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cytokine levels during the course of the liver injury. Significant
elevation of IL-4 in the serum was observed in LECT2™'" mice
(Fig. 50). In contrast, the levels of TNF-« and IFN-y were not
significantly different between wild-type and LECT2™/~ mice
(Fig. 5C). Furthermore, the levels of IL-6 and IL-10 in these mouse
types were also comparable (data not shown). To compare the
local expression of cytokines, quantitative real-time RT-PCR anal-
ysis of liver tissue RNA at 2 h after Con A injection was per-
formed. The results revealed that IL-4 and FasL expression in the
liver of LECT2 ™'~ mice was significantly higher than that in wild-
type liver (Fig. 50). FasL. is known as an effector molecule in Con
A-induced hepatic injury, and NKT cells primarily express it (16).
Thus, the increased hepatic LECT2 ™/~ NKT cells contribute to the
severity of Con A-induced hepatitis.

FasL expression and increase in annexin V-positive CD3™
NKI.1* cells during Con A-induced hepatitis

To examine whether the NKT cells of LECT2™/~ mice indeed
expressed large amounts of FasL upon stimulation with Con A, the
proportion of CD3™ NK1.17* cells expressing FasL was deter-
mined by flow cytometric analysis. Three hours after Con A in-
jection, the CD3"™ NKI.1% cells in LECT2™~ mice expressed
approximately twice the amount of FasL that was found in wild-
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type mice (Fig. 64). Conventional T cells of both wild-type and
LECT2™'~ mice expressed scarcely any FasL (Fig. 64).

Next, we analyzed the proportion of NKT cells that become
apoptotic upon stimulation with Con A, because current evidence
suggests that hepatic NKT cells are eliminated by apoptosis after
Con A injection {16). The three-coler staining of CD3'™ NKI1.1*
and annexin-V demonstrated that hepatic CD3™ NK1.1" cells of
both wild-type and LECT2™/~ mice decreased 3 h after Con A
injection, and the proportion of annexin V-positive cells was
higher in LECT2™'~ mice. In contrast, conventional T cells were
not stained with annexin V (Fig. 6B). These results suggest that
hepatic NKT cells in LECT2™/~ mice showed increased activa-
tion-dependent apoptosis, as is the case in wild-type mice.

Discussion

LECT2 was criginally noted for its possible neutrophil chemotac-
tic activity {1). In addition, it was independently reported to be a
growth-stimulating factor for chondrocytes and osteoblasts and
was named chondromodulin II (6). To determine the function of
LECT? in vivo, we generated LECT2 ™/~ mice. In some prelimi-
nary experiments we could not easily find any clear differences
related to the above two activities. Therefore, based on the possible
roles of LECT2 in liver injury and its tissue-specific expression (2,
3), we focused on the liver.
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FIGURE 6. Detections of NKT cells expressing FasL or annexin V-positive NKT cells during Con A-induced hepatitis. A, NKT cells or conventional
T cells that express FasL. were detected by three-color staining for CD3, NK1.1, and FasL. Hepatic MNCs were prepared 3 h after injection with Con A
or control saline. B, Increase in annexin V-positive NKT cells in the livers of mice challenged with Con A. Hepatic MNCs were isolated 3 h after the Con
A challenge. Three-color staining was performed for CD3, NK1.1, and annexin V.

In the present study we found an increased proportion of hepatic
CD3™ NKI1.1" and CD4* NK1,1* cells in LECT2 ™/~ mice com-
pared with that in wild-type mice (Fig. 24). Moreover, we ob-
served that the proportion of hepatic CD3™ CD1d-a-GalCer tet-
ramer™ cells in LECT2™'~ mice was about double that in wild-
type mice (Fig. 2C), indicating that LECT2 " mice have an
increased proportion of hepatic Val4 NKT cells. The production
of IL-4 and IFN-vy 2 h after administration of «-GalCer in mice
would be primarily derived from NKT cells (30). Furthermore, the
higher production of both cytokines from the hepatic MNCs
treated with a-GalCer is consistent with this result. Therefore, the
differences in the levels of IL.-4 and IFN-v after stimulation with
a-GalCer in vivo and in vitro could be explained by the increased
number of NKT cells in LECT2™/~ mice. In addition, the Fas/
FasL-sensitive cytotoxicity of hepatic MNCs in LECT2™/~ mice
was much higher than that in wild-type mice. In contrast, this
cytotoxicity of spleen cells from both wild-type and LECT2™/~
mice was comparable. We also could find no significant differ-
ences in the percentage of CD3™ NK1.1" cells in the spleen cells
of LECT2™’~ and wild-type mice. Therefore, augmentation of the
Fas/FasL-sensitive cytotoxicity shown in hepatic MNCs was pos-
sibly due to the increased percentage of NKT cells in LECT2™'~
mice. In addition, the NK-sensitive cytotoxicity in hepatic MNCs
from LECT2 ™'~ mice was slightly higher than that in MNCs from
wild-type mice. At present, although the reason for this slight en-
hancement is not clear, the cytotoxicity of hepatic NK cells also
might be enhanced in LECT2™/~ mice. Thus, all these results in-
dicate that LECT2 ™'~ mice show an increase in hepatic NKT cells,
which appear to function as they do in wild-type mice.

To explore the biological effects of the increased number of
hepatic NKT cells in LECT2 ™'~ mice, we compared wild-type and
LECT2™'~ mice using the Con A-induced hepatitis model. The
onset of Con A-induced hepatitis requires a complicated process of
activation of cytokines from immune cells. Both IFN-y and TNF-«
play crucial roles in Con A-induced hepatitis (29, 31). Recent re-
ports have pointed out that activated NKT cells expressing 11.-4

also play an essential role in Con A-induced hepatitis and mediate
subsequent activation of the cytotoxic pathways (14-16). We
showed that LECT2 ™'~ mice were clearly sensitive to Con A-in-
duced hepatitis (Fig. 5, A and B), and that the levels of IL.-4 and
FasL in LECT27/~ mice were higher than those in wild-type mice
(Fig. 3, C and D). These findings strongly suggest that a higher
level of IL-4 expression induces excessive FasL and also probably
granzyme B (15), resulting in the production of a number of ap-
optotic hepatocytes (Fig. 58) and a larger proportion of annexin
V-positive hepatic CD3™ NK1.17* cells (Fig. 6). Recently, several
reports showed that the NK1.1 marker of CD3™ NKI1,17* cells is
down-modulated on activation (32-35}). Therefore, the dacrease in
CD3™ NK1.1™ cells after Con A challenge in both wild-type and
LECT2™'" mice (Fig. 6) might be due not only to apoptosis of
NKT cells, but also to down-regulation of the NK1,1 marker,
The reason for the increase in hepatic NKT cells in LECT2 ™/~
mice is an important issue, LECT2 might participate in the differ-
entiation, development, or both of NKT cell lineages. There is
considerable evidence for genes that positively regulate the devel-
opment of NK or NKT lineages (36). In contrast, LECT2™'~ mice
have an increase in NKT cells in the liver, suggesting that LECT2
might negatively regulate the development of NKT cell lineages.
However, considering that there were no obvious differences in
CD3™ NK1.1% cells of spleen, thymus, and bone marrow (Fig.
2C; data not shown), a role for LECT2 might be related to the
homeostasis of NKT cells in the liver. For example, LECT2 might
control an immune state in the liver by regulating the selection
and/or expansion of hepatic NKT cells or the homing activity of
NKT cells toward the liver. Moreover, a distinctive feature of NKT
cells in LECT2 ™/~ mice is that the difference in IL-4 production
between wild-type and LECT2™'~ mice is greater than that in
IFN-+ production upon stimulation with a-GalCer. The possible
IL-4 dominance might be related to the observation that mice con-
taining an increased number of NKT cells tend to be IL-4 domi-
nant (37-40), or immature NKT cell lincages tend to exhibit the
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Th2-type-dominant phenotype (41, 42). It is possible that an im-
balance in the proportion of NKT cells in LECT2™"* mice affects
an immune state, which is associated with the pathogenesis of
certain immune diseases.

In summary, our results revealed that the number of hepatic

NKT cells was increased in LECT2 /™ mice and suggested that
LECT2 may play an important role in the homeostasis of NKT
cells in the liver. Although a deficiency of LECT2 does not cause
any significant abnormality in mice under physiological condi-
tions, they become susceptible to Con A-induced hepatitis, prob-
ably due to excessive production of IL-4 and FasL from NKT cells,
Thus, it is possible that LECT2 might be involved in the patho-
genesis of hepatitis or other inflammatory diseases in humans
through modulation of NKT cell activity.
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IFN requlatory factors (IRFs) are a family of transcription factors
that play an essential role in the homeostasis and function of
immune systems. Recent studies indicated that IRF-8 is critical for
the development of CD11b"°WCDBa™* conventional dendritic cells
(DCs) and plasmacytoid DCs. Here we show that IRF-4 is important
for CD11bhMs"CD8a~ conventional DCs. The development of
CD11bhsh DCs from bone marrow of IRF-4-/~ mice was severely
impaired in two culture systems supplemented with either GM-CSF
or Flt3-ligand. In the IRF-4—/~ spleen, the number of CD4+CD8a~
DCs, a major subset of CD11bM9h DCs, was severely reduced. IRF-4
and |RF-8 were expressed In the majority of CD11bMs"CD4+CD8a~
DCs and CD11bwCD8a+ DCs, respectively, in a mutually exclusive
manner. These results imply that IRF-4 and IRF-8 selectively play
critical roles in the development of the DC subsets that express
them.

Dendritic cells (DCs) are professional antigen-presenting
cells that link the innate and adaptive immune systems.
They express CD11lc and are composed of heterogeneous cell
populations with different functions (1). At present, murine DCs
have been divided into two major groups, B220~ conventional
DCs and B220* plasmacytoid DCs (2-5). In lymphoid organs,
the conventional DCs can be divided into two subsets,
CD11bMehCD8a~ and CD11b*CD8a* DCs, based on the
expression of surface markers (1). In the spleen, the
CD11bM#hCD8a~ subset can be further divided into CD4* and
CD4- DCs (6, 7). In vitro, CD11bMe"CD8a~ DCs can be
generated in two bone marrow (BM) culture systems, supple-
mented with either granulocyte—macrophage colony-stimulating
factor (GM-CSF) or FIlt3 ligand (FIt3L) (8-10).
CD11b™CD8a™* DCs can also be generated from a BM culture
supplemented with FIt3L, although further stimulation by lipo-
polysaccharide (LPS) is needed to induce the expression of
CD8a (10). The molecular phenomena that regulate the differ-
entiation of these distinct subsets of DCs are poorly understood.

