDST-1 mRNA levels in GMCs. In contrast with
GECs, GMCs incubated with PAN for 24 hours showed
no significant decrease in the expression of NDST-1
mRNA (n = 3; Fig 7).

DISCUSSION

The findings of previous studies have indicated that
the anionic charge in GBM is located predominantly in
sulfate groups of GAG chains in HSPG.'*** N-sulfa-
tion catalyzed by NDSTs is the first and essential step
in the enzyratic reactions for the sulfations of heparan
sulfate GAG chain,'!7-840%

Recently some heparan sulfate sulfotransferases, in-
cluding 4 isozymes of NDST and 2-,3-,6-O-sulfotrans-
ferases were cloned.”™*?842-4% NDST is a key en-
zyme that plays a pivotal role in the sulfation pathway
in heparan sulfate GAG chain synthesis. Isozymes of
NDST, NDST-1 (rat liver),”® NDST-2 (murine masto-
cytoma),*2 NDST-3 (human brain),?° and NDST-4 (hu-
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Fig 3. Immunchistochemical studies. We detected N-sulfated glucosamine-enriched portions of heparan sulfate
and core protein agrin on frozen sections of renal tissues using specific antibodies -~ F58-10E4 (A and B} and
MI%0 (C and D), respectively {original magnification 200X}. On day 10 after injection of saline solution (B),
staining of GBM, Bowman's capsule, and tubular basement membrane by 10E4 was clear, In PAN-treated rats
(4), the staining intensity of 10E4 on GBM was apparently decreased on day 10. We detected no differences in
staining by M190 on day 10 in PAN-treated rats (C) and rats injected with saline solution (D).

Table ll. Semiquantitative analysis of
immunoftucrescence staining

N-sulfated portion of

Treaiment group heparan sulfate (10E4) Agrin (MIP0)
PAN

Day 10 1.48 = 0.11" 1.61 +0.36

Day 35 246 £ 0.15 ND
Saline solution

Day 10 268 = 0.13 167 +0.25

Day 35 258 Q.15 NO

The intensity of staining for 10E4 and agrin in GBM of eaich glomenulus
was scorled semiquantitatively, as described in the Methods sec-
fion.

Data expressed as mean * SD (n = §).

*P < .05 vs controls at each time point. ND = not determined.

man and mouse cDNA library)*! have been identified,
but their distribution and relative contribution in hepa-
ran sulfate synthesis in certain tissues are largely un-
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Fig 4. Expression of NDST-1 mRNA in cultured GECs and GMCs.
Northern-blot analysis was performed with total RNA isolated from the
cells incubated for 24 hours with the media as described in the Methods.

known. Aikawa and Esko®®?! reported that NDST-1,
-2, and -3 are expressed in human kidney, but the
contribution of each isozyme to heparan sulfate sulfa-
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Fig 5. Effect of PAN on expression of NDST-1 mRNA in cultured
GECs. Northern-blot analysis was performed with total RNA isolated
from GECs incubated for 3 or 24 hours in the presence of 50 ng/mL
PAN as described in the Methods section.

tion in the glomeruli remains to be elucidated. Our data
suggest that NDST-1 activity is involved in the sulfa-
tion of HS in glomeruli, consistent with a recent report
in NDST-1-knockout mice.*®

In this study, we demonstrated that glomerular ex-
pression of NDST-1 mRNA in PAN-treated rats was
decreased at the nephrotic phase. The reduction in the
level of NDST-1 mRNA was accompanied by a loss of
N-sulfated GAG chains of HSPG in GBM without
changes in core protein agrin, suggesting a decrease in
NDST activity. Furthermore, the disappearance of sig-
nificant proteinuria corresponded with the return to
normal expression of ND)ST-1 mRNA in glomeruli and
of N-sulfated GAG chains in GBM.

These results indicate that a disturbance of enzymatic
reaction for sulfations in GAG chains of HSPG plays an
important role in the mechanism of significant proteinuria
in the PAN nephrosis model; the authors of recent studies
have reported that changes in cell-surface sialoglycopro-
teins (eg, podocalyxin and podoplanin) or foot process—
associated molecules (including nephrin and podocin on
podocytes) are also involved in the development of pro-
teinuria in this animal model.*”*? Furthermore, our re-
sults are consistent with those from other studies demon-
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Fig 6. Summary of Northern-blot analyses in dose-response experi-
ments in GECs. GECs were incubated for 24 hours in the presence of
PAN at concentrations of 5, 50, and 500 ng/mL. The percentages of
the ratio of NDST-1 mRNA expression were calculated relative to the
ratio in controls as described in the Methods. The ratio of the
expression of NDST-1 mRNA against GAPDH mRNA in controls is
indicated by 100%. Data expressed as mean * SD of 3 independent
experiments.

