in the CD11bhehCD8a~ 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
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IRF members, should provide important insights into the
present controversy regarding both the developmental origin
of DCs and the functional distinctions among DC subsets.

We thank T. Moriuch and M. Nakamura for animal care and Drs. W,
Heath and H. Kosaka for providing the OT-1I mice. We also thank Dr.
T. Sudo for the GM-CSF-producing and -indicator cells, Drs. K. Ya-
mashita and K. Miyazaki for technical advice, and Dr. 5. Yoshinaga for
helpful discussions and comments. This work was supported by 21st
Century COE Program of Nagasaki University and a Grant-in-Aid for
Young Scientist (B) from the Ministry of Education, Culture, Sports,
Science and Technology.

28, Tsujimura, H., Tamura, T. & Ozato, K. (2003) /. Immunol. 170, 1131-1135.

29. Barnden, M. ], Allison, J., Heath, W. R. & Carbone, F. R, (1998) Immunol.
Cell Biol. 76, 34-40,

30. Yu, D., Imajoh-Ohmi, S., Akagawa, K. & Kanegasaki, 8. (1996) J. Biochem.
{Tokyoy 119, 23-28.

31. Kumatori, A, Yang, D., Suzuki, S. & Nakamura, M. (2002) J. Biol. Chem. 277,
9103-9111.

32. Skalnik, D. G., Dorfman, D. M., Perkins, A. S., Jenkins, N. A, Copeland, N. G.
& Orkin, 8. H. (1991) Proc. Nail. Acad. Sci. USA 88, 8505-8509.

33. Suzuki, 8., Kumatori, A., Haagen, I A., Fujii, Y., Sadat, M. A, Jun, H. L., Tsuji,
Y., Roos, D. & Nakamura, M. (1998) Proc. Nail. Acad. Sci. USA 95, 6085-6090.

34, Yang, D, Suzuki, S., Hao, L. J,, Fujii, Y., Yamauchi, A, Yamamoto, M,
Nakamura, M. & Kumatori, A, (2000) J. Biol. Chem. 275, 94215-9432.

35, Hashimoto, S. L, Suzuki, T., Nagai, S., Yamashita, T., Toyoda, N. & Matsus-
hima, K. (2000} Blood %6, 2206-2214.

36. Ahn, J. H,, Lee, Y., Jeon, C, Lee, S. ¥, Lee, B. H,, Choi, K. D. & Bae, Y. S,
{2002) Bilood 100, 1742-1754.

37. Chang, C. H., Guerder, S., Hong, . C., van Ewijk, W. & Flavell, R. A. (1996)
Immuniry 4, 167-178.

38, Mublethaler-Mottet, A., Otten, L. A., Steimle, V. & Mach, B. (1997) EMBO
J. 16, 2851-2860.

39. Burkly, L., Hession, C., Ogata, L., Reilly, C.,, Marconi, L. A, Olson, D., Tizard,
R., Cate, R. & Lo, D. (1995) Nature 373, 531-536.

40, Wu, L., D’Amico, A., Winkel, K. D, Suter, M., Lo, D. & Shortman, K. (1998)

Irmmunity 9, 839-847,
. Miyamoto, T., Ohneda, O., Arai, F,, Iwamoto, K., Okada, S., Takagi, K,
Anderson, D. M. & Suda, T. (2001) Blood 98, 2544-2554,

42. Brawand, P., Fitzpatrick, D. R., Greenfield, B. W., Brasel, K., Maliszewski,
C. R. & De Smedt, T. (2002) J. Immunol. 169, 6711-6719.

43, Gilliet, M., Boonstra, A., Paturel, C., Antonenko, 8., Xu, X. L., Trinchieri, G.,
O’Garra, A, & Liu, Y, J. (2002) J. Exp. Med. 195, 953-958.

44, Lian, Z. X., Okada, T., He, X, §., Kita, H,, Liw, Y. I, Ansari, A. A, Kikuchi,
K., lkehara, S. & Gershwin, M. E. (2003) /. Immunel. 170, 2323-2330.

45, Kobayashi, T., Walsh, P. T., Walsh, M. C,, Speirs, K. M,, Chiffoleau, E., King,
C. G., Hancock, W. W., Caamano, J. F1,, Hunter, C. A., Scott, P., et al. (2003)
Immunity 19, 3532363,

46, Grumont, R. J. & Gerondakis, S. (2000) J. Exp. Med. 191, 1281-1292.

47. Boffa, D. I, Feng, B., Sharma, V., Dematteo, R., Miller, G., Suthanthiran, M.,
Nunez, R. & Liou, H. C. (2003) Cell Immunol. 222, 105-115,

48. Maldonado-Lopez, R. & Moser, M. (2001) Semin. Immunol. 13, 275-282.

49. Giese, N. A., Gabriele, L., Doherty, T. M, Klinman, D. M., Tadesse-Heath, L.,
Contursi, C., Epstein, 5. L. & Morse, H. C,, Il (1997) L Exp. Med. 186,
1535-1546.

50. Kim, Y. M., Kang, H. S, Paik, §. G., Pyun, K. H.,, Anderson, K. L., Torbett,
B. E. & Choi, L. (1999) L Inmmunel. 163, 2000-2007,

51. Rengarajan, J., Mowen, K. A, McBride, K. D,, Smith, E. D,, Singh, H. &
Glimcher, L. H. (2002) J. Exp. Med. 195, 1003-1012.