Transcription factors of the IFN-regulatory factor (IRF)
family participate in the early host response to pathogens,
immunomodulation, and hematopoietic differentiation (11). A
member of the family, IRF-4, was cloned independently as a
homologous member of the IRF gene family (12) and as an
interacting partner of PU.1 (Pip) (13). PU.1 is an Ets family
member involved in B lymphocyte and myeloid lincage devel-
opment (14, 15) and is essential for the development of CD8a~
DCs (16, 17). Upon their association, IRF-4 and PU.1 undergo
conformational changes, followed by binding to the DNA-
binding element (18). IRF-4 is expressed at all stages of B cell
development, in mature T cells (12}, adult T cell leukemia cell
lines (19, 20), and in macrophages (21, 22}. The analysis of mice
lacking IRF-4 (IRF-4~/~) revealed that IRF-4 is essential for the
function and homeostasis of both mature B and T lymphocytes
(23, 24). IRF-8 (originally named IFN consensus sequence
binding protein, ICSBP) is another member of the IRF family,
and its structure is closely related to that of IRF-4. It can interact
with PU.1 and binds to a DNA sequence similar to that bound

www.pnas.org/cgi/doi/10.1073/pnas.0402139101

by IRF-4 (22). Recent studies indicated that IRF-8 is critical for
the development of CD11b°*CD8a* conventional DCs and
plasmacytoid DCs (25-28). Here, we show that bone marrow
cells from IRF-4 knockout mice have intrinsic defects in the
development of CD11bMe DCs in two culture systems supple-
mented with either GM-CSF or Flt3-ligand. Mice lacking the
IRF-4 gene have selective defects in splenic CD11b"8*CD8a~
conventional DCs. IRF-4 is expressed in this subset of DCs,
indicating that IRF-4 plays a critical role in the development of
the DC subset that expresses it.

Methods

Mice. C57BL/6J mice were purchased from CLEA Japan
(Osaka). IRF-4-deficient mice (23) and OT-II transgenic mice
(29), expressing the T cell receptor specific for OVA323-339 and
I-AY were maintained at the Laboratory Animal Center for
Biomedical Research, Nagasaki University School of Medicine.

BM Cultures. The GM-CSF-supplemented BM culture was per-
formed as described (9). The culture supernatant from a Chinese
hamster ovary cell line transfected with the murine GM-CSF
gene was used as the source of GM-CSF. At day 10, the
nonadherent cells were harvested by gentle pipeting and were
stimulated with 1 pg/ml LPS (Escherichia coli 0127:B8, Sigma)
for 48 h. The FIt3L-supplemented BM culture was performed as
described (10), except mouse FIt3L (Genzyme/Techne) was
used. At day 9, the nonadherent cells were harvested by gentle
pipeting and were stimulated with 1 ug/ml LPS for 24 h. For the
experiments using the six-well transwell plates (Corning, NY),
5.2 X 10° BM cells {low cell density) in the lower chamber and
5 % 105 BM cells (high cell density) in the upper chamber were
cultured in 4.1 ml of McCoy’s medium, supplemented with 100
ng/ml FlIt3L, for 10 days as described (10). For details see
Supporting Text, which is published as supporting information on
the PNAS web site.

Cell Preparation from Lymphoid Organs. Cells from thymuses and
spleens were prepared as described (6). Low-density cells from
spleen were also prepared as described (6).

Flow Cytometry. The cells were blocked with anti-CD16/32
antibody, rat IgG, and mouse IgG. All antibodies were pur-
chased from BD Pharmingen, except where noted. In addition
to the isotype controls, the following antibodies were used:
Anti-CD16/32, FITC-conjugated anti-MHC class 1T (MHC-II),

This paper was submitted directly {Track 1) to the PNAS office.

Abbreviations: DC, dendritic ce!l; BM, bone marrow; FIt3L, Fit3 ligand; GM-CSF, granulo-
cyte-macrophage colony-stimulating factor; LPS, lipopolysaccharide; IRF, IFN-regulatory
factor; PE, phycoerythrin; PerCP, peridinin chlorophyll-a protein; NPTII, neomycin phos-
photransferase Il; OVA, ovalbumin; MHC-I, MHC class l; NK, natural killer.
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Fig. 1. Impaired DC development in the IRF-4~/~ BM culture with GM-CSF. (A} The CD11c expression on nonadherent cells from GM-CSF BM cultures at day 10
was analyzed by flow cytometry. (8} Photographs of the cultures by phase contrast microscopy, taken at day 10. (C) The expression of IRF-4 in the CD11c* cells
was assessed by immunoblotting. Lysates from 2.5 x 105 cells were subjected to electrophoresis. (D) The lineage marker expression on the CD11c* cells was
analyzed by flow cytometry. {F) The antigen-presenting ability of the CD11¢” cells for whole OVA and its peptide (323-339 amino acid residues) to OVA-specific
CD4* T cells was examined. (F) MHC-IIl and costimulatory factor expression by the nonstimulated and LPS-stimulated CD11¢* cells was examined. (G) The
morphology of LPS-stimulated CD11¢* cells was observed by phase contrast microscopy. (H) Wild-type and IRF-4~/~ BM cells were cocultured. After 10 days, the
expression of MHC-Il on the cells was analyzed. NPTIl expression by the wild-type and the IRF-4~/- cells was distinguished by flow cytometry with anti-MHC-I
and anti-NPTII. {) The expression of several transcription factor and cytokine receptor genes invelved in DC development was analyzed by RT-PCR.

anti-CD8, and anti-Gr-1; phycoerythrin {PE}-conjugated anti-
CD1lc; CyChrome-conjugated anti-CD4; peridinin chloro-
phyll-a protein (PerCP)-conjugated anti-B220; biotin-
conjugated anti-CD11b, anti-B220, and anti-Ly6¢; PE-
conjugated anti-CD40, anti-CD80, and anti-CD86 from
Immunotech; biotin-conjugated anti-CD8 and anti-MHC-I],
PE-conjugated anti-CD3, and allophycocyanin-conjugated
anti-CD4 from eBioscience; and anti-IRF-4 and anti-IRF-8
from Santa Cruz Biotechnology. The binding of biotinylated
antibodies was detected with PerCP-Cy5.5- or CyChrome-
conjugated streptavidin. Analyses of stained cells were per-
formed on a FACScan or FACSCalibur with the CELLQUEST
software {BD Bioscience).

Intracellular Staining. For the analysis of neomycin phosphotrans-
ferase II (NPTII), cells were fixed and permeabilized with the
Fix and Perm kit (Caltag), and were incubated with anti-NPTII
(Upstate Biotechnology) followed by ant-rabbit IgG-biotin
(Santa Cruz Biotechnology) and streptavidin-CyChrome. For
analyses of IRF-4 and IRF-8, cells were fixed with 1% parafor-
maldehyde (Wako) and permeabilized with 0.5% Triton X-100
(Wako). The permeabilized cells were incubated with the anti-
IRF-4 or IRF-8 antibody, followed by anti-goat IgG-Alexa Fluor
488 (Molecular Probes)

Western Blot Analysis. Cell lysates were prepared as described
(30), with modifications (see supporting information). Immu-
noblotting was performed as described (31).

RT-PCR. Total RNA was prepared from cells as described (31).
The ¢DNA synthesized from the total RNA by using ReverTra
Ace (Toyobo) was subjected to PCR amplification using EX Taq
(Takara) and the following primers: CIITA (sense}, type I exonl:
GACTTTCTTGAGCTGGGTCTG; type III exonl: CTGGC-
CCTTCTGGGTCTTAC; CIITA (antisense), common exonZ:
TCTTCATCCAGTTCCATGTCC. All of the other primer se-
quences are available on request.

Antigen-Presentation Assay. The ability of DCs to activate antigen-
specific T cells was monitored by the secretion of IL-2 from CD4*

8982 | www.pnas.org/cgi/doi/10.1073/pnas. 04021391101

T cells of OT-I1 mice. Purified CD4* T cells from OT-II mice (4 X
10° per well) were stimufated with ovalburnin (OVA) or its peptide
and various numbers of DCs. After 48 h, the IL-2 level in the culture
supernatant was determined by a sandwich ELISA with a biotin-
conjugated anti-IL-2 antibody (BD Pharmingen) and avidin-
atkaline phosphatase (Jackson ImmunoResearch),

Results

Defective DC Development in IRF-4-/~ BM Culture. During analyses
of the DC-specific regulatory mechanisms of the gp917** gene,
which is expressed in a cell type-specific manner (32-34), we
found that the IRF-4 protein was expressed in human DCs and
bound to the Ets/IRF composite element of the promoter
together with PU.1 (data not shown). This observation was
consistent with the recent studies on DC-associated factors,
which revealed the expression of IRF-4 mRNA in human DCs
(35, 36). Therefore, we used the GM-CSF-supplemented cul-
tures of BM from IRF-4~/~ mice to determine the role of IRF-4
in DC development and function. Nonadherent CD11c* cells
were generated from BM cells of IRF-47/~ mice as well as
wild-type mice (Fig. 14). Surprisingly, CD11c* cells from IRF-
4-/= BM failed to form DC clusters (Fig. 1B) and showed no veil
processes (Fig. 3, which is published as supporting information
on the PNAS web site). A Western blot analysis demonstrated
that CD1lc* cells from wild-type mice expressed the IRF-4
protein, but those from IRF-4~/~ mice did not {Fig. 1C). Flow
cytometry analysis showed that CD11c* cells from both wild-
type and IRF-4~/~ BM expressed CD11b at high levels but did
not express B220, CD3, Gr-1, and Ly6c (Fig. 1D).

