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Nephritis-Associated Plasmin Receptor and Acute
Poststreptococcal Glomerulonephritis. Characterization of the
Antigen and Associated Immune Response
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Abstract. The role of nephritis-associated antigen as a viru-
lence factor for acute poststreptococcal glomerulonephritis
(APSGN) remains to be fully clarified. Nephritis-associated
plasmin receptor (NAPIr) was previously isolated from group
A streptococcus (GAS) and shown to bind plasmin(ogen). The
nucleotide sequence of the naplr gene from GAS isolates
obtained from patients with APSGN was determined. The
sequence of the putative open reading frame (1011 bp) showed
99.8% identity among isolated strains. Homology screen
revealed an exact match with streptococcal glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). NAPIr exhibited
GAPDH activity in zymography, and it activated the com-

plement pathway in vitro. In APSGN kidney biopsy speci-
mens, NAPIr was observed mainly in the early stage of the
disease (1 to 14 d after onset) but was not colocalized with
either C3 or 1gG as assessed by double immunofluorescence
staining. Sera of patients with APSGN, patients with GAS
infection without renal involvement, nonrenal pediatric pa-
tients, and healthy adults as controls were assayed for anti-
NAPIr antibody titers. Anti-NAPIr antibodies were present
most frequently in APSGN sera, and antibody titers were
also significantly higher than in patients with GAS infection
alone or in other control patients. Moreover, antibody titers
remained elevated during the entire 10-yr follow-up period.

Group A streptococcus (GAS) causes various levels of infec-
tion ranging from mild pharyngitis to severe streptococcal
toxic shock syndrome. One sequela of GAS infection is acute
poststreptococcal glomerulonephritis (APSGN), which is asso-
ciated with long-term renal dysfunction in some patients (1).
However, only certain strains appear to cause APSGN (2), and
only these strains produce nephritis-associated antigens (3).
A number of streptococcal proteins, including nephritis
strain-associated protein, streptococcal pyrogenic exotoxin B
(SPEB), preabsorbing antigen, and NAPIr, are involved in the
pathogenesis of APSGN (4—7). Nephritogenic antigens are
expressed by so-called nephritis-associated serotypes, accumu-
late in the glomeruli of patients with APSGN, and induce high
antibody titersin these patients. NAPIr is such a nephritogenic

Received August 26, 2003. Accepted April 10, 2004.

The nucleotide sequences reported here have been submitted to GenBank with
accession numbers AF520813, AB088214, AB088215, AB088216, and
AB088217.

Correspondence to Dr. Nobuyuki Y oshizawa, Department of Public Health,
National Defense Medical College, 3-2 Namiki, Tokorozawa, Saitama 359-
8513, Japan. Phone: 81-4-2995-1575; Fax: 81-4-2996-5196; E-mail:
yoshizawa-npr@umin.ac.jp

1046-6673/1507-1785

Journal of the American Society of Nephrology

Copyright © 2004 by the American Society of Nephrology

DOI: 10.1097/01.ASN.0000130624.94920.6B

antigen; it is expressed by streptococcus strains historically
associated with APSGN, it is highly antigenic, and it is local-
ized in affected glomeruli (7). However, we cannot exclude the
possibility that NAPIr is identical to previously described ne-
phritogenic antigens because some other streptococcal proteins
also exhibit plasmin(ogen)-binding activity (4,8,9). Only a
partial amino acid sequence has been available for NAPIr (7);
however, the protein may be homologous to streptococcal
glycera dehyde-3-phosphate dehydrogenase (GAPDH) (10,11)
and may show GAPDH activity. Thus, additional analysis of
NAPIr is needed.

APSGN-related antibodies against putative nephritogenic
antigens have been identified (12-14). High levels of anti-
SPEB antibody were present in patients with APSGN (6), and
subsets of APSGN kidney specimens were positive for anti-
SPEB antibody. In addition, increased levels of anti-zymogen
antibody appear to be a marker of APSGN (15,16). Glomeruli
from patients with early APSGN can be stained with 1gG
obtained from the sera of convalescing patients (17). Reactivity
is typically observed on the endothelial side of the glomerular
basement membrane (GBM) and in the mesangial matrix (18).
The streptococcal antigen, such as preabsorbing antigen, has
also been detected in the glomeruli of patients in relatively
early stages of APSGN (5).

In the study presented here, we determined the amino acid
sequence of NAPIr purified from GAS strains in patients with
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APSGN. We also examined GAPDH activity, complement
activation, and immune responses to NAPIr in patients with
APSGN.