52. Lohoff, M., Mittrucker, H. W, Prechtl, S., Bischof, §., Sommer, F., Kock, S,
Ferrick, D. A., Duncan, G. S., Gessner, A. & Mak, T. W. (2002) Proc. Natl,
Acad. Sci. USA 99, 11808-11812,

4

Suzuki et al.

— 248 —



Nephrol Dial Transplant (2004) 19: 1708-1715

DOI: 10.1093/ndt/gfh275
Advance Access publication 18 May 2004

Nephrology
Dialysis
Transplantation

Original Article

Neutrophil contribution to the crescentic glomerulonephritis in
SCG/Kj mice

Akiko Ishida-Okawara!, Toshiko Ito-Ihara™?, Eri Muso®, Takahiko Ono? Kan Saiga“,
Kyuichi Nemoto® and Kazuo Suzuki'

'Biodefense Laboratory, National Institute of Infectious Diseases, Toyama 1-23-1, Shinjuku-ku, Tokyo 162-8640, Japan,
2Nephrology Division, Department of Cardiovascular Medicine, Graduate School of Medicine, Kyoto University, Kawara-
cho 54, Shogoin, Sakyou-ku, Kyoto 606-8507, Japan, 3Division of Nephrology and Dialysis, Kitano Hospital, The Tazuke
Kofukai Medical Research Institute, 2-4-20 Ohgimachi, Kita-ku, Osaka 530-8480, Japan and *Nippon Kayaku Co. Ltd,

31-12, Shimo, 3-chome, Kita-ku 115-8588, Japan

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
rena! 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-) were measured. The capacity of MPO
release and superoxide generation were evaluated as
neutrophil activity. The renal 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 C57BL/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 MPO 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 nephritis, active renal injury
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score; in particular, crescent formation was correlated
with spontancous 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/Kj mice; TNF-«

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 (MPO), 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 glomerulonephritis (CrGN) [2]. It has also
been shown that MPQ and the MPO-specific anti-
neutrophil cytoplasmic auto-antibody (MPO-ANCA)
are risk factors for the development of these lestons,
possibly throngh ROI 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 lpr/lpr [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 Fcg receptor deficiency
has shown that the Fcg receptor on neutrophils and/or
macrophages is necessary for the occurrence of GN[7].
Rexcently, 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 functional
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
spontanecus CrGN and vasculitis, the role of activated
neutrophils in the development of nephritis was
investigated by evaluating the relationship between
neutrophil function and renal lesions.

Subjects and methods

Mice

Female CS7BL/6 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). 3,3, 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
1gG was purchased from Cappel Corporation (West Chester,
PA, USA), AP-labeled anti-human IgG antibody was pur-
chased from Bio-Rad Corporation (Hercules, CA, USA). A
kit for mouse TNF-o 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 Cotporation (Osaka, Japan), respectively.
Urine biochemical assay sticks were purchased from Bayel
Medical Corporation (Tokyo, 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 lo 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 CrGN 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 30rmg/dl of
proteinuria (n=§6, age 8.240.4 weeks), the ‘early” phase of
nephritis was defined as 30-300 mg/dl (n =13, age 12.7+2.]
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 leston of the mice showed heterogeneity
not dependent on their age. C57BL/6 mice of ¢ and 14 weeks
of age were used as normal mice.

Preparation of recombinant mouse MPO (rmMPQ}
and antibody to rmMPO

rmMPOQO 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
CS57BL/6 mice by a PCR technique and ligated into an
expression vector pQE-30. The mouse MPO ¢DNA was
amplified by PCR from the cDNA pool using Platinum 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 c¢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 HindIlI site. We transformed
the plasmid into a host E.coli SGI13009[pREP4] (Qiagen,
Tokyo, Japan). The expressed protein consisted of His-tag-L-
chain-H-chain of mouse MPO (Figure Ib). The bacteria were
cultured in a medium containing Terrific Broth, 100 mg/ml
ampicillin and 25 mg/ml kanamycin until ~4.6 of absorbance
at 600 nm after addition of isopropyl-p-p-thiogalactopyrano-
side (IPTQG), then we obtained with higher yield of rmMPQO.
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 Id). In addition, to
evaluate the MPO-ANCA titre as equivalent to human MPO-
ANCA, human MPO III was isolated from neutrophils of
healthy volunteers, as previously described [11]). Briefly,
neutrophils were extracted by detergents and punfied 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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CBB Anti-rmMPO

Fig. 1. Preparation of ant-rmMPO by rmMPO and evaluation of
the antibody with western blotting. (a) Structure difference in
mouse MPO between X 15313 in GenBank and C57BL/6. (b) Con-
struction of rmMPQ. (¢} Proteins in purification step. M, marker; 1,
mouse neutrophils; 2, purified native mouse MPO; 3, human
neutrophils; 4, purified human 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 1.5h at room temperature. AP-
labeled anti-mouse IgG antibody (x 1004 dilution) or an AP-
labeled anti-human IgG antibody (x 3000 dilution) was added
and allowed to react for 2 h at room temperature, Aflerwards,
p-nitrophenylphosphate, an AP substrate, was added at a
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-u. in plasma

The diluted plasma (50 ml) was added to the each well of a 96
welt F-plate and incubated for 2 h at room temperature. Each
well was aspirated and washed five times; subsequently,
100 il of conjugate was added to each well and incubated for
2h at room temperature. This process was repeated with a
30min incubation period upon addition of the substrate

A. Ishida-Okawara ¢! al.

solution. Finally, 100l of stop solution was added 1o each
well and absorbance measured at 450 nm.