Next, we evaluated their ability to present the OVA protein (1
and 0.1 mg/ml) or its peptide (323-339 amino acid residues) to
OVA-specific CD4* T cells from OT-II mice (29). The wild-type
DCs stimulated IL-2 production of the T cells in antigen dose-
and DC number-dependent manners. However, CD11c* cells
from IRF-4~/~ BM were unable to stimulate 1L-2 preduction by
OVA-specific T cells (Fig. 1E). We also analyzed their expres-
sion of the surface antigens associated with antigen presentation
(Fig. 1F). The expression of MHC-II on CDI11c* cells from
IRF-4~/~ BM was extremely low, consistent with their defects in
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Fig.2. Impaired development of the CO11bM9R DC subset in the IRF-4~"~ BM culture with FIt3L. Cells were stained with anti-CD1 1b-FITC, anti-CD11¢-PE, and
anti-B220-PerCP. {4) The number of B220-CD11c* cells from IRF-4~/~ BM was compared with that from wild-type BM cells at 9 days after culture. (8) Analysis
of the DC subsets in the FIt3L culture was performed, based on the expression of 8220, CD11b, and CD11¢. The values (%} indicate the proportion of each DC
subset to B220~ cells (Upper). The number per well of CO11b" and CD11bMe" CD11¢* DCs from IRF-4~/~ BM cells was compared with that from wild-type BM
cells (Lower). (€) Soluble factors from BM cells stimulated by FIt3L were assessed by using transwell plates. BM cells at low density (5.2 X 105 cells) were cultured
in the lower chambers of transwell plates, separated by a 0.4-um filter from BM cells at high density (5 x 10¢% cells) in the upper chambers. Analysis of the DC
subsets in the lower chambers was performed, based on the expression of CD11b and CD11¢. {D} The antigen-presenting ability was examined as described in
Fig. 1E. (F) The expression of MHC-Il and costimulatory factors an DCs was analyzed by flow cytometry. (F) The morpholegy of LPS-stimulated DCs was observed

by phase-contrast microscopy.

antigen presentation. The expression of CD40, CDR0, and CD36
on CDllc* cells from IRF-4=~ BM was similar to that of
wild-type DCs. Strong up-regulation of the surface antigens was
observed in wild-type DCs after stimulation with LPS. However,
the up-regulation was not observed in most, if not all, CD11c*
cells from IRF-4-/— BM. Morphelogically, the CD1lc* cells
from IRF-4~/~ BM did not develop the sheet-like veil structure
after LPS stimulation (Fig. 1G). These results indicate that
CDl1lc* cells from IRF-4~/~ BM fail to respond normally to
LPS.

To determine whether the impaired DC development of
CD1l1¢c* cells from IRF-4~/~ BM was caused by their intrinsic
defects or environmental defects in the support of DC devel-
opment in a GM-CSF-supplemented culture, we examined the
generation of DCs from IRF-4-/~ BM after a coculture with
wild-type BM cells (Fig. 1H). The wild-type and IRF-4~/~ BM
could be distinguished by their expression of NPTIL, whose gene
was inserted when the IRF-4 gene was disrupted (23). Cells
derived from IRF-4=/~ BM cells (NPTII*) in the mixed culture
system did not express MHC-II at high levels, unlike those
derived from wild-type BM (NPTII™). This result indicates that
the impaired DC development from IRF-4~/~ BM cells is caused
by cell autonomous defects.

To investigate the mechanisms underlying the impaired de-
velopment of DCs from IRF-4~/~ BM, we analyzed the mRNA
expression of class II transactivator isoforms (CIITA types I and
111}, which are essential for the constitutive expression of MHC-
I in DCs (37, 38) by an RT-PCR analysis. CD1l1c™ cells from
IRF-4~/~ BM expressed the CIITA type I and III mRNAs at
almost negligible levels, as compared with the wild-type DCs
(Fig. 1), which might be responsible for the low-MHC-II
expression level. CD11c¢* cells from IRF-47/~ and wild-type BM
expressed similar levels of the mRNAs encoding PU.1 and RelB,
which are critical transcription factors for DC development (16,
17, 39, 40), the GM-CSF receptor components {a and ¢f8), and
the M-CSF receptor, responsible for the interference of DC
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differentiation by M-CSF (41). Therefore, it is unlikely that the
impaired DC development from IRF-4~/~ BM cells is caused by
the abnormal behaviors of PU.1 and RelB or abnormal re-
sponses to GM-CSF and M-CSF.

Defactive Development Is Limited to CD11bh9" DCs. We next used
the Fit3L-supplemented BM culture system, which can give rise
to B220~CD11c* conventional DCs and B220*CD11c* plasma-
cytoid DCs (42, 43). It is demonstrated that the conventional
DCs from the culture contain two types of subsets, CD11bbish
and CD11b* DCs (10), and the plasmacytoid DCs do not
express CD11b (42, 43). The number of B220-CD11c* conven-
tional DCs developed from IRF-4~/~ BM was reduced to ~60%
of that produced by wild-type BM (Fig. 24), The number of
B220*CD11¢*CD11b~ plasmacytoid DCs that developed from
IRF-4-/= BM, however, was similar to that from wild-type BM
(Fig. 6, which is published as supporting information on the
PNAS web site). We analyzed the expression of CD11b on
B220-CD1l1c* cells from the Flt3L-supplemented BM culture.
The proportion of CD11ber cells to CD11c* cells from the
wild-type BM culture was 46%, whereas that from the IRF-4-/~
BM was 15%. The absolute number of CD11c*CD11bYe cells
derived from 1RF-4~/~ BM was severely reduced, as compared
with that from wild-type BM, whereas the absolute number of
CD11c¢*CD11b"* cells was unchanged (Fig. 28). These results
suggest that IRF-4 plays an important role in the development
of CD11bMe" conventional DCs, and is not essential for that of
CD11bR* conventional DCs and plasmacytoid DCs in the Flt3L-
supplemented BM culture. This defect of IRF-4~/~ CD11bhigh
DCs could be due to the lack of soluble factor production by the
IRF-4~/~ BM cells. Therefore, we cultured IRF-4~/~ and wild-
type BM cells in the presence of FIt3L by using a transwell system
as described (10). BM cells were cultured at low density in the
lower chamber and at high density in the upper chamber in
the presence of FIt3L (Fig. 2C). At the end of the culture, the
generation of DCs in the lower chamber was analyzed by flow
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Fig. 3. Splenic CD11EMICDA*CD8a™ conventional DCs are selectively re-
duced in IRF-4~/- mice. Six-week-old male mice were used. {4) Thymic and
splenic cellswere stained with anti-MHC-I-FITC, anti-CD11¢-PE, and anti-B220-
PerCP. The CD11chi9nMHC-HMah cells were analyzed after the B220* popula-
tion was electrically gated out. (8) Splenic cells were stained with anti-CD11b-
FITC, anti-CD11¢-PE, and anti-B220-PerCP. Expression of CD11b on CD11¢Mik
DCs was analyzed after the B220* population was electrically gated out. [(a]
Splenic cells were stained with anti-CD8a FITC, anti-CD11¢-PE, and anti-CD4-
CyChrome, and then the expression of CD4 and CD8a on (D1 1chish DCs was
analyzed. (D) Splenic cells were stained with anti-CD19-FITC and anti-NK1.1-
FITC, anti-CD11c-PE, and anti-B220-biotin. The CD11c¢ versus B220 profile is
shown, after the CD19- or NK1.1-positive populations were electrically gated
out to exclude B and NK cells. The biotinylated 8220 antibody was detected
with streptavidin-PerCP-Cy5.5. The values (%) indicate the proportion of
gated populations to total thymic or splenic cells.

cytometry. In this system, the development of DCs from the
wild-type BM cells in the lower chamber depended on the
presence of wild-type BM cells at high density in the upper
chamber (S.S. and A K., unpublished data). Wild-type BM cells
gave rise to a CD11c*CD11b"" population when IRF-4~/~ BM
cells were cultured in the upper chamber (Fig. 2C Lower Left),
suggesting that IRF-4~/~ BM cells generated soluble factors that
support DC development from the wild-type BM in the presence
of FIt3L. On the contrary, the proportion of the CD11bhish
population derived from IRF-4~/~ BM cells remained low, even
after they were cultured with wild-type BM in the upper chamber
at high density (Fig. 2C Upper Right). Taken together, these
results suggest that the defect in the generation of a
CD11c*CD11bhe" population from IRF-4~~ BM in the pres-
ence of FIt3L is an intrinsic characteristic of these cells.

Next, we examined the properties of the CD11c™ cells gen-
erated from IRF-4~/~ BM in the Flt3L-supplemented culture.
The CD11c* cells from IRF-4~/~ BM were able to present whole
OVA and its peptide (323-339 amino acid residues) to naive
CD4* T cells from OT-1I mice (Fig. 2D). They expressed MHC-
11, CD40, CD80, and CD86 on the cell surface at levels similar
to those of DCs from wild-type BM, before and after LPS
stimulation (Fig. 2E). The CD11c* cells from IRF-4~/~ and
wild-type BM were morphologically indistinguishable (Fig. 2F).
Because the majority of the IRF-4~/~ DCs were CD1ib"*
conventional DCs (Figs. 2B and 6), these results suggest that the
CD11bY* DCs in IRF-4~/~ DCs are not impaired in their
antigen-presenting function and responsiveness to LPS.