Materials and Methods
GAS and Preparation of NAPIr

Strains of group A B-hemolytic streptococci belonging to T types
1,4, and 12 and M types 12 and 49 were isolated from the pharynx of
five patients with APSGN. Growth conditions and purification of
NAPIr were as described previously (7). We had prepared NAPIr in
the presence of protease inhibitors and had confirmed the absence of
proteolytic activity in the purified fraction (7).

DNA Sequencing

Genomic DNA of GAST types 1, 4, and 12 and M types 12 and
49 were purified with SepaGene (Sanko Junyaku, Tokyo, Japan)
and used as templates to amplify a fragment of naplr by PCR. The
following primers were used: forward primers, 5-AAGTTAAA-
GAAGGTGGAT-3, 5-AGCTGCTTCAAACGATAG-3, and 5-
TATATTTGGTGGGTTTTG-3'; reverse primers, 5-CAGCT-
TCTTTCTTCTAG-3', 5-GAATGCATCGTGAAGAGC-3', and.
5-CCCCTTCCATCTTAGCCTTTTTGTA-3' at a concentration of
1 uM each. Primers were designed from the results of partial
amino acid sequencing of purified NAPIr (7) and preliminary DNA
sequence analysis. The PCR temperature profile was carried out as
follows: consisting of an initial denaturation stop of 95°C for 5
min, followed by 99 cycles of a denaturation step of 95°C for 30 s,
a primer annealing step at 55°C for 20 s, and an extension step at
60°C for 4 min. The amplified DNA fragments were sequenced
with a BigDye Terminator Ready Reaction Kit and an ABI PRISM
377 XL DNA sequencer (Applied Biosystems, Foster City, CA).
The nucleotide and deduced amino acid sequences were analyzed
with the Query GenBank Database (NCBI, http://www.ncbi.nim.
nih.gov/GenBank/index.html) and GENETYX-MAC software
(Software Development, Tokyo, Japan).

GAPDH Activity Assay

Similarity of NAPIr to GAPDH was assessed by Western blot
analysis (7). After SDS-PAGE and transfer of purified NAPIr to
PVDF membranes (Millipore, Billerica, MA), proteins were reacted
with mouse anti-Bacillus GAPDH antibody (1:1000 in PBS contain-
ing 0.1% Tween 20; Chemicon, Temecula, CA) followed by incuba-
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tion with an horseradish peroxidase-abeled goat anti-mouse 1gG
(2:2000 in PBS containing Tween 20; BioSource, Camarillo, CA). An
ECL kit (Amersham Biosciences, Piscataway, NJ) was used to visu-
alize immunecomplexes. Bacillus GAPDH (Sigma, St. Louis, MO)
was included in each assay as a control.

For zymographic analysis of GAPDH activity, purified NAPIr (1
g protein) was separated by electrophoresis on 8% polyacrylamide
gelsin Tris-glycine (pH 8.9) at 4°C. After electrophoresis, gels were
gently washed with 0.1 M Na,HPO, (pH 8.5) for 10 min, then with
0.05 M Na,HPO, (pH 8.5) for 10 min. Gels were incubated for 20 to
30 min at room temperature in substrate buffer containing 2.5 mM
glyceraldehyde-3-phosphate (Sigma), 0.5 mM NAD™, 300 ug/ml
nitroblue tetrazolium, and 20 pwg/ml phenazine methosulfate (Wako
Pure Chemical Industries, Osaka, Japan) in 50 mM Na,HPO, (pH
8.5). GAPDH activity was detected as a blue band. Bacillus GAPDH
(Sigma) was also included in the assay as a positive control.

Complement Activation by NAPIr

To analyze complement activation by NAPIr, we incubated normal
human serum (50 wl) for 1 h at 37°C with NAPIr (10 pg/50 wl in
physiologic saline). In some samples, 10 ul of 0.1 M EGTA and/or
0.1 M EDTA was added before incubation to differentiate between the
two complement activation pathways. The reactions were separated
by electrophoresis on 1.1% agarose gels in veronal buffer (pH 8.6)
with an ionic strength of 0.05 (Wako). Conversion of C3 was exam-
ined with anti-human C3 antibody (ICN, Costa Mesa, CA). Zymosan
(Sigma) was used as a control for complement activation.