Preparation of peripheral neutrophils of SCGIKj mice

Heparinized blood, taken from the abdominal aorta of the
mouse, was put onto the continuous preparation reagents,
which consisted of 1.5ml of Nycoprep, with a density of
1.077, added to 1.5 ml of 1 Step Polymorphs with a density of
1.113, and subsequently centrifuged for 30min at 600g at
20°C. Neutrophils were obtained in the layer between the two
reagents. Erythrocytes contained in the neuwtrophil 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 Smin 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 c.

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/Kj 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 apainst 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, Rockferd,
1L, USA).

Evaluation of renal lesion. The number of the infiltrated
neutrophils into 20 glomeruli was counted based on nuclear
morphology of HE and PAS staining. Matrix expansion was
also measured. Moreover, each specimen was used to
determine the activity index (AI) and chronicity index (CI)
according to the modified NIH criteria by Austin et 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 infiltration, and small vessel vasculitis. The
presence of cell proliferation and interstitial mononuclear 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
{0 =absent, = <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-sections 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
value of <0.05 was considered significant.

Results

The changes of neutrophil counts, MPO-ANCA levels
and TNF-u 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
C57BL/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-t levels of SCG/Kj mice were signifi-
cantly higher than those in C57BL/f6 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 end FMLP stimulated MPO release from
peripheral neutrophil. In SCG/Kj mice, although spon-
taneous MPO release from peripheral neutrophils was
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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 genmeration 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 1. Renal lesion of SCG/Kj mice wilh ageing.

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

£-9 (mean 8.17£0.41) 23320.82 1.00£0 0.55£0.63 0.4420.11 1.00£0

10-12 (mean 11.310.63) 377109 2.15+0.38* 0.8+ 1.06 0.84 £0.42 2.15+0,38*

1316 (mean 13.96 £ 0.89) 4.92£1(.73* 2644132 10.96  18.00 11010.57* 208 £0.49*

*P<0.05

Renal lesion with ageing in histological findings of
SCG/Kj 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 nevtrophil 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 glomeridar neutrophil infiltration
and parameters of histological findings in SCG/Kj mice

Glomerular neutrophil infiltration correlated with the
Al (Figure 5a), with the crescent formation score
(Figure 5b) and with the CI (R=10.43, P <0.01, data not
shown). In addition, it correlated with MPO-ANCA
levels in sera (Figure 5¢), 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 Al
{Figure 6b) (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 neutrophil infiltration into the glomeruli and renal injury.
(#) Light microscopy of infiltrated peutrophils into the glomeruli in the late phase of nephritis. Periodic acid-Schiff staining were performed
{final magnification x200). (b) Nentrophils, which were positive for rmMPO staining, were abundantly observed in the tissue from the late
phase of nephritis (final wagnification x400).
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also obtained with the renal CI (R=10.32, P <0.05, data
not shown). On the other hand, a negative correlation
was noted between superoxide generation and crescent
formation score {(Figure 6¢).

Discussion

Rapidly progressive glomerulonephritis (RPGN) is a
severe form of immune-mediated renal disease that is
often poorly responsive to 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/Kj 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-u levels in plasma significantly increased in the
early phase of nephritis in SCG/Kj mice. Dewas et al.
[19] have recently reported that TNF-a, via its p55
receptor, induces protein tyrosine kinase-dependent
selective phosphorylation of p47°"* 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-a
in the plasma. These observations suggest that in the
initial phase of CrGN, peripheral neutrophils may be
activated with TNF-a 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 superoxide 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 al.

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

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 ef 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
1gGs and complement 3 along peripheral capillary
loops [5] and auto-antibodies against DNA 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 lesion of glomeruli in
SCG/Kj mouse.
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Abstract

Myeloperoxidase (MPQ; 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 deficiency through automated hematography. Neutrophil function analysis revealed that MPO activity was
significantly diminished with slightly elcvated superoxide production. Mutational analysis of the patient revealed a glycine to serine
substitution (G3018) in the exen 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 GS5018

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

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

1. Introduction

Myeloperoxidase (MPO) 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: MPQ, myeloperoxidase; BGL, beta-glucuronidase;
HBSS, Hanks' balance salt-solution; PVDFE, polyvinylidene diflouride;
AP, alkaline phosphatase; ¢cDNA, DNA complementary to RNA; PCR,
polymerase chain reaction; RT, reverse transcriptase; mRNA, messenger
RNA; RT-PCR, polymerase chain reaction subsequent to reverse
transeription.