Defects of CD11bMsh DCs in IRF-4—/~ Spleen. Next, we examined the
levels of conventional DCs in vivo. The majority of thymic and
splenic conventional DCs belong to the CD11b'" and CD11bbe"
DC subsets, respectively (1). The proportion of conventional
DCs in the thymus of IRF-4~/" mice was similar to that of the
wild-type (0.1%), whereas it was reduced by ~50% in the spleen
(Fig. 34). Among these DCs in the spleen, the proportion of
CD11bheh DCs was markedly reduced, whereas that of CD11ble¥
DCs was not (Fig. 3B). Because the total splenic cell numbers
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Table 1. Reduced number of CD4*CD8- DCs in IRF-4-/~ spleen

wild type IRF-4-/-
Splenocytes 1,040 = 240 1,030 £ 190
CD11chighMHC-I 225*32 11.7 =31
CD11bhishCD4+CD8~ 128+ 21 1.5*05
CD11bhiehCD4-CD8~ 46+ 1.2 S0=*13
CD11blew(D4-CD8* 49+ 1.0 5115
CD11¢™B220* 51+15 44 *05

Results represent the number of cells per spleen, Values are the means = 5D
(x10-5) of eight mice aged 6 weeks.

were comparable (Table 1), the absolute number of CD11brieb
DCs was selectively reduced in the IRF-47/ spleen, consistent
with the essential role of IRF-4 in the generation of CD11bhisk
DCs in vitro. Splenic CD11b%#" DCs can be further subdivided
into CD4*CD8a~ and CD4-CD8a™ subsets (6, 7). We further
classified the splenic DCs, based on the expression of CD4 and
CD8ea. Flow cytometry analyses revealed that the CD4*CD8a™
splenic DCs in IRF-4 '~ mice were selectively reduced to ~=10%
of the number in wild-type mice (Fig. 3C). As shown in Table 1,
the absolute number of CD4*CD8«~ DCs in the IRF-4~/-
spleen was =~10% of that found in the wild-type, resulting in the
lower total number of CD11che"MHC-I1* DCs. These results
demonstrated that the splenic CD11bM8"CD4*CD8a~ subset
was selectively reduced among the conventional DCs in the
IRF-4~/~ mouse. We also examined the level of plasmacytoid
DCs in the IRF-47'~ spleen. CD19+and NK1.17* cells were gated

-out to exclude B cells and natural killer (NK) cells, which are

B220* and CD11c¢®¥, respectively (44). The proportion and the
absolute number of CD11c"™B220* plasmacytoid DCs in IRF-
4-/- spleen were not significantly different from those of the
wild-type spleen (Fig. 3D and Table 1). Taken topether, these
results suggest that IRF-4 js critical for the development of
the majority of CD11b"#*CD4+CD8a~ splenic conventional
DCs, but not for that of CD11b"s*CD4-CD8a~ and
CD11b"™*CD4-CD8a* splenic conventional DCs as well as
plasmacytoid DCs.

IRE-4/IRF-8 Expression in Distinct DC Subsets. We next analyzed the
expression of IRF-4 and IRF-8 in each splenic conventional DC
subset at the single cell level, using four-color flow cytometry
after triple staining of cell surface markers and intracellular
IRFs (Fig. 44). IRF-8 is another member of the IRF family that
is important for DC development (25-28). In the wild-type
spleen, all of the CD4*CD8a~ DCs expressed IRF-4 and a small
population (=15%) expressed IRF-8, indicating that most of the
CD4*CD8x~ DCs express IRF-4 alone, and a minor population
expresses both IRFs. In contrast, the majority of CD4~CD8a™
DCs in the wild-type spleen expressed IRF-8 and cnly ~10%
expressed IRF-4, indicating that most CD4~CD8a* DCs express
IRF-8, but not IRF-4. The majority of CD4~CD8c ™ splenic DCs
expressed IRF-4 in wild-type mice, whercas =~40% expressed
IRF-8. In the IRF4~/~ mouse spleen, all of the CD4-CD8a*
DCs expressed IRF-8, as expected. Interestingly, the small
population of CD4*CD8a~ DCs that remained in IRF4~/~ mice
expressed IRF-8, unlike the majority of these cells in wild-type
mice. In addition, the majority of the CD4-CD8a~ DCs, of
which ~60% did not express IRF-8 in wild-type mice, also
expressed IRF-8 in the IRF-47/~ spleen. Taken together, these
results indicate that the IRF-4 defect specifically affected the
CD4*CD8a~ and CD4-CD8a~ DC subsets, which both pref-
erentially expressed IRF-4 in wild-type mice.

The expression levels of IRF-4 and -8 in CD11c* cells from
the BM culture with GM-CSF were analyzed by flow cytom-
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Fig.4. IRF-4 and IRF-8 expression In various DC subsets. (A) Flow cytometric
analysis of IRF-4 and IRF-8 expression in splenic conventional DCs. After
low-density cells from wild-type and IRF-4~/~ spleen were stained with anti-
CD11¢-PE, anti-CD4-allophycocyanin, and anti-CDBa-PerCP-Cy5.5, the cells
were fixed, permeabilized, and stained with anti-IRF-4 or anti-IRF-8, followed
by the Alexa Fluor 488-conjugated second antibody. CD11cM8" DCs were gated
on, and divided into the three subsets, Each subset was gated on, and IRF-4 and
IRF-8 expression was examined. (8) Flow cytometric analysis of IRF-4 and IRF-8
expression in DCs from the GM-CSF culture. The wild-type and IRF-4~/~ DCs
were stained with anti-MHC-ll-biotin and anti-CD11¢-PE, followed by intra-
cellular staining as described in A. (O Flow cytometric analysis of IRF-4 and
IRF-8 expression in DCs from the Fit3L culture. The wild-type and IRF-4~/~ BCs
were stained with anti-CD11b-biotin and anti-CD11¢-PE, followed by intra-
cellular staining as described in A. Cells were divided into CD11bhoR and
CD11b'w DCs as shown in Fig. 2 A, Each population was gated on, and IRF-4
and IRF-8 expression was examined. The biotinylated antibodies used in 8 and
C were detected with streptavidin-PerCP-Cy5.5.

etry (Fig. 48). IRF-4 was expressed in both immature (R1) and
mature {R2) wild-type DCs. However, IRF-8 was not ex-
pressed in immature wild-type DCs, suggesting a role of IRF-8
in the maturation of wild-type DCs, as reported (25-27), but
not for their development in the GM-CSF-supplemented
culture. The stimulation of the immature DCs with LPS
induced IRF-8 expression, concomitant with their maturation
(data not shown). In contrast, the majority of CD11c™ cells
from IRF-4-- BM (R3) expressed IRF-8. The aberrant
expression of IRF-§ in these cells was insufficient to compen-
sate for the lack of IRF-4, because these cells were unable to
become functional DCs (Fig. 1).

We also analyzed the expression of IRF-4 and -8 in CD11bMe
and CD11b%* DCs from the BM culture with FIt3L (Fig. 4C).
The majority of CD11bhish cells from wild-type BM expressed
IRF-4, but not IRF-8, whereas the majority CD11b' cells
expressed IRF-8, but not IRF-4. Interestingly, the majority of
CD11b%e" cells that were generated from IRF-47~ BM ex-
pressed significant levels of IFR-8, unlike those derived from
wild-type BM. This result is consistent to the in vivo observation
that most CD11be" splenic DCs express IRF-8 in the IRF-47/~
mouse (Fig. 44).

Discussion

In the present study, we demonstrated that IRF-4 is important
for most DCs of the CD11bMedCDRa~ subset, but not of the
CD11b""*CD8a* subset. We show that IRF-4 is expressed in
most DCs of the CDI11bhiehCD8a~ subset, but not of
CD11b*CD8a* subset in mouse spleen. The expression of
IRF-4 in this DC subset was also confirmed in two BM culture
systems. The DCs derived from BM in the presence of GM-CSF
were uniformly CD11bMeR, and most of them expressed IRF-4.
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Both CDl11b"s* and CD!1b"* conventional DCs developed
from BM in cultures supplemented with FIt3L; however, IRF-4
was preferentially expressed in the CD11bMeh DC populations.
Studies with mice lacking IRF-4 also determined that IRF-4
plays a critical role in these DC subsets. The development of
CD11bhizh DCs from IRF-4=/~ BM in vitro was severely impaired
in both culture systems. Furthermore, the number of
CD4*CD8a~ DCs, a major subset of CD11bMs* DCs, was
severely reduced in the spleen in mice lacking IRF-4. These
results indicate that IRF-4 is selectively expressed in the
CD11bhieb subset of conventional DCs and plays critical roles in
their development.

Comparative analyses of the expression of IRF-4 and IRF-8 in
DCs revealed that conventional DCs can be grouped into three
subpopulations: TRF-4(+)IRF-8(—), IRF-4(—)IRF-8(+}, and
IRF-4{+)IRF-8(+). The IRF-4(+)IRF-8(-) subpopulation
preferentially belongs to the both CD11b*"'CD4* and
CD11bMehCD4~ subsets, whereas the IRF-4(—)IRF-8(+) sub-
population preferentially belongs to the CD11b**CD8~ DC
subset. This observation may yield insight into the complicated
developmental pathways of DCs. In mice lacking IRF-4, most of
the DCs in CD11bMe"CD8- subset expressed YRF-8, although
the majority of the DCs in this subset did not express IRF-8 in
the wild-type mouse. These results suggest that a subset of
IRF-8(—) DCs could not be generated in the absence of the
IRF-4 gene, implying that IRF-4 is essential for the development
of IRF-8(-), but not IRF-§(+), DCs. In contrast to the
CD11b"e? DC subsets, we did not detect any significant abnor-
mality in the CD11b%*CD8a* DCs in IRF-47/~ mice. This
subpopulation of DCs in the spleens of wild-type and IRF-4~/~
mice is IRF-8(+). The DCs that develop from the BM of
IRF-4=/~ mice in the FIt3L-supplemented culture are also
IRF-8(+), suggesting that IRF-4 is not essential for the devel-
opment and maturation of CD11b"CD8«* conventional DCs.
Taken together, it is clear that all of the DC subsets that were
examined expressed IRF-4 and/or IRF-8, suggesting the intrigu-
ing possibility that the function of either IRF-4 or IRF-8 is
essential for the development of DCs.