The product of NAPIr cleavage of C3, iC3b, was assayed by
ELISA. For sample preparation, 50 wl of human serum, diluted 1:40
with physiologic saline, was incubated with 50 ul of NAPIr (ranging
from 0.01 g to 6.25 ng) at 37°C for 1 h. The level of iC3b in each
sample was measured with a commercial iC3b EIA kit (Quidel, San
Diego, CA) according to the manufacturer’s instructions.

Patients and Control Subjects

Sera from 50 patients with APSGN (27 men and 23 women),
diagnosed by rena biopsy, (Table 1) were tested for levels of anti-
NAPIr antibody. Serum samples were obtained at the time of biopsy
(1 to 90 d after disease onset); anti-NAPIr antibody levels were
determined and taken as the initial antibody titers. Samples were
collected over a 10-yr follow-up period and used to monitor antibody
levelsin each patient. The diagnosis of APSGN was confirmed by the

Table 1. Clinical and laboratory features of patients with APSGN

Urine

onmto n RS AsOP Aske  cHso!  c GFR  BUN S BP
Biopsy (range) V) ) V) (mg/dl) Protein Il?_ﬁ)('::/ (ml/min)  (mg/dl) (mg/dl) (mmHQ)
1-14d 25 30.8(8-51) 584 4632 16.2 308 *=~+++ l~many 66 23.8 14 149/88
15-30d 18 26.1(8-75) 550 8533 171 420 —~+++ O0~many 72 220 14 131/83
31-90d 7 314(566) 865 4480 27.0 600 —~+++ O~many 75 181 0.9 122/74
Tota 50 29.3(5-75 612 5952 181 43 —~+++ O0~many 70 22.3 13 139/84

2 Per group.

Normal values in our hospital:

b ASO-adults, < 240 U: children, < 320 U.

¢ ASK-adults, < 2560 U; children, < 5120 U.
9 CH50, 30—40 U.

€ C3, 55-120 mg/dI.
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Table 2. Clinical and laboratory features of patients with group A streptococcal infection without renal involvement,

children, and normal adults

. Memageiny® ASO  ASK  CHS0 Urine
(range) L) L) L) Protein Occult Blood
Streptococcal infection without 50 29.0 (8-64) 499 4764 37.0 — —
renal involvement

Pediatric | 50 7.2 (0.2-10) 177 451 30.9 — —
Pediatric I1 50 14.1 (11-20) 187 554 285 — —
Normal adults | 50 30.0 (25-35) 186 576 36.0 — —
Normal adults I 50 53.2 (52-59) 80 401 37.8 — —
2 Per group.

presence of proteinuria, hematuria, hypocomplementemia, history of
antecedent streptococcal infection with titers of anti-streptolysin O
(ASO) and/or anti-streptokinase (ASK), and renal biopsy. Fifty age-
matched patients with GAS upper respiratory tract infection without
detectable rena involvement (26 men and 24 women) (Table 2) were
included as subjects. GAS upper respiratory tract infection was diag-

Healthy adults were also categorized by age into two groups: adult |
(age 25 to 35 yr, n = 50, 25 men and 25 women, age matched with
patients with APSGN), and adult |1 (age 52 to 59 yr, n = 50, 25 men
and 25 women). These subjects showed no signs of recent strepto-
coccal infection. Informed consent was obtained from all subjects in
each group.

nosed on the basis of clinical sign with significant elevation of ASO
and/or ASK titers. The control groups included 100 nonrenal pediatric
patients and 100 healthy adults. Pediatric patients were categorized by
age into two groups: pediatric | (age 0.2 to 10 yr, n = 50, 27 boys, 23
girls) and pediatric Il (age 11 to 20 yr, n = 50, 23 boys and 27 girls).

AGTAGAGTTTGMGTTETCEAMTCTT TCCCATAMMGA TRAAT TACAGRATAGAM A TAGMANAGVNGCCCTTTCCTATATTTGGTGGETTTTGA
—

AGGCTAGAN GAMAGAAGCTOCCCTTTA TGARA TAGCTARTT TATTTGCATT TT T TC TGAMTAGTTATATANTAG TTC TGTTGARGGT TG TTGCAGAT
—— -35 -19 ¥

> MV VKV

GACTGTAGTTAATCTTTTCAGAATAGGTAGGGAGCATTCCCTCTAMATATATTCTTTTGATTTTCATRAGGAGGMATCACTAATGGTAGTTARAGTT

RBS

6 I NGFGRIGRLAFRARIQNIEGYEVTRINDLTDEP
GGIATTAACGLTTTCRGTLCTATCGRACCTCTTGLAT TCCGUCOTA TTCAMACA TCGAAGGTGT TCAAGTAACTCCTATCAACGACCTTACAGATCCAA