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

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

0378-1119/% - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.10164.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 MPO 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 MPO includes
N-linked glycosylation, heme insertion, proteolytic process-
ing and dimerization (Gullberg et al., 1997), The R565W
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

=27 -



196 Y.Y. Ohashi et al. / Gene 327 (2004) 195-200

with a cysteine. Therefore, the potential for additional
intramolecular disulfide bond would be created. Y173C
mutation results in proMPQO, however, it fails to mature
into the enzymatically active MPO {DeLeo et al., 1998). The
M251T mutation results in azurophilic granules, containing
MPO 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 MPO 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 MPQ 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 MPQO
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/ml in
Hanks’ balance salt selution, 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, 10~ 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-glicuronidase (BGL) activity

Beta-glucuronidase activity and release was elicited by
methods described previously (Minoshima et al., 1997). Cell
supernatant 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. After 30 min of incubation at
37 °C, the reaction was stopped by adding 210 ul of
termination buffer (50 mmol] 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 O3 production by neutrophils

Superoxide (Oz) production by neutrophils was deter-
mined using methods previously described (Kawai et al.,
2000). Briefly, neutrophil suspensions (2.0 x 10% cells/ml,
100 ul) 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 (10~ %
M) were added to the suspension and incubated for approx-
imately 30 s at 37 °C. An initial velocity of OF 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

Immunoblotting 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 dissolved in loading buffer (50 mM Tris—-HCI pH6.8,
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 (PVDY) membrane (Millipore, Bed-
ford, MA) in transfer buffer (20% methanol, 25 mmol/l Tris,
0.1% 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 IgG 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 activities and functions of polymorphonuclear cells
DNA fragment F/R Position Sequence (5'-3') MPO BGL Oz production
(@) mRNA Total % Towl % (nmol/min/
Fragment 1 F — 148 cettpgaagctggatgacageaget activity  Release  activity  Release 107 cells)
R +346 getgactacctgcacgtgget unit unit
Fragment 2 F +295 ctatcctacttcaagcageeg Patient 0.3 ND 570 55.2 18
R +741 cgeleactcatgiicatgeaa Mother  30.5 135 651 24.1 10.9
Fragment 3 F +694 aacgagatcgtgegettecce Healthy T5.7* 229 430 327 14.1
R +1123 ggeetgetgeectitgacaac control
Fragment 4 F +1063 aacatgtccaaccagetggeg
R +1530 aatcggtaccageccatggaa N.D;=not detécted: N.T.= not tested.
Fragment 5 F +1498 tacggecacacectcatecaa Average in two experiments.
R + 1960 aaaggecgegtgggeceactc
Fragment 6 F +1918 atcgacatctggatgggegge . . . .
R +2406 gactiticatgegtpanaaaaa {\zurophll granule fo‘rrnatlon underlh:stochemlcal obser-
vation and O3 production of the patient showed no sub-
(b) Genomic fragment stantial difference from healthy control. Neutrophils may
§-flanking i N 35656 ctgagaaalcttgggotpgtagiget have developed normally but lack only mature MPO pro-
toott tggat t . o,
celppangeigpalgacageage tein. As the mother showed half the MPO activity of the
Exon 1 F —66 agaggacataaaagegeag . o
R +302 asgpipegagaagatggtat healthy control, _there might be a quantitative effect of an
Exon 9 F +7195 agatacticcectgacctgg abnormal allele in the mother.
R +7495 gacctaggecagagegagty

Primers were designed from the published sequence (Genbank accession
nos, X04876 and X15377).

F=forward primer; R =reverse primer. Positons of primer arc 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 1. DNA segments obtained were purified by the
QIAquick PCR purification system (Qiagen, 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 MPQ activity

Total MPQ 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 Q3 production,

3.2. Western blot analysis

In order to biochemically characterized MPOQ, 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

MPQ 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
MPO peptide  size(kDa)

heavy subunit 59 kDa i [

light subunit 14 kDa == Pt ] TR TR

Fig. 1. Western blot analysis, Proteins in neutrophils (} x 10° cells/lane) of
healthy contrel, 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, purificd human
MPO. MPO polypeptides were indicated in the left.
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The RT-PCR products obtained were directly sequenced
and compared with a normal MPO ¢DNA sequerce (John-
son et al., 1987; Morishita et al., 1987; Yamada et al., 1987).
A guanine (G) to adenine (A) substitution was found in
exon 9 region of the patient cDNA. This point mutation was
located at position 1051 from adenine of first ATG (Fig. 2)
and resulted in an amino acid conversion from glycine
(GGC) to serine (AGC), G5018.

Genomiic DNA for the MPO coding region and §'
promoter region of the patient and his mother were ampli-
fied and sequenced to confirm the base substitution of the
allele. The G to A substitution in exon 9 shown in Fig. 2b,
was homozygous in the patient, but heterozygous in the
patient’s mother. This same exon was successfully se-
quenced and analyzed in 96 genomic DNA samples from
healthy Japanese controls; sequencing for two of the orig-
inal 98 controls was unsuccessful. None of these samples
exhibited the G1051 A mutation (Table 3). Analysis of the 5
promoter region (— 463 from the first ATG), a polymorphic
site, of patient, his mother and simultanecusly prepared
control samples revealed a homozygous guanine at that site
(data not shown).