The development of CDI11bPish CD4* DCs was severely
impaired in mice lacking the RelB subunit of NF-«B (45). This
defect in the DC subset is similar to the defects in IRF-4~/~ mice.
The expression of the IRF-4 gene is activated by ¢-Rel, another
member of the NF-«B family, in B cells (46). RelB can bind to
the same recognition DNA sequence as ¢-Relin DCs (47). These
findings suggest that IRF-4 might be regulated by RelB in DCs.
In addition, tumor necrosis factor receptor-associated factor
(TRAF) 6, which operates in the activation of NF-«B, is required
for the development of conventional CD4* DCs (45), suggesting
that IRF-4 might also be regulated through TRAF6. The elu-
cidation of the regulatory mechanisms for IRF-4 gene expression
would help to clarify the developmental mechanisms of DCs,

Functional differences between CD11bMe*CD8a~ and
CD11b***CD8a* DCs have been suggested in a number of
studies. These two subclasses of DCs regulate the development
of T helper (Th) cells secreting discrete sets of lymphokines:
CD11bvebCD8a~ DCs induce Th2-type responses and
CD11b"**CD8a* DCs induce Thl-type responses (48). The
preferential induction of Thl responses by CD11b"**CD8a*
DCs is mainly caused by their production of IL-12. In this
study, we showed that IRF-4 and IRF-8 are expressed pref-
erentially in CD11bMe"CD8a~ and CD1ib"*CD8a+ DCs,
respectively. These IRFs may dictate not only the differenti-
ation but also the function of these DC subsets. IRF-8 directs
the expression of 1L-12 (49) and IL-18 (50), promoting Thil-
biased immune responses. On the other hand, IRF-4 is in-
volved in the Th2-bias, by promoting 1L-4 production by CD4*
T-cells and regulating their responsiveness to [L-4 (24, 51, 52).
Therefore, it is intriguing to speculate that the IRF-4 expressed
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in the CD11bM#hCD8a~ subset of DCs is involved in Th2-
biased immune responses, by inducing certain Th2-promoting
cytokines. In addition, the IRF-4 expressed in B cells is critical
for their Ab production, further supporting the role of IRF-4
in humoral immune responses (23). Taken together, these
results strongly suggest that the IRF-4 expressed in T and B
lymphocytes, as well as in the CD11bM8"CD8a~ subset of DCs,
is a crucial transcription factor for promoting humoral immune
responses. In other words, IRF-4 polarizes the Th2 response
extrinsically as well as intrinsically. Further analyses of DCs
and DC precursors, based on the expression and functions of
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Abstract

Background. Myeloperoxidase-specific anti-neutrophil
cytoplasmic auto-antibody (MPO-ANCA) has been a
useful diagnostic marker in systemic vasculitis with
crescentic glomerulonephritis (CrGN). It is highly
suspected that the antigenic enzyme MPO released
from activated neutrophils is involved in these lesions.
We evaluated the relationship between neutrophil
functions including peripheral neutrophil counts and
renal lesions in SCG/Kj mice as a model of ANCA-
associated CrGN and vasculitis.

Methods. Peripheral neutrophil counts, the plasma
levels of MPO-ANCA and tumour necrosis factor
alpha (TNF-u) were measured. The capacity of MPO
release and superoxide gencration were evaluated as
neutrophil activity. The renat lesions were estimated by
grade of proteinuria, histopathological lesion, such as
glomerular neutrophil infiltration and active or chronic
renal injury scores with crescent formation.

Results. MPO-ANCA and TNF-u levels were higher
than those of normal mice CS7BL/6 even before overt
proteinuria; subsequently, peripheral neutrophils
increased. In the phase of nephritis with low grade
proteinuria, the spontaneous release of MPO from
peripheral neutrophils increased, while superoxide
generation increased before spontaneous MPOQ release
occurred. In addition, the renal lesion in histological
observations was aggravated with ageing and the
glomerular neutrophil infiltration was positively corre-
lated with MPO-ANCA levels, as well as with
histological indices of mephritis, active renal injury
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of Biodefense Laboratory, National Institute of Infectious Diseases
(NUID-NIH), Toyama }-23-I, Shinjuku-ku, Tokyo, 162-8640,
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score; in particular, crescent formation was correlated
with spontaneous MPO release. In contrast, super-
oxide generation was negatively correlated with the
severity of this lesion during the progression.
Conclusions. These findings indicate that neutrophils
are activated and contribute to the development of the
active crescentic lesion in SCG/Kj mice.

Keywords: activated neutrophils; crescentic glomeru-
lonephritis; MPO-ANCA; SCG/K) mice; TNF-a

Introduction

In acute inflammatory disorders, multiple pathological
processes are linked to the ability of neutrophils to
release a complex assortment of agents that can destroy
normal cells and dissolve connective tissue. As one of
these agents, reactive oxygen intermediates (ROI) have
been known to have a potential for tissue destruction
[1]. In the presence of neutrophil-derived myeloperox-
idase (MPQ), even small amounts of ROI generate
hypochlorus acid and then initiate the deactivation of
antiproteases or activation of latent proteases, which
lead to tissue damage if not properly controlled.
Antibodies directed against cytoplasmic constituents
of the neutrophilic granulocyte have been extensively
described as markers for systemic vasculitis and
crescentic glomeralonephritis (CrGN) [2]. Tt has also
been shown that MPO and the MPO-specific anti-
neutrophil cytoplasmic auto-antibody (MPO-ANCA)
are risk factors for the development of these lesions,
possibly through ROT production as described above.
In the sera of patients with microscopic polyangiitis
[3] and CrGN [2], high titres of MPO-ANCA are
frequently detected. Although it has been demonstrated
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the role of neutrophil activation and MPO-ANCA as
the initial risk of these lesions, it is necessary to
investigate the precise network between neutrophils
activation and development of CrGN.

As the basis for clinical studies, animal models are
often used to understand the mechanisms of the
development of vasculitis, and to establish therapeutic
strategies. Both MRL Ipr/ipr [4] and SCG/Kj [5] strains
are known to show high levels of MPO-ANCA in
association with renal lesions, including glomerulone-
phritis (GN) and vasculitis. Recently, using MPO KO
mice we have clarified that MPO is a major antigen for
MPO-ANCA production [6]. Moreover, the study
using NZB/W F1 mice with the Feg receptor deficiency
has shown that the Feg receptor on neutrophils and/or
macrophages is necessary for the occurrence of GN [7].
Recently, using Rag2~/~ and C57BL/6J mice, Xiao et al.
[8] have demonstrated that anti-MPO IgG antibodies
cause pauci-immune glomerular necrosis and crescent
formation both in the presence or absence of functjonal
T or B lymphocytes. Other studies have identified the
gene responsible for GN and vasculitis [9]. However,
the more precise pathogenic roles of MPO-ANCA and
neutrophils in the development of GN and vasculitis in
these murine models are undetermined.

In the present study, using SCG/Kj mice, a model of
spontaneous CrGN and vasculitis, the role of activated
peutrophils in the development of nephritis was
investigated by evaluating the relationship between
neutrophil function and renal lesions.

Subjects and methods

Mice

Female C57BLJ6 mice were purchased from SLC Corpora-
tion (Shizuoka, Japan). Female SCG/Kj mice were bred and
maintained at the animal facility of Nippon Kayaku Co. Ltd.
Both mouse strains were maintained under specific pathogen-
free conditions, and treated according to guidelines for animal
care.

Reagents

fMet-Leu-Phe (FMLP) was purchased from Peptide Institute
{(Osaka, Japan). 3.%, 5,5-Tetramethylbendizine (TMB),
cytochalasin B (CB), cytochrome ¢ and phosphatase substrate
were obtained from Sigma Chemical Company (St Louis,
MO, USA). Alkaline phosphatase {AP)-labeled anti-mouse
IgG was purchased from Cappel Corporation (West Chester,
PA, USA), AP-labeled anti-human 1gG antibody was pur-
chased from Bio-Rad Corporation (Hercules, CA, USA). A
kit for mouse TNF-a immunoassay was purchased from R &
D Systems (Minneapolis, MN, USA}. Nycoprep and 1 Step

Polymorphs, for preparation of blood cells, were obtained.

from Nycomed Pharma AS (Oslo, Norway) and Chemical
and Scientific Corporation (Osaka, Japan), respectively.
Urine biochemical assay sticks were purchased from Bayel
Medical Corporation (Tokye, Japan). PQE-30, restriction
enzymes and Ligation High were purchased from Qiagen
(Hilden, Germany), TaKaRa (Shiga, Japan) and Toyobo
(Osaka, Japan), respectively.

1709
Grouping of SCG[Kj mice according to proteinuria

SCG/Kj mice were divided into three groups depending on
the grades of proteinuria because proteinuria is one of the
reliable indices of renal damage and the severity of GN in
these mice did not always synchronize with age. Haematuria
is often used as a marker of active CtGN in human cases,
however, in the present study, proteinuria was employed as a
marker of the severity of nephritis because the mice died at the
onset of haematuria.

Proteinuria was determined by using a clinical stick as a
marker for the onset and development of nephritis. In this
study, the ‘initial’ phase was defined as below 30wg/dl of
proteinuria (n=6, age 8.2+ 0.4 weeks), the ‘early’ phase of
nephritis was defined as 30-300 mg/di (n=18, age 12.7+ 2.1
weeks) and the ‘late’ phase of nephritis was defined as over
300mg/dl (n=21, age 13.1+ 1.3 weeks), respectively. The
damage to the renal lesion of the mice showed heterogeneity
not dependent on their age. CSTBL/6 mice of 9 and 14 weeks
of ape were used as normal mice.