NMLAHLLKYDTTQGRFDGTYEVKEGGFEVYNGNTF
ATATGCT TECACACTTGT TCAAATACGA TACRACTCANGGTCGT T T TGA TGGRACAGT TGAAGT TAMAGRAGGTGGA TTTGIAG TAAACGRAMACTTCAT
e

IKYSAERDPENIDWATDGVETIYLEATGEFTFAKEKEH®

TAAGTTTCTCCTGAACG TATCCAGAMMCA TCGAC TR EECAACTEATGREAT TRAATCGT TCTTGMGCARCTEGTTTCTT TECTAAMAMAGMGTA
AEKHUHANGAKKYYITAPGGNDYVYKTY VY FNTHNHD

COTGRAAAA CACT TACATGCTAACGG T CCTAAAAMAG T TGT TATCACAGCTCCTGR TCGARACGA TG TTARACAGT TGTTT TCAACACTAACCACGACA

I Lt DGTETYISGASCTTNCLAPMAKALHDAFGTIQ
TTCTTGACGGTACTGAM CAGT TATCTCACGTOCTTOATGTACTACAMCTCTTTAGC TCCTATGCC TARAGCTC TTCACGATGCATTCOGTATTCARMA
-+

KGLMTTIHAYTGOGODQMILODGPHRGGDLRRARAGHAA
AGGTCTTATGACTACAATCCACGCT TACACTOGTGACCAAMA TGA TCCT TRACGGAC CACACCATGGTGGTGACCTTCGTCATGLACGIGCTRGTEC TG

NTITVPNSTGAAMNKAIGLYIPELNGKLDGAAQRVYPYVY
AATRTCGTTCCTAACTCAACTOGTGCTCCTARMGCTATCRGTCTTG TTATCCCAGAACTTAAC GG TARAC TTGAL GG TGCTGCACAACGTGTTCCTGTTC

PTGSVTELVYVVYVTLDKNY SVDETINAAMKAASNDSEF
CAACTGRATOAGTAACTAGTTGGT TG TAACTCTTRACMARACET TTCTGT TACGAAATCAACCLTGCTATGAMGCTGCT TCAMACGATAGCTTCGG
—_—

CYTEDPIVSSDIVGVSYGSLFDATODTKVMEYDGS

TTACACTGAAGA TCCARTCGTT TCTTOAGE TATCGTAGECGTATCATACGGT TCAT TG T T TGACGUAAC TCAARC TARAG TAATCGAAGT TGACCEATCA

QLYKVYVSWYDNEMSYTAQLYRTLEYFAKIAEK
CATTGOTTMAGTTGTATCATGATATCACMCGAMATGTCTTACACTGCTCAACT TG TACGTACTCTTGAGTACTTCGCAMMATTGCTAM TANTTAG

TIATAACGAAMGAGAGCT TGGT TTATGCTGAGT TCT T TTTCGTATACT TTAMACACTACCTTAAM TGTATGATTT TAACGTT T TGAACTATTCTAGACTC

TAGCATAAMGATATTTTAAMATAGTTCCCTTAATAMCTETATACAMAA GG TAN GATGOARGCGGTGTCTTAGCCTTTTTT TGTCTGACTTAMTTT

- B B

By Sp 8% 85 ¥ 88 S~ 8¢

§ & Eu By

Measurement of Serum Anti-NAPIr Antibody
Serum anti-NAPIr antibody was measured by Western blot analysis
as described previously (7). Affinity-purified NAPIr (7) was separated

Figure 1. Nucleotide sequence and pre-
dicted amino acid sequence of the naplr
gene in group A streptococci T type 12.
Putative conserved promoter sequences
(=35 and —10) and ribosome-binding site
sequence (RBS) are indicated by bars. The
predicted transcription start site, +1, is
denoted by an asterisk. The predicted ATG
start codon and TAA stop codon are indi-
cated by bars. Positions of the PCR prim-
ers and their orientations are indicated by
arrows.
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Figure 2. Antigenic and functional similarities between glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and NAPIr. The Western
blot profile of RCS and NAPIr shows that both proteins reacted with
anti-Bacillus GAPDH antibody (left). The zymogram profile indicates
that both RCS and NAPIr have GAPDH activity (right). The positions
of protein standards are shown (kD) on the left of panel. RCS,
ruptured streptococcal cell supernatant, which is the starting material
for the isolation of NAPIr.