strating that the injection of specific antibodies against the
heparan sulfate GAG side chain of HSPG induces pro-
teinuria, probably by masking anionic charge in the hepa-
ran sulfate GAG side chain,'* whereas antibodies against
the core protein of HSPG do not cause proteinuria.**

In this study, the changes in glomerular expression of
NDST-1 and N-sulfated GAG chains were assessed at a
limited number of time points. To determine clearly the
causality of alterations of the heparan sulfate sulfation
pathway to proteinuria in PAN nephrosis, further in-
vestigation at multiple time points, especially earlier
ones, is needed.

Several reports suggest a role for ROS in PAN ne-
phrosis.*’»** Raats and Berden'® reported that heparan
sulfate side chains of rat agrin were depolymerized in
vitro by ROS and supgest that ROS can affect the
permeability of the GBM by way of heparan sulfate
depolymerization. It may be that the decrease in
NDST-1 in glomeruli impaired the repair process for
the heparan sulfate initially damaged by ROS in GBM,
leading to massive proteinuria,

We also demonstrated in this study that GECs ex-
pressed more NDST-1 mRNA than GMCs, a finding in
agreement with the results of recent in vitro studies
showing that GECs synthesize more HSPG than do
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Fig 7. Summary of real-time PCR in dose-response experiments in
GMCs. GMCs were incubated for 24 hours in the presence of PAN
at concentrations of 5, 50, and 500 ng/mL. The percentages of the
ratio of NDST-1 mRNA expression were calculated relative to the
ratio in controls as described in the Methods section. The ratio of the
expression of NDST-1 mRNA against GAPDH mRNA in controls 1s
denoted by 100%. Data expressed as mean = SD of 3 independent
experiments.

GMCs as detected on ELISA with a specific antibody
against heparan sulfate GAG side chain in HSPG.>
The incubation of GECs with PAN reduces the expres-
sion of NDST-1 mRNA in a time- and dose-dependent
manner. We used PAN in culture at concentrations
ranging from 5 to 300 ng/ml; no GEC death was
cbserved in this range during the experiments. It has
been shown that the concentration of PAN capable of
inducing general toxicity is at least 10 pg/mL**** In
addition, the production of the core protein of HSPG in
GECs is known to be unaltered in the presence of PAN at
a concentration less than 50 pg/mL.>* Thus the resulls
showed that NDST-1 is involved in the assembly of hepa-
ran sulfate in GEC, and suggests that GECs, rather than
GMCs, contribute to the glomerular disturbance of M-
sulfation of heparan sulfate after administration of PAN,
without the change of HSPG core protein, including agrin.

Taken together, our results show for the first time, to
our knowledge, that transcriptional alteration of the
glomerular NDST-1 occurs at a nephrotic phase in PAN
nephrosis. We suggest that the alteration of NDST-1
mRNA in glomeruli is associated with the reduction of
N-sulfated GAG chains of HSPG on GBM and contrib-
utes at least somewhat to the mechanism of proteinuria
in the PAN nephrosis model. Because a previous report
indicated that GEC is the major target of PAN in PAN
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nephrosis,’® it may be that the transcriptional decrease
of NDST-1 in GEC contributes to the undersulfation of
heparan sulfate in GBM and proteinuria in PAN
nephrosis.

We thank Professor Mohamed R. Daha, Professor Leendert A. van
Es and Dr Emile de Heer for their critical review of this paper.
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Role of mast cells in the development of renal fibrosis: Use of
mast cell-deficient rats.

Background. Recent clinical studies have shown that the
number of interstitial mast cells increases in various types of
renal disease and correlates well with the magnitude of inter-
stitial fibrosis. The present study was conducted to assess the
role of mast cells in renal fibrosis by examining an experimen-
tal glomerular disease.

Methods. A rat model of chronic glomerular disease,
puromycin aminonucleoside-nephrosis, was induced in mast
cell-deficient (Ws/Ws) and normal (+/+) rats.