Preparation of recombinant mouse MPO (rmMPO)
and antibody to rmM PO

rmMPQ was prepared by the expression in Escherichia coli
transfected with a plasmid containing cDNA of mouse MPO.
The cDNA pool was obtained from bone marrow cells of
C57BL/6 mice by a PCR technique and ligated into an
expression vector pQE-30. The mouse MPO cDNA was
amplified by PCR from the cDNA pool using Platinam Tag
DNA polymerase High Fidelity (Life Technologies, PTC-200;
MJ Research, Waltham, MA, USA) using a ThermoScript
RT-PCR System {(Invitrogen Corp., Carlsbad, CA, USA}. The
MPO ¢DNA sequence we amplified was different from
GenBank X15313 at 27 sites for six positions in the amino
acid (Figure 1a). It was ligated in an expression vector pQE-30
between the BamHI site and the HindTlI site. We transformed
the plasmid into a host E.coli SGI3009{pREP4] (Qiagen,
Tokyo, Japan), The expressed protein consisted of His-tag-L~
chain-H-chain of mouse MPO (Figure 1b). The bacteria were
cultured in a medium containing Terrific Broth, 100 mg/ml
ampicillin and 25 mg/m] kanamycin until ~4.6 of absorbance
at 600 nm after addition of isopropyl-p-p-thiogalactopyrano-
side (IPTG), then we obtained with higher yield of rmMPO.
The bacteria were lysed by sonication in 6 M guanidine-hy-
drogen chloride and then we purified the recombinant protein
with affinity chromatography using a Ni-attached gel (Ni-
NTA agarose; Qiagen) in 8 M urea, as described elsewhere [10]
(Figure Ic). The IgG fraction of the polyclonal antibody to
mouse MPO was prepared from serum of rabbit immunized
with rmMPO and purified with Protein A (Pharmacia Fine
Chemicals, Uppsala, Sweden) (Figure 1d). In addition, to
evaluate the MPO-ANCA titre as equivalent to human MPO-
ANCA, human MPO Il was isolated from neutrophils of
healthy volunteers, as previously described [11]. Briefly,
neutrophils were extracted by detergents and purified by a
series of DEAE and CM chromatography steps and HPLC.
‘The completely purified sample had a Reinheitzahl {Rz) value,
with an absorbance ratio of 430 to 280 nm of >0.7.

Measurement of MPO-ANCA levels in sera by ELISA

Sera were prepared from the abdominal aorta blood of the
mice. MPO-ANCA levels were measured as described
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Fig. 1. Preparation of antirmMPO by rmMPO and evaluation of
the antibody with western blotting. {a) Structure difference in
mouse MPO between X15313 in GenBank and C57BL/6. (b) Con-
struction of mMPO. (¢) Proteins in purification step. M, marker; 1,
mouse neutrophils; 2, purified native mouse MPO; 3, human
neutrophils; 4, purified humaa MPO; 5, human mononuclear cells;
CBB, Coomassic brilliant blue stain,

previously [6]. Briefly, human MPO III was coated onto an
ELISA plate (TS plate; Toyoshima Co., Tokyo, Japan)
overnight at 4°C. The plate was blocked and mouse serum
(x50 dilution) was added for 1.5 h at room temperature. AP-
labeled anti-mouse IgG antibody (x 1000 dilution) or an AP-
labeled anti-human IgG antibody (x 3000 dilution) was added
and allowed to react for 2 h at room temperature. Afterwards,
p-nitrophenylphosphate, an AP subsirate, was added at 2
concentration of 1 mg/ml. After incubation at room tempera-
ture, the absorbance at 405nm was measured by a model
LFA-096 automatic analyser. The titre of MPO-ANCA in
mouse sera was determined with human standard serum to
obtain the human ELISA unit equivalent (hEU).

Measurement of TNF-p. in plasma

The diluted plasma (50ml) was added to the each well ofa %6
well F-plate and incubated for 2 h at room temperature. Each
well was aspirated and washed five times; subsequently,
100 ) of conjugate was added to each well and incubated for
2h at room temperature. This process was repeated with a
30min incubation pericd upon addition of the substrate

A. Ishida-Okawara er al.

solution. Finally, 100pul of stop solution was added to each
well and absorbance measured at 450 nm.

Preparation of peripheral neutrophils of SCG/Kj mice

Heparinized blood, taken from the abdominal aorta of the
mouse, was pul onto the continuous preparation reagents,
which consisted of 1.5ml of Nycoprep, with a density of
1.077, added to 1.5ml of I Step Polymorphs with a density of
1.113, and subsequently centrifuged for 30min at 600y at
20°C. Neutrophils were obtained in the layer between the two
reagents. Erythrocytes contained in the neutrophil fraction
were lysed to obtain the neutrophils. Confirmation of over
85% yield of neutrophils was demonstrated by staining with
a peroxidase detection kit (Muto Pure Chemicals Co., Ltd,
Tokyo, Japan). Cell viability >99% was detected by trypan
blue dye exclusion.

Measurement of MPO release and superoxide
generation of neutrophils

Neutrophil degranulation, measurement of MPO release and
superoxide generation were performed as described pre-
viously [12]. Briefly, neutrophils, which were pre-warmed
for 10 min at 37°C, were stimulated in the presence or absence
of CB and FMLP in a 96 well V-plate for 10min at 37°C.
After incubation, the plate was immersed in ice and then
centrifuged at 350g for 5min at 4°C to separate the
supernatant from the cell pellet. MPO activity in the
supernatant and cell lysate was assayed by the TMB
method, as described previously [12). Superoxide generation
of neutrophils was determined by measuring the reduction of
cytochrome ¢.

Histological examination of glomeruli

Haematoxylin—eosin and periodic acid-Schiff (PAS) staining.
Kidneys were removed, fixed with buffered formalin, and
embedded in paraffin. To assess the activity and chronicity of
the lesions in SCG/K]j mice, serial 4 pm sections were stained
with haematoxylin—eosin and periodic acid-Schiff.

Immunoperoxidase staining for neutrophils. Neutrophils
were confirmed by an indirect method using a polyclonal
rabbit antibody against rmMPO as described previously
[13]. Briefly, the sections were incubated with the primary
antibody followed by biotinylated anti-rabbit IgG (Vector
Laboratories, Burlingame, CA, USA). The sections were then
reacted with avidin-DH-biotinylated horseradish peroxidase
complex (Vectastain ABC kit; Vector Laboratories). Colour
was then developed by incubation with an ImmunoPure
Metal Enhanced DAB Substrate kit {Pierce, Rockford,
IL, USA).

Evaluation of renal lesion. The number of the infiltrated
neutrophils into 20 glomeruli was counted based on nuclear
merphology of HE and PAS staining. Matrix expansion was
also measured. Moreover, each specimen was used to
determine the activity index (Al) and chronicity index {CI)
according to the modified NIH criteria by Austin ez al. {14],
originally developed for systemic lupus erythematosus, as
follows. The Al was scored in the presence of cell prolifera-
tion, cellular and fibrocellular crescent formation, interstitial
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mononuclear cell infiliration, and small vessel vasculitis. The
presence of cell proliferation and interstitial menonuclear cell
infiltration was scored in a range of 0-3 (0 = absent, 1 =mild,
2 =moderate and 3=severe). The presence of cellular or
fibrocellular crescents was scored in a range of 0-3
(D=absent, l=<20% of the glomeruli involved,
2=20-50% glomeruli involved, 3= >50% glomeruli
involved). The maximal activity score amounted to 10. The
CI scored the presence of matrix expansion (0-3), global
glomerulosclerosis (0-3), and tubulointerstitial change such
as tubular atrophy andfor interstitial fibrosis (0-3). The
maximal chronicity index amounted to 12. The crescent score
was evaluated by the modified method of Floege [15] as
follows: 40 glomerular cross-seclions were graded by a
relative area of the cellular crescent occupied in Bowman's
capsule as 0, negative; 1, 1-25%; 2, 26-50%: 3, 51-75%; 4,
76-100%; and then the total grade in 40 glomeruli was
defined as the crescent score.

Statistical analysis

Values were expressed as mean+ SD and were analysed for
statistical differences by the Mann-Whitney U-test. Cor-
relations were analysed by the Pearson test. The probability
vatue of <0.05 was considered significant.

Results

The changes of neutrophil counts, MPO-ANCA levels
and TNF-a in peripheral blood related with the nephritis
development

The peripheral neutrophil count did not increase in
C57BL/6 mice with ageing. In SCG/Kj mice, the count
was significantly elevated in the early phase. It also
increased in the late phase. As a result, peripheral
neutrophil counts in both early and late phases
significantly increased compared with those of control
CS57BL/6 mice and in the initial phase of SCG/Kj mice
(Figure 2a).

The serum levels of MPO-ANCA in SCG/Kj mice in
all phases of nephritis were higher than those in
C57BL/6 mice (Figure 2b). Ratios of SCG/Kj mice
showing MPO-ANCA positive in sera were 17.6% in
the initial phase, 11.1% in the early phase and 20% in
the late phase, respectively. Two mice showed positive
values of MPO-ANCA without crescent formation
(data not shown).

Plasma TNF-u levels of SCG/Kj mice were signifi-
cantly higher than those in C57BL/6 mice, particularly
in the early phase. The increase was significant,
compared either with control mice or with the initial
phase of nephritis in SCG/Kj mice (Figure 2c).

Neutrophil function in each phase of nephritis

Spontaneous and FMLP stimdated MPO release from
peripheral neutrophil. In SCG/Kj mice, although spon-
taneous MPO release from peripheral neutrophils was
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Fig. 2. Peripheral neutrophil counts wnd MPO-ANCA levels in
the sera and plasma TNF-m concentrations in SCG/Kj mice.
() Periphera! neutrophil counts. (b) MPO-ANCA levels in the sera.
() TNF-x concentration in the plasma in SCG/Kj and C57BL/6
mice. The initial phase of nephritis; <30mg/dl of proteinuria; the
carly phase of nephritis: 30-300mg/d! of proteinunia; the late
phase of nephritis: >300mg/dl of proteinuria.

relatively enhanced in the early phase of nephritis
(Figure 3a), there was no marked difference in the
levels. FMLP-induced MPO release showed no differ-
ence in all phases and between two strains of mice
{Figure 3b).

Superoxide generation from peripheral neutro-
phils. Superoxide generation in SCG/Kj mice was
higher than that of control mice. In particular, it was
significantly enhanced in the initial phase of nephritis
(Figure 3c).
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Table I. Renal lesion of SCG/Kj mice with ageing.