4, Discussion

A single base substitution has been identified in the MPO
c¢DNA in a patient with complete MPO deficiency. This

a. cDNA
control

CCGCTACGGCCACACCC

patient
CCGCTACAGCCACACCC

Table 3
Base substitutions of MPO gene

Source Position of base substitution

5' flanking region Exon 9

— 463 1051
Referred nucleotide* A G
Patient G/G A/A
Mother G/G AG
Healthy control G/G G/G
Controls (N=96) 83% G/G 100% G/G

15% G/A

1% A/A

* Nucleotides from Genbank accession nos. X04876 and X15377.

G1051A mutation resulted in an amino acid change
{G5018), which may have resulted in the said deficiency
of the patient (Fig. 3). We could not detected mature MPO
subunits (heavy and light subunit), although by Western blot
analysis, we could detect 90-kDa prepro-MPO, which is the
precursor of mature MPO subunits. The MPO mRNA, from
the patient did not reveal any alternative splicing sites and
deletions. The —463 G/A polymorphic site did not appear
to play a role in this MPO deficiency, since there was no
base difference between the patient and the 96 controls,
Additionally, the allele frequency among the controls com-
plied with data previously reported in the Japanese popula-
tion with a predominance of the G/G genotype at that site
(Hamajima et al.,, 2002) (Table 3).

b. genomic DNA
mother

TTCCGCTACNGC CACACCC

patient
TTCCGCTACAG CCACACCC

\/

HUAY,

Fig. 2. Sequence histogram around the mutation point of cDNA and genomic DNA. (a) cDNA ‘sequence of the patient and healthy control. The mutation
position of 1051 was indicated with arrow heads. (b) Same coding region in genomic DNA of the patient and his mother.
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Exon 9 coding region

Coding region of the deduced helix 8 (13 residues)

heme binding

AACGTCTTCACCAATGCCTTCCGCTACEGCECACACCCTC
AsnValPheThrAsnAlaPheArgTyr{lyHisThrLeu

501

'

patient; AGC/Ser

Fig. 3. Schematic diagram of exen 9. Amino acid residues and base sequence of deduced helix 8 region was shown in the box. G1051A causes amino acid

substitution glysine to serine. His502 is a heme binding residue.

Three missense mutations on MPO gene which causes
MPO deficiency, RS69W (Nauseef et al., 1994, 1996),
Y173C (DeLeo et al., 1998) and M251T (Romano et al.,
1997) have been reported. Mature subunits of the enzyme
are not formed in cases with R569W and Y173C mutation
because posttranslational processing cannot be carried out
correctly. M251T causes mature subunit but lacks enzymatic
activity. The histidine at codon 502 (H502), which is
included in the eighth helix domain constituting one part
of heme-binding pocket, provides proximal ligand to the
heme iron {(Zeng and Fenna, 1992; Davey and Fenna, 1996).
The missense mutation G5018 is located adjacent to H502,
also included in the eighth helix. The glycine to serine
substitution possibly influenced the surrounding molecular
environment of amino acid residues, especially the neigh-
boring histidine residue, which plays an important role in
heme binding. Thus, the G501S could cause an arrest in
heme binding, an essential step for maturation of the
enzymatically active MPO.
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Abstract

Photoluminescent semiconductor quantum dots (QDs) are novel nanometer-size probes that have found bioimaging. Here we
imaged a cell line of mouse lymphocytes. QDs were actively taken into the target cells by endocytotic pathways. The fluorescence of
QDs held in the endosomes could be studied for more than a week and remained stable luminescence against cell activation induced
by concanavalin A, phytohemagglutinin, phorbol myristate acetate, and calcium ionophore A23187. These results suggested that
QD-labeling was stable and did not affect either cell activation or cell function. When QD-labeled cells were intravenously injected
into mouse, they remained in the peripheral blood in a concentration of approximately 10% up to 5 days after injection using both
fitorescence microscopy and flow cytometry. In addition, approximately 20% of QDs were detected in the kidneys, liver, lung, and
spleen and could still be observed 7 days after injection. These results suggested that fluorescent probes of QDs might be useful as

bicimaging tools for tracing target cells over the period of a week in vivo.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Bioimaging; Cell labeling marker; Cytotoxicity; In vivo; Living cell; Quantum dot; Semiconductor

Ultrafine nanocrystals are expected to be used widely
in biotechnology and medical applications for separating
biomaterials, immunoassay, diagnostics, and drug-carri-
ers that are applied to the drug delivery systems [1-6].
Quantum dots (QDs) are novel inorganic fluorophores
that consist of CdSe/ZnS-core/shell semiconductor
nanocrystals. QDs have several advantages over organic
fluorophores. QDs show high luminance, resistance to
photobleaching, a range of excitement wavelengths from
ultraviolet to red that depend on the size of the particles,
and cover a range of fluorescent wavelengths from blue to
red that can be excited using a mercury arc lamp [7,8]. At
present, many organic fluorophores such as fluorescein
isothiocyanate (FITC) and carboxyfluorescein diacetate
succinimidyl ester (CFSE) have been used in various bi-
ological applications, such as fluorescent-labeled anti-
bodies and molecules that are used to stain cells or cellar
organs [8,9]. Experiments using organic dyes are limited

* Corresponding author. Fax: +81-3-3202-7364.
E-mail address: backen@ri.imej.go.jp (K. Yamamoto).