Results. The area of interstitial fibrosis was widely distributed
at 6 weeks in both groups of rats; however, unexpectedly, the
area of interstitial fibrosis was greater in Ws/Wsrats than in +/+
littermates. Biochemical analysis of the hydroxyproline content
confirmed the more severe fibrosis in the Ws/Ws rats. The num-
ber of mast cells increased in both Ws/Ws and +/+ rats, con-
comitant with the development of interstitial fibrosis, but was
confirmed to be lower in Ws/Ws than in +/+ rats. There were
no differences in the numbers of interstitial macrophages and
T lymphocytes between the two groups. Reverse transcription-
polymerase chain reaction analysis of cytokine expression re-
vealed that the level of mRNA for transforming growth factor-
B (TGF-B), a potent profibrotic cytokine, was higher in Ws/Ws
rats. In addition, heparin, one of the major components of mast
cells, inhibited the expression of TGF-§ mRNA in rat fibrob-
lasts in culture.

Conclusion. These results sugpgest that mast cells do not
play a major role in the pathogenesis of interstitial fibrosis in
puromycin aminonucleoside nephrosis. Rather, they might be
protective or ameliorative in this model through the inhibition
of TGF-p production by heparin, and possibly in other models
and also in humans.

Mast cells are known to be immune-effector cells that
augment inflammatory reactions. It is widely accepted

Key words: mast cell, Ws/Ws rat, renal fibrosis, animal model, trans-
forming growth factor-p.
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that mast cells are involved in a number of allergic in-
flammatory diseases as well as in host defense against
pathogens. In addition, several lines of evidence suggest
that mast cells may participate in fibrotic processes. Mast
cells are found in fibrogenic lesions in various tissues in
human diseases, such as pulmonary fibrosis [1, 2], hep-
atic cirrhosis [3, 4}, scleroderma [S, 6], and keloid [7].
Mast cells serve as a rich source of several mediators
[8], including histamines, proteoglycans, and proteolytic
enzymes (proteases), as well as a number of cytokines
[9], some of which are reported to be mitogenic [10] and
chemotactic [11] for fibroblasts, and to stimulate the pro-
duction of the extracellular matrix (ECM) by fibroblasts
{9, 10, 12]. Furthermore, mast cells themselves produce
components of the ECM {13). Therefore, for these rea-
sons they are considered to play a profibrogenic role in
the above-mentioned diseases.

In recent years, mast cells were shown to be present
in the interstitial area of human renal biopsy tis-
sues from patients with various renal diseases, such as
IgA nephropathy [14-16], rapidly progressive glomeru-
lonephritis {17], focal and segmental glomeruloscle-
rosis [15], diabetic nephropathy [13, 18], and kidney
graft rejection [16, 19, 20]. Furthermore, the num-
ber of interstitial mast cells in these glomerular dis-
eases correlates well with the degree of interstitial
fibrosis. Tubulointerstitial lesions including interstitial fi-
brosis are considered to be prognostic features of various
glomerular diseases; regardless of its primary causes, de-
creased renal function correlates most closely with patho-
logic changes in the tubulointerstitium, which include
interstitial fibrosis, tubular atrophy, and loss of peritubu-
lar capillaries [21, 22]. Based on these observations, mast
cells are suggested to contribute to the renal deterioration
in glomerular diseases by inducing interstitial fibrosis [ 14,
15,17]. However, there have been no studies that directly
show the involvement of mast cells in the pathogenesis
of interstitial fibrosis in the kidney.

To elucidate the role of mast cells in the inter-
stitial fibrosis in progressive glomerular diseases, we
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investigated the accumulation of mast cells in an animal
model of glomerular disease thatis accompanied by inter-
stitial fibrosis and renal deterioration. Furthermore, we
utilized mast cell-deficient Ws/Ws rats to test if mast cells
contribute to the development of the interstitial fibrosis.
Ws/Ws rats have very few mast cells in their skin and other
tissues [less than 1% of the number in control (+/+) lit-
termates] because of a small deletion in the tyrosine ki-
nase domain of the c-kit gene [23-25). Unexpectedly, in
this study we found that the degree of interstitial fibrosis
was more severe in Ws/Ws rats than in the control litter-
mates, suggesting that mast cells do not contribute to the
development of interstitial fibrosis in this model. Rather,
they may actually play a beneficial role in the process of
fibrosis in the kidney.