Age range (weeks) Activity Index Chronicity Crescent Neutrophil infiltration Matrix expansion
Index formation (%) {glomerutus)

89 (mean 8.174 0.41) 2330.82 1.00£0 0.55+0.63 0.44 £0.11 1.00£0

10-12 (mean 11.31 £0.63) 317 £1.09 2.15£0.38* 0.8+£1.06 0.84 £0.42 2.15+0.38*

[3-16 (mcan 13.96£0.89) 4924+ 1.73* 2.6441.32* 10.96 & 18.00 1.i0+0.57* 2,08 £0.49*

*P<0.05

Renal lesion with ageing in histological findings of
SCG[K} mice

The changes of characteristics of renal lesion with
ageing in SCG/Kj mice are shown in Table 1. Both Al
and CI significantly increased depending on age
(Table 1). Crescent formation markedly increased
after ageing, although there was no statistical signifi-
cance among ages. Any interstitial fibrosis was not
detected but some global sclerosis was also detected in
these mice (data not shown). Vasculitis was detected in
two mice irrespective of age at 10 and 14 weeks (data
not shown). Glomerular neutrophi! infiltration signifi-
cantly increased with the development after 13 weeks of
age (Table 1). In severe nephritis with cellular crescent
formation, marked infiltration was often observed in
the glomeruli (Figure 4a). We confirmed neutrophils
by staining with antibody against MPO (Figure 4b).
Although matrix expansion significantly increased
from 10 weeks of age, these increases did not enhance
with ageing (Table 1).

Relationship between glomerular neutrophil infiltration
and parameters of histological findings in SCG{Kf mice

Glomerular neutrophil infiltration correlated with the
Al (Figure 5a), with the crescent formation score
(Figure 5b) and with the CI (R =0.43, P <0.01, data not
shown). In addition, it correlated with MPO-ANCA
levels in sera (Figure 5c¢), although there was no direct
relationship between serum levels of MPO-ANCA
and crescent formation score.

Relationship between neutrophil function and
histological lesions

We analysed the influence of neutrophil activity
measured by spontaneous MPO release in the histo-
logical lesions in SCG/Kj mice. Spontaneous MPO
release was positively correlated with not only crescent
formation score (Figure 6a), but also the renal AR
(Figure G6b) (crescent formation score, R=0.39,
P<0.05; Al, R=0.32, P<0.05). This correlation was
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Fig. 4. Renal histological analysis in SCG/Kj mice. Correlation between meutrophil infiltration into the glomeruli and renal injury.
() Light microscopy of infilirated neutrophils into the glomeruli in the late phase of nephritis. Periodic acid-Schill staining were performed
{final magnification x200). {¥) Neutrophils, which were positive for rmMFPQ staining, were abundantly observed in the tissue from the late

phase of nephuitis (final magnification x400).
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also obtained with the renal CI (R =10.32, P<{.05, data
not shown). On the other hand, a negative correlation
was noted between superoxide generation and crescent
formation score (Figure 6c).

Discussion

Rapidly progressive glomerulonephritis (RPGN) is a
severe form of immune-mediated renal disease that is
often poorly responsive 1o therapy [16}. SCG/Kj mice
have been reported as a potent animal model for human
RPGN [5,17,18]. In the original report, 58% of female
mice revealed RPGN [17]. As shown in our study,
marked crescent formation was detected in their renal
tissue associated with a variety of proteinuria from a
relatively early age.

In the present study, we examined the contribution of
activated neutrophils to the development of nephritis in
this strain of mice. As the development of renal lesions
showed marked heterogeneity, independent of age, we
classified its severity of nephritis into three phases
(initial, early and late phases) depending on the grade of
proteinuria.

The number of mice with a high peripheral neutro-
phil count increased along with the severity of nephritis.
In all phases of nephritis, MPO-ANCA levels in sera
were higher in SCG/K;j mice than those in control mice,
although a statistical difference could not be obtained.
These observations in mice are similar to that of the
patient with RPGN.

TNF-« levels in plasma significantly increased in the
early phase of nephritis in SCG/Kj mice. Dewas ef al.
[19] have recently reported that TNF-q, via its p55
receptor, induces protein tyrosine kinase-dependent
selective phosphorylation of p47P"* on specific serines
in human neutrophils. On the other hand, Timoshanko
et al. [20] have reported that intrinsic renal cells are
the major cellular source of TNF-a contributing to
inflammatory injury in CrGN. These findings suggest
that neutrophils primed with TNF-a produce super-
oxide through activation of NADPH oxidase. Based
on our data, elevation of superoxide generation in the
initial phase was coincident with higher levels of TNF-o
in the plasma. These observations suggest that in the
initial phase of CrGN, peripheral neutrophils may be
activated with TNF-o priming. Subsequently, activated
neutrophils showed a release of MPO without stimula-
tion in the early phase, but superoxide generation was
already activated in the initial phase, suggesting that
activated neutrophils are easy to degranulation with no
stimulation. In addition, decrease of superexide gen-
eration in the early phase may be a result of suppression
of the cascade of NADPH oxidase activation, which
occurs due to desensitization of neutrophils after the
initial phase. Higher counts of activated neutrophils in
peripheral blood from early phase to late phase may
cause damage to endothelial cells, resulting in the
vascular lesion involved in CrGN. Indeed, spontaneous
MPO release from peripheral neutrophils was corre-
lated with the crescent formation score, Al and CI, but

A. Ishida-Okawara et af.

negative correlation in superoxide generation, suggest-
ing activated neutrophils cause the renal leston,

A correlation between glomerular neutrophil infil-
tration and increased MPO-ANCA levels was shown in
SCG/Kj mice. This reflects the correlation between
neutrophil activation and increased MPO-ANCA levels
in the sera of patients with GN. Bajema et al. [21]
reported co-localization of MPO and fibrinoid necrosis
by using their double staining technique in ANCA-
associated vasculitis. They have demonstrated that
both neutrophils and liberated MPO exist in injured
glomeruli tissue, suggesting that MPO may cause tissue
damage by generating hypochlorous acid.

In addition, glomerular neutrophil infiltration was
correlated with the crescent formation score, Al and
CI. Miyazawa et al. [18] recently reported the impor-
tant role of glomerular neutrophil influx as an initial
response in the process of crescent formation in SCG/
Kj mice. From these findings, neutrophil infiltration
into glomeruli and MPO-ANCA production could be
associated with the beginning of the renal lesion. On
the other hand, MPO-ANCA production might be
enhanced by the impaired clearance by apoptosis of
activated or abnormal neutrophils, with or without
other stimuli [22]. An increase of peripheral neutrophils
escaping from apoptosis might directly injure renal
tissue. Based on our data, MPO-ANCA production
increased in the initial phase before elevation of
proteinuria, suggesting that MPO-ANCA is a trigger
for elevation of renal lesion. However, deposition of
IgGs and complement 3 along peripheral capillary
loops [5] and auto-antibodies against DINA and the
glomerular basement membrane that are produced as a
result of polyclonal B cell activation [4], could
participate in pathogenesis of GN.

Neutrophils activated with TNF-« and MPO-ANCA
may participate in the onset of CrGN by superoxide
generation. Subsequently, degranulation, including
MPO release, continuously damages the endothelium.
Finally, constitutive neutrophil activation could be
involved in active crescentic leston of glomeruli in
SCG/Kj mouse.
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Abstract

Myeloperoxidase (MPO; EC 1.11.1.7) plays an important role in the host defense mechanism against microbial diseases. The neutrophil
disorder characterized by the lack of MPO activity, is speculated to be associated with a decreased level of immunity. A Japanese patient was
identified with complete MPO deficicncy through automated hematography. Neutrophil function analysis revealed that MPO activity was
significantly diminished with slightly elevated superoxide production. Mutational analysis of the patient revealed a glycine to serine
substitution (G5018) in the exon 9 region. This mutation was not detected in the 96 healthy controls analyzed. The amino acid substitution
found may be responsible for the failure of mature MPO production in the patient. This is the first case of MPO deficiency of G5018

missense mutation identified in a Japanese patient.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Myeloperoxidase; Deficiency; Neutrophills; Mutation heme-binding

1. Introduction

Myeloperoxidase (MPQO) is a lysosomal heme protein
located in azurophilic granules of neutrophils cells and
monocytes. MPO is part of the host defense system and is
responsible for microbicidal activity against a wide range of
organisms. In activated neutrophils, MPO catalyzes the
production of hypohalous acids, primarily hypochlorous
acid and other toxic intermediates that greatly enhance
neutrophil microbicidal activity. A deficiency in this en-
zyme (Mendelian inheritance in man (MIM) no. 254600) is
considered to be responsible for weakening host defense

Abbreviations: MPO, myeloperoxidase; BGL, beta-glucuronidase;
HBSS, Hanks® balance salt solution; PVDF, polyvinylidene diflouride;
AP, alkaline phosphatase; ¢cDNA, DNA complementary to RNA; PCR,
polymerase chain reaction; RT, rcverse transcriptase; mRNA, messenger
RNA; RT-PCR, polymerase chain reaction subsequent to reverse
transcription.

* Corresponding author. Tel.: +81-3-5285-1111x2329; fax: +81-3-
5285-1160.

E-mail address: ksuzuki@nih.go.jp (K. Suzuki).

0378-1119/8 - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.gene.2003.11.023

activity against microbial diseases (Lanza, 1998). The
prevalence of complete MPO deficiency in Japan is esti-
mated to be 1,75/100,000, a value 14- to 28-fold lower than
that of the United States and Europe, respectively (Suzuki et
al., 2000; Nunoi et al., 2003). Aratani et al. (1999, 2000) has
described the association with this deficiency and continu-
ous infection of Candida albicans in MPO knock-out mice.

Three allelic mutations related to MPQO deficiency have
been previously reported: R569W (Nauseef et al., 1994,
1996), Y173C (Deleo et al., 1998} and M251T (Romano et
al., 1997). The defect mechanisms and manner of inheri-
tance has been studied in detail (Nauseef et al., 1996, 1998).
The enzyme deficiency is due to incapability to undergo
posttranslational processing. Cases with alternative splicing
and deletions have also been reported (Romano et al,, 1997;
Hashinaka et al., 1988).The biosynthesis of MPQ includes
N-linked glycosylation, heme insertion, proteolytic process-
ing and dimerization {Gullberg et al.,, 1997). The R569W
mutation results in an alteration in the normal translation
and produces an enzymatically inactive, heme-free precur-
sor apoproMPO (Nauseef et al., 1996). The Y173C muta-
tion replaces the tyrosine at position 7 in the light subunit
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with a cysteine. Therefore, the potential for additional
intramolecular disulfide bond would be created. Y173C
mutation results in proMPO, however, it fails to mature
into the enzymatically active MPO (Del.eo et al., 1998). The
M251T mutation results in azurophilic granules, containing
MPQ that lacks enzyme activity (Romano et al., 1997).