0006-291X/$ - see front matter ® 2003 Elsevier Inc. All rights reserved.
doi:10.1016/5.bbrc.2003.11.185

to short-time assays such as flow cytometry due to the
lifetime of fluorescence, Those dyes were not suitable for
extended periods of bioimaging observations using fluo-
rescent and confocal microscopy because organic flu-
orophores tend to quench rapidly [6,10]. Furthermore, it
is sometimes difficult or impossible to record fine fluo-
rescent images while the organic coloring probes fade in
the course of adjusting the focus. In contrast, QDs are
stabilized over a far longer exposure-time to light and can
emit a fluorescence of high luminosity at an almost
equivalent condition as the conventional organic fluo-
rescence probes.

Initially, chemically synthesized QDs have not been
applied to biochemical applications because they do not
dissolve in water. Since hydrophilic surface treatment of
QD was developed, the application range of QDs has
been rapidly spreading to bioimaging [11-13]. However,
QDs can easily aggregate at acidic- and even in isotonic-
conditions because they are unstable in either acidic or
saline conditions. Hence, QD-conjugated biomolecules
are difficult to produce because most of the biomolecules

— 263 —



A Hoshino et al. | Biochemical and Biophysical Research Communications 314 (2004) 46-33 47

exist in the isotonic condition in vivo [14]. The molecules
that can conjugate with QDs are few: streptavidin, oli-
gopeptides, and some antibodies [13,15,16]. We have
considered methods to stabilize QDs in biological solu-
tions such as culture media [11,17). We previously ex-
amined albumin from 10 species to assess efficient
stabilization since QDs could be conjugated to albumin
non-specifically [17]). Time-lapse study of the intracel-
Iular distribution of QDs in culture cells has already
been performed and the endosomal vesicles including
QDs were observed {17]. In this study we assessed
whether QDs could be applied to various applications
using labeled cells for the purpose of long-time tracing.
Labeled concentration of QDs did not appear to show
any signs of cytotoxicity. Although there are many ap-
plications where QDs are used as dyes to stain mam-
malian cells and bacteria in vitro [17,18], no applications
have been demonstrated where QDs can be used in cells
that are transplanted into the living animals.

Materials and methods

Reagents and preparation of albumin-conjugated QDs. CdSe/ZnS-
core/shell QDs (Huorescence wavelength: 520nm) were conjugated
with sheep serum albumin fraction V (Sigma) according to our study,
as previously reported [17]. Briefly, albumin-conjugated QD3 were
prepared by mixing equal volumes of QD-sodium salt solution (10 mg/
ml) and sheep albumin sotution (10 mg/ml) in the presence of EDC(I-
ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) coupling
reagents purchased from Pierce Biochemical. The mixture was incu-
bated for 30 min at room temperature and applied to a Sephadex G-25
column (Amersham Biosciences) to remove the excess fraction of re-
agents, The QD-werking solution was prepared by diluting the QD-
mixture with DMEM/F-12 culture media (Gibco), immediately filtered
with & 0.1-pum centrifuge membrane filter (Millipore, Ultrafree-MC),
and centrifuged at 10,000g for 10 min before use.

Assessment of QD-Upiake by cells. EL-4 cells, which were estab-
lished from murine T-cell lymphoma, were cultured in DMEM/F12
supplemented with 5% heat-inactivated fetal bovine serum at 37°C.
The cells were plated at a volume of 1 x 10°cells/well on a 12-well
culture plate (Iwaki) and were stimulated with the indicated concen-
tration of QDs. After incubation, the cells were harvested and washed
with phosphate-buffered saline (PBS) twice to remove the non-specific
bindinng QDs. The cells were stained with 100 pg/m! propidium iodide
golution. Then the cells were fixed with 10%-formaldehyde neutral
buffer. As many as 1 x 10fcells were analyzed by flow cytometer
(JASCO CytoAce300). Fluorescence was excited using argon laser
(488 nm), Detection was wriggered by forward-angle light-scattered
signals 2t wavelength of 520nm. Images were acquired with a digital
camera D1X (Nikon) on a fluorescent microscope IX-81 (Olympus)
using WIBA mirror unit to adjust the excitation wavelength to 470
490 nm and oil immersion objective lens.

Mice and separation of the cells and organ. BALB/c AnNCrj-nu/nu
{nude) mice (5w, male) were purchased from Charles River Japan Inc.
EL4 cells used for administration were pre-stained with 3 PKH26 Red
Fluorescent Cell Linker Kit purchased from Sigma before stimulation
with albumin-conjugated QDs. The cells holding QDs were collected
2h after stimulation and resuspended to the concentralion of
§ x 107 cells/ml in serum-free DMEM/F12. Two hundred microliters of
cell-suspended solution was intravenously injected to mice. The mice
were sacrificed 2 h, 1 day, 3 days, 5 days, and 7 days after injection and

the peripheral blood was collected. The blood was laid onto a Ficoll-
Metrizoate density gradient (Histopaque-1083 solution, Sigma) and
centrifuged at 700g for 30min at room temperature to form 2 distinet
layer at the plasma-media interface. The leukocyte fraction including
EL~4 cells was separated from the interface of the two solutions. Then
contaminated erythrocytes were removed by 2 washes in ACK-lysis
buffer (150 mM NILCI, 1 mM KHCO;, and 0.1 mM EDTA, pH 7.4).
Each lysis was performed by incubating for $min at room temperature
followed by washing the cells with PBS twice. Fluorescence intensity of
QD-holding cells was detected by flow cytometric analysis and by
fluorescent microscopy.