METHODS
Animal model

Puromycin aminonucleoside (PAN) nephrosis model
was induced in male mast cell-deficient Ws/Ws and their
normal +/+ littermates (Japan SL.C; Hamamatsu, Japan,
N = 12 each), weighing 140 to 160 g, by the method of
Jones et al [26], with slight modifications. In brief, left
unilateral nephrectomy through a flank incision was per-
formed on each rat under sodium pentobarbital (45 mg/kg
body weight) anesthesia. Five days after the nephrectomy,
the rats received anintraperitoneal (i.p.) injection of PAN
(Sigma Chemical Co., St. Louis, MO, USA) dissolved in
0.9% saline {15 mg/mL) and given atadose of 15-mg/100 ¢
body weight. Second, third, and fourth doses of PAN
(4.3 mg/100 g body weight, i.p.) were administered at 3, 4,
and 5 weeks, respectively, after the initial dose. Control
animals did not receive any surgical procedures or injec-
tions (N = 10 each). All animals were maintained on a
standard rat diet and had free access to water throughout
the course of the experiment. The animals were housed
individually in metabolic cages to cbtain 24-hour urine
once every week. They were sacrificed sequentially at 2
(N =3 each) and 6 weeks (N =5 eachexceptfor N =4 for
PAN-injected Ws/Ws rats; see below) after the initial dose
of PAN, namely, 1 week after the first and the last injec-
tions, respectively. Three of the PAN-injected Ws/Ws rats
and 2 of the PAN-injected +/+ rats died of chronic renal
failure by 6 weeks. These rats were found dead in their
cages in the morning, and thus their kidneys could not be
used for histologic studies. These animals were excluded
from the subsequent analysis. At sacrifice, blood samples
were collected by heart puncture under anesthesia with
diethylether. The kidneys were perfused via the abdom-
inal aorta with ice-cold saline, and pieces of renal tissues
were fixed in 10% buffered formalin or periodate-lysine-
paraformaldehyde (PLP) solution. Pieces of renal cortex
were also used for RNA preparation and hydroxyproline
analysis (see below). Urinary protein was quantified by
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the biuret method. Levels of blood urea nitrogen (BUN)
were measured with a kit designed for clinical use (Wako
Pure Chemical Industries, Osaka, Japan).

Kidney tissue preparation

The kidney tissues fixed in 10% buffered formalin
were embedded in paraffin, sectioned, and stained with
hematoxylin and eosin, periodic acid-Schiff (PAS), or
Masson trichrome. The degree of interstitial fibrosis was
semiquantitatively analyzed by inspection of Masson
trichrome-stained sections and graded on a scale of 0
to 3 as follows: (), no apparent damage; () mild dam-
age, with lesions involving less than 5% of the cortex; (2)
moderate damage, involving 5% to 20% of the cortex;
and (3) severe damage, involving more than 20% of the
cortex. Pieces for cryostat sectioning were fixed in PLP
solution for 4 hours, washed several times in phosphate-
buffered saline (PBS) containing 7% sucrose, embedded
in Tissue-Tek OCT compound (Sakura Finetek, Torrance,
CA, USA), and snap-frozen.

Immunohistochemical study

To block endogenous peroxidase activity, we treated
sections of frozen or paraffin-embedded kidney tissues
with methanol containing 0.6% hydrogen peroxide for
15 minutes and then washed them with PBS. They were
stained by the standard avidin-biotin peroxidase tech-
nique with sheep antirat mast cell protease (RMCP) I
{(mast cell-specific antibody; Moredun, Scotland, UK),
mouse monoclonal antibody ED-1 (specific for rat mono-
cytes/macrophages), W3/25 (CD4" cells), or OX8 (CD8*
cells) at 4°C overnight. The sections were incubated with
the corresponding second antibodies, biotinylated don-
key antisheep IgG or horse antimouse IgG, and stained
with the reagents of an ABC staining kit (Vector Labo-
ratories, Inc., Burlingame, CA, USA). Sections were also
stained with horseradish peroxidase—conjugated mouse
antihuman a-smooth muscle actin («—SMA, a marker
for myofibroblasts) monoclonal antibody (Dako Corp.,
Carpinteria, CA, USA). All sections were then de-
veloped with 3, 3'-diaminobenzidine solution as chro-
mogen and counterstained with methylgreen. With the
aid of a 10 x 10 eyepiece grid, the numbers of mono-
cytes/macrophages, CD4™, and CD8* cells in the intersti-
tium were counted manually in 6 random nonoverlapping
cortical fields (x400) of sections made from each exper-
imental animal. RMCP I-positive interstitial mast cells
were also counted in 20 random cortical fields (x100).
The results of cell counting were expressed as the num-
ber per square millimeter.

Cell cultures

A cell line of renal fibroblasts (NRK49F) derived
from rat kidney was obtained from The European
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