We have found a patient of complete MPO deficiency in
Japan. So far, no MPO mutational study among Japanese
patients has been reported, In order to elucidate the back-
ground of the deficiency, we performed assays for enzyme
activity and neutrophil chemotaxis, as well as mutational
analysis of the patient and his mother.

2. Materials and methods
2.1. Subjects

A 39-year-old Japanese male was diagnosed with com-
plete MPQO deficiency by Bayer-Technicon automated hem-
atography (Suzuki et al., 2000). Automated hematography is
routinely used in the hospital system to further analyze
unusual neutrophil activity. Informed consent was obtained
from the patient and his mother (60 years old) for this study.
The patient exhibited signs of obstructive pulmonary dis-
ease, although no history of recurrent infections or medica-
tion known to interfere with MPO activity were present or
used. A blood sample from one healthy control was drawn to
measure enzyme activity and superoxide production, how-
ever, controls for genetic sequencing consisted of DNA
samples from 98 healthy donors of which MPO activity
and superoxide activity could not be elucidated. Since MPO
deficiency (both complete and partial deficiency) is very rare
in Japan, less than 6 cases per 100,000 individuals, it is
highly unlikely that these 98 healthy donors were deficient
in this enzyme (Suzuki et al., 2000; Nunoi et al., 2003).

2.2, Assay of MPO release from neutrophils

MPO release from neutrophils was assayed as described
previously (Kawai et al., 2000). Neutrophils (10® cells/mt in
Hanks’ balance salt solution, HBSS) were prewarmed for 10
min at 37 °C and transferred into a 96-well V-plate
containing cytochalasin B (CB; 5 pg/ml)} (Sigma-Aldrich
Japan, Tokyo) and fMet-Leu—Phe (FMLP, 107> M) (Pro-
tein Research Foundation, Osaka) in a total volume of 75 ul.
After incubation for 10 min at 37 °C, cell suspensions were
centrifuged at 400 x g for 5 min. MPO activity in the
supernatant and in the homogenate of the cell pellet was
measured spectrophotometrically using 3,3, 5,5 -tetrame-
thylbenzidine as substrate (Suzuki et al., 1983, 1986). The
total enzyme activity of MPO in neutrophils was calculated
as the sum of enzyme activity in supernatants and homog-
enate after treatment with CB and FMLP. Release of MPO
was expressed as percentage of total enzyme activity (MPO
activity in supernatant/total enzyme activity).

2.3. Measurement of beta-glucuronidase (BGL) activity

Beta-glucuronidase activity and release was elicited by
methods described previously (Minoshima et al., 1997). Cell
supemnatant and homogenate (40 pl) was treated with 1
mmol/l 4-methylumbelliferyl-beta-p-glucuronide, 0.05%
Triton X-100 and 0.1 mol/l sodium acetate buffer (pH 3.5)
in 96-well flat bottom plate. Afier 30 min of incubation at
37 °C, the reaction was stopped by adding 210 pl of
termination buffer (50 mmol/l sodium glycine buffer pH
10.4 supplemented with 5 mmol/l EDTA). Fluorescence
intensity was measured by using an automated fluorescence
analyzer LFA-096F (Japan Spectroscopic, Tokyo, Japan).
One unit of BGL activity was defined as the activity of 1
pmol of 4-methylumbelliferon/min per milliliter of the
original enzyme preparation.

2.4. Determination of Oy production by neutrophils

Superoxide (03} production by neutrophils was deter-
mined using methods previously described (Kawai et al,,
2000). Briefly, neutrophil suspensions (2.0 x 10° cells/ml,
100 pl) and 66 pM of ferricytochrome ¢ (Sigma-Aldrich
Japan) were mixed in a 96-well F-plate and held at 37 °C
for approximately 2 min. CB (5 pg/ml) and FMLP (1073
M) were added to the suspension and incubated for approx-
imately 30 s at 37 °C. An initial velocity of O production
was determined by measuring the increase in absorbance at
550 nm at 1.0-min intervals using a microplate reader.

2.5, Western blot analysis

Immunobletting of neutrophils from patient, his mother
and healthy control was performed as follows. The neutro-
phils (2 x 10° cells/200 pl) and purified MPO (100 ng/10 pl}
were disselved in loading buffer (50 mM Tris—HCI] pHé6.8,
10% glycerol, 1% SDS, 0.3 M beta-mercaptoethanol, 0.01%
BPB) and incubate for 5 min at 98 °C to ensure completed
reduction conditions, then quickly chilled on ice. Ten milli-
liters of each sample was fractionated on an 8-12% SDS-
polyacrylamide gel according to Laemmli’s system
(Laemmli, 1970) and electrically transferred on to a poly-
vinylidene diflouride (PVDF) membrane (Millipore, Bed-
ford, MA) in transfer buffer (20% methanol, 25 mmol/ Tris,
(.19 mol/l glycine). Membrane was incubated with a 1:2000
anti-human MPO rabbit antibody (Dako, Glostrup, Den-
mark) at room temperature for 2 h, followed by an incubation
with a 1:2000 alkaline phosphatase (AP)-conjugated anti-
rabbit IeG goat antibody (Organon Teknika, Durham, NC)
for 2 h. Finally, the membrane was visualized using AP
conjugate substrate kit (Bio-Rad, Hercules, CA, USA).

2.6. cDNA and genomic DNA analysis

MPO ¢DNA was acquired from the mRNA of mononu-
clear cells (MNC) by polymerase chain reaction (PCR)
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Table 1 Table 2
PCR primers used to detect (a) mRNA and (b} genomic sequence of MPO Enzyme activitics and functions of polymorphonuclear cells
DNA fragment F/R Position Sequence (5'-39) MPO BGL 07 production
(a) mRNA Total % Toal % (1‘:]‘;“"/]‘1“‘“’
Fragment 1 F — 148 ccttggaagetggatgacageaget activity  Release  activity  Relcase cells)
R +346 getgactacctgeacgtggct unit unit
Fragment 2 F +295 ctatcclacticaageagecy Patient 0.3 ND. 570 552 18
R +741 cgcteacteatgticatgcaa Mother  30.5 335 651 24.1 10.9
Fragment 3 F +694 aacgagatcgtgegcticece Healthy 75.7% 27.9 430 127 14.1
R +1123 geectgetgeeetitgacaac control
Fragment 4 F + 1063 aacatgiccaaccagetgges
R +1530 aateggtaccageceatgpan N.D‘.‘ =not dct?ctcd; N.T. =not tested.
Fragment 5 F +1498 tacggceacacccteatceaa Average in two experiments.
R + 1960 aaaggcegegtgggcecacte
Fragment 6 F +1918 atcgacatctggalgggeggc . . , .
& R 2406 gectittcatgegiganaagan Azurophil granule formation under‘h1st0chemlcal obser-
vation and Oz production of the patient showed no sub-
(h) Genomic fragment stantial difference from healthy control. Neutrophils may
5 -flanking F —556 clgagasatcriggeciggragtoct have developed normally but lack only mature MPO pro-
RoT® (CCBAIECIEBANTAOLALN  tein, As the mother showed half the MPO activity of the
Exon 1 F —66 agagpacataaaagegeag . o
R +302 asggleggagaagatggtgt healthy control, 'there might be a quantitative effect of an
Exon 9 F +7195 agatacttccectgacetgg abnormal allele in the mother.
R +7495 gacclaggecagagegagtg

Primers were designed from the published sequence (Genbank accession
nes, X04876 and XI15377).

F = forward primer; R =reverse primer. Positons of primer are indicated by
base number from the adenine of the first ATG.

using the One Step RNA PCR Kit (Takara, Kyoto, Japan).
The specific primer pairs for MPO mRNA are shown in
Table |. DNA segments obtained were purified by the
QIAquick PCR purification system (Qtagen, Hilden, Ger-
many) and subjected to direct sequencing as described by
the manufacturer. Purified fragments served as templates in
a PRISM Ready Reaction Dye Terminator Cycle Sequenc-
ing procedure utilizing a 310 automatic sequencer (Applied
Biosystems, Foster City, CA, USA). Primers used for
sequencing are listed in Table 1. Additionally, the preva-
lence of —463 G/A polymorphism, a previously described
mutation found in the promoter region of MPO (Reynolds et
al., 2002), among controls was ascertained.

3. Results
3.1. Neutrophil functions and MPO activity

Total MPO activity of the patient was 250-fold lower than
the healthy control, while the mother had half the activity of
the control (Table 2). FMLP and cytochalasin B-induced
MPO release was not detected in the patient, while the
released MPO activity of the mother and the healthy control
showed no marked difference. To examine the normal
formation of azurophil granules, in which MPO is enclosed,
BGL release and O3 production were assayed. BGL release
was elicited by methods described previously (Minoshima et
al., 1997). The patient, patient’s mother and healthy control
showed no difference in BGL and O3 production.

3.2, Western blot analysis

In order to biochemically characterized MPO, immuno-
blotting analysis of the neutrophils from the healthy control,
the patient, his mother and purified MPO were performed
using anti-human MPO antibody. As shown in Fig. 1, the
59-kDa mature heavy subunit and the 14-kDa light subunit
could not be detected in the patient, while the healthy
control and mother had both mature subunits.

3.3. Mutational analysis

MPO cDNA, acquired by reverse transcription (RT)-
PCR, were found to be the appropriate length in for each
fragment amplified. Therefore, MPO gene in the patient was
normally transcribed without any alternative transcription.

1 2 3 4
MPQ peptide  size(kDa)

heavy subunit 59 kDa e —

light subunit 14 kDa == e

Fig. 1. Western blot analysis. Proteins in neutrophils {1 x 10° cells/lane) of
healthy control, the patient, his mother and purified MPO protein (100 ng/
lane) was fractionated on 8- 12% polyacrylamide gel, transferred on PVDF
membrane, and detected by rabbit anti-human MPO antibody. Lane 1,
healthy control; lane 2, patient; lane 3, mother; and lane 4, purified human
MPO. MPO polypeptides were indicated in the left.
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