Collected kidney, liver, lung, and spleen organs were immediately
washed three times by PBS to remove retained erythrocytes. Then each
organ was incubated with 4% paraformaldehyde for 2h at room
temperature. After soaking, the organs were washed and incubated
with 70% ethanol at 4 °C overnight. After embedding into paraffin, the
section was sliced to 10 pm thickness. The section was affixed to slide
glass (Matsunami),

Results and discussion

Many researchers have applied various techniques to
recognize the introduced target cells specifically; labeled
cells directly with organic fluorophores like CFSE {8,9],
dyed X-Y chromosome by fluorescence in situ hybrid-
ization (FISH) using sex-mismatched target cells [19},
transformed the gene coded specific molecule like green
fluorescent proteins (GFPs), various kind of luciferases,
or some cell surface expression molecules, ete. [20,21]. But
unfortunately, it gets hanged up and it is costly to detect
the target cells by these procedures. To remove those
problems, ‘we assessed the possibility of using QDs as the
markers for the introduced target cells in vivo. First, we
examined how long it took for the EL-4 cells to take up
the albumin-conjugated QDs. EL4 cells were plated at
1 x 108 cells/well and stimulated with 0.1 mgfml QDs for
15, 30, and 60 min at 37°C. Shown in Fig. 1A, the QDs
were adherent to the cell surface | 5min after incubation.
The vesicles including QDs started to form 30 min after
incubation and QDs were recruited into the cellular
granules after 60 min. We assumed that this uptake would
be inhibited at chilled conditions if it were performed via
endocytotic pathways. To investigate whether this uptake
reaction was dependent on their temperature, EL-4 cells
were cultured with QDs at chilled condition. As expected,
QDs were also found adhering to the cell surface, but
uptake into the cell vesicles was blocked even after 60 min
incubation (Fig. 1A). In addition, re-incubating the cells
at 37°C, the QD uptake into the cells recovered again
(Fig. 1B). This adhesion is not detached by washing the
QD-holding cells and fluorescence of the cells was mea-
sured by flow cytometry, which was the same as at 37°C
conditions. These results suggested that uptake of QDs
into the cells occurs via endocytotic pathways. This in-
dicated that processing for 15 min to stain the cell surface
is sufficient for the purpose of short-time cell tracing.
Thus, QDs can become an effective cell marker for several
days after only short-time treatment of the cell.
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Fig. 1. Uptake of albumin-conjugated QD by EL-4 cells was
dependent on temperature. (A) EL-4 murine lymphocytoma cells
were plated and stimulated with albumin-conjugated QD at the
concentration of 0.1mg/ml and incubated for 15 and 60min at 37
and 4°C conditions, QD- labeled cells were observed by fluorescent
microscopy. The bright green granutes indicated fluorescence emitted
from QDs. (B) Cells were pre-incubated for 20min before stimula-
tion. Then the cells were stimulated with QDs for 60min at 4°C
condition and re-incubated at 37°C for the indicated time. Bars
indicate 10 um. In all the figures, the observation data represent one
out of three performed.

When QDs were used as long-term tracing markers,
the acute cytotoxicity of QDs raises a problem. To
investigate the relation between concentration and cy-
totoxicity of QDs, we assessed the cell viability after
QD-stimulation. The cells were cultured at the concen-
tration of 0.1, 0.2, and 0.4 mg/ml of QDs for 24h and
stained with propidium iodide to detect dead cells. As
the fluorescence intensity of QD-holding cells increased
by the concentration of QDs, the number of dead cells
also increased (Fig. 2). The cytotoxicity was observed in
proportion to the concentration of QDs and almost all
of the cells were dead at 0.4 mg/ml more than 6h after
incubation, However, no remarkable cytotoxicity was
observed at 0.1 mg/ml. Since using a high-concentration
of QDs induced the cell death, we decided to use QDs at
0.1 mg/ml concentration.

Next we also examined how long QDs could be re-
tained in the cells. To investigate this, EL-4 cells were
further cultured after stimulation with QDs. Cell growth
of EL-4 cells was choked by stimulation with QDs even
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Fig. 3. QDs labeled on EL-4 cells were observed more than a week in
vitro. (A} The upper graphs show a comparison between the growth
curve of the unlabeled and QD-labeled El-4 cells; open circles indi-
cated the number of control cells and the closed circles are the QDs,
respectively, The lower graphs show the relative Auorescence intensity
of 10°collected cells measured by spectrofiuorometer (JASCO, FP-
6500); open circles indicated the fluorescence intensity of the control
cells and the closed circles are the QDs, respectively. Each Graph in
right lanes shows the logarithmic scales corresponding to the left ones.
The data are presented as means + standard deviation. (B) EL-4 cells
were stimulated with QDs at 0.1mg/m! concentration. The cells were
incubated for 1, 3, 5, 7, and 10 days. The cells were harvested, stained
with propidium todide for detection of dead cells, and observed by fow
cytometry and fluorescent microscopy, as in Fig. 1. The fluorescence
intensity of the QD-holding cells in 10%-collected cells was measured by
flow cytometric analysis and the cell population in each region was
calculated by CytoAce300 analyzer (JASCO).
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Fig. 2. The cytotoxicity of albumin-conjugated QDs depends on the QD-concentration. EL-4 cells were stimulated with culture media alone or with
albumin-conjugated QD at the concentration of 0.1, 0.2, and 0.4 mg/ml. Cells were incubated for 3, 6, 12, and 24 h at 37 °C, The cells were harvested,
stained for observation of dead cells, and measured by flow cytometric analysis, Fluorescence was measured by flow cytometry using 2n argon laser
{488 nm). Detection was triggered by forward-angle light scattered signals. In the graphs, the relative cell pumber is given on the y-axis and the
Buorescence intensity of QDs on the x-axis. Dotted lines in the graphs indicate the fluorescence medium of the unstimulated cells,

in 0.1mg/ml concentration (Fig. 3A, upper graphs).
Whereas the growth of both cells conformed to loga-
rithmic growth phase, the doubling-time of QD-labeled
cells was about 24 h and took 4 h longer than unlabeled
cells (approximately 20h). The fluorescence intensity of
QD-labeled cells was logarithmically attenuated, but the
attenuation ratio became lower after 24h incubation
(Fig. 3A, lower right). Moreover, the QDs that remained
in the cells could be observed for more than a week
(Fig. 3B). Approximately 10% of the cells still held QDs
after 10 days culture, but fluorescent intensity of cells
gradually decreased and highly concentrated in endo-
somes. This concentration of QDs was compatible with
our previous study in Vero cells [17), implying that this
labeling of cells by QDs could be applied not only ad-
herent cell but also the cells that have the property of
less endocytotic action and high-proliferation rate cells
such as lymphocytes.

It is known that T cells were activated with various
immune stimulants. Then, we investigated whether la-

beling of QDs held in the cells would be influenced by
those stimulations. EL-4 cells were exposed to various
stimulants after labeling of QDs. After stimulation, EL-
4 cells were highly aggregated by stimulation with ConA
and PHA. But no significant change was observed by
stimulating for 24 h (Fig. 4). These results suggest that
labeling of QDs were stable, and were not affected by
either cell activation or cell function,

Then we compared the fluorescence of QD with those
of other organic probes at the points of fluorescence
intensity and photostability. Shown in Fig. 5A, fluo-
rescence intensity of both QD and organic probes was
approximately equivalent in the moment of excitation
in the case of flow cytometric analysis. However after
long-term exposure, e.g.,, long time observation using
microscopes, fluorescence from organic probes was
eliminated rapidly and almost disappeared within a
minute (Fig. 5B). In contrast, the QDs kept emitting
bright fluorescence for more than 30-min continuously
(Fig. 5C).
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24h

Fig. 4. Fluorescence of QD's was stable against activation of EL4 cells.
EL-4 cells were incubated with QD at 0.1 mg/ml concentration for 3h.
Then the cells were washed twice with DMEM and stimulated with
lug/ml ConA, Spg/m! PHA, and both 10ng/ml PMA and 1pM
A23187. The cells were collected 12 and 24h after stimulation. The
cells were observed using a fluorescent microscopy, as in Fig. 1.
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Next we considered the survival of QD-labeled cells
in vivo. The cells labeled by QDs were intravenously
injected into mice. The cells injected into mice were
observed in the peripheral blood for 5 days after injec-
tion by microscopic analysis (Fig. 6). The fluorescence of
QD-labeled cells was also observed until 5 days after
injection, but the fluorescence intensity of cells was
much smaller than expected. Unfortunately, fluores-
cence of PKH-dye was observed from cells by using
neither microscopy nor flow cytometric analysis (data
not shown). However, approximately 70% of QD-
labeled cells were eliminated from blood circulation
within 2h after injection. We assumed that the excess
number of QD-labeled cells would be homing on the
other lymphatic tissue, as T-cell population in whole
peripheral blood usually remained at approximately
20%. As expected, many cells including QDs were ob-
served in spleen sections at 2 h after injection (Fig. 7A).
In 2h images, QD-labeled cells remained in the fringe
area of white pulp and red pulp. After 5 days, fluores-
cence emitted from QDs was located in white pulp area.
This result concurs with the fact that T-lymphocytes
were first observed in red pulp and then moved and then
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Fig. 5. Fluorescence of QDs was superior to that of organic flourophores with respect to the fluorescent lifetime. (A) Cells stained with QDs and
organic dyes were obscrved by fluorescent microscopy and flow cytometric analysis. The cells were harvested, stained, and analyzed by flow cy-
tometry and Buorescent microscopy, as in Fig. 1. (B) Observation of photostability of organic probe (PHK67). The c¢lls were continuously excited
and images were taken using D1X digital camera equipped with fluorescence microscope IX-81 at the indicated time by a 1.0 s exposure, Other
conditions were the same as described in Fig. 1. (C) The photostability of QDs, as described in (B). (D) Comparison of the relative fluorescence
intensity between QDs and the organic probes. The snapshots shown in Figs. 3B and C were calculated using the histogram analysis of Adobe
Photoshop 7.0, Open circles indicate organic probes and closed circles are the QDs, respectively.
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