by SDS-PAGE (10% polyacrylamide gel) and the proteins were
transferred to PV DF membranes (Millipore) at 0.8 mA/cm? for 50 min
in a semidry transfer cell (Bio-Rad Laboratories, Hercules, CA).
Membranes were blocked with 5% nonfat milk in 10 mM Tris-HCI
(pH 7.2) containing 0.15 M NaCl and 0.1% Tween 20 (TBS-Tween)
for 1 h. The membranes were incubated with each serum sample
(2:500 to 1:2000 in nonfat milk/TBS-Tween) for 1 h. Membranes
were washed with TBS-Tween and then incubated with horseradish
peroxidase—conjugated anti-human IgG antibody (1:2000 in nonfat
milk/TBS; American Qualex, San Clemente, CA) for 1 h. Immune
complexes were visualized by development with ECL (Amersham).
Pooled sera from convalescing patients were included as positive
controls, and pooled sera from age-matched healthy donors were used
as negative controls. NAPIr bands were quantified with a Densitom-
etry System and Imaging Software (ATTO, Tokyo, Japan). The level
of anti-NAPIr antibody was determined relative to the density of the
positive control band (titer: 1000 units) and that of the age-matched
healthy control band (titer: 60 to 140 units).

I mmunofluorescence Microscopy

Direct and indirect immunofluorescence microscopy, FITC-conju-
gated rabbit anti-NAPIr antibody, and monoclonal antibody to recom-
binant Plr were as described by Yamakami et al. (7). Briefly, direct
immunofluorescence was used for the detection of NAPIr, comple-
ment components (C3, C1q, C4, P), immunoglobulins (IgG, IgA,
IgM), fibrinogen, and plasminogen (ICN, Irvine, CA). Indirect immu-
nofluorescence was used to detect other complement components (C5,
C9, S, MAC) (ICN). As a negative control, sections were pretreated
with either unlabeled rabbit anti-NAPIr antibody or serum from a
convalescing patient with APSGN. NAPIr-C3 and NAPIr-IgG colo-
cation assays were performed with double staining for NAPIr and C3
or 1gG in rena sections from several NAPIr-positive patients. To
examine colocalization of NAPIr and C3, we labeled anti-NAPIr
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Figure 3. Complement activation by NAPIr. (A) Immunoelectro-
phoresis shows conversion of C3 after incubation of normal human
serum (NHS) with NAPIr with or without Mg?™ and EGTA (middle).
As a positive control, zymosan was added to NHS and indicates
activated C3 (top). NHS not incubated with NAPIr shows asingle arc
of C3 (bottom). (B) Formation of iC3b from C3 in NHS incubated
with various amounts of NAPIr. The plots use average values from

triplicate assays.

antibody (1 mg protein) with Alexa Fluor 594 (Molecular Probes,
Eugene, OR), according to the manufacturer’s instructions and ap-
plied the labeled antibody with FITC-labeled anti-C3 antibody (ICN).
For NAPIr-1gG colocalization experiments, Alexa Fluor 594-labeled
goat anti-human 1gG antibody (Molecular Probes) and FITC-labeled
anti-NAPIr antibody were applied simultaneously to the sections.

Satistical Analyses

Statistical analyses of ASO titers and anti-NAPIr antibody titersin
the present report were performed by unpaired t test. Two-tailed P
values of less than 0.05 were considered statistically significant.
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Table 3. Anti-NAPIr antibody in patients with APSGN, patients with group A streptococcal infection without renal
involvement, children, and normal adults
Ageinyr, Anti-NAPIr Antibody Anti-NAPIr
range (positive rate)® antibody titers®
APSGN 5-75, mean 29.3 46/50 (92%) 566.0 = 106.1°
Streptococcal infection 8-64, mean 29.0 30/50 (60%) 2271 = 51.2
Pediatric | 0.2-10, mean 7.2 13/50 (26%) 138.9 + 234
Pediatric 11 11-20, mean 14.1 18/50 (36%) 166.0 + 25.7
Normal adults | 25-35, mean 30.0 24/50 (48%) 100.1 + 18
Normal adults Il 52-59, mean 53.2 36/50 (72%) 186.0 + 17.3
2The presence of anti-NAPIr antibody was determined by Western blot analysis.
b Vaues of anti-NAPIr antibody titers are expressed as mean + SEM.
¢P < 0.05 for APSGN versus streptococcal infection, pediatrics, and normal adults.
Results —~ 700 N=50 A
naplr Gene Sequences =
The full-length nucleotide sequence of the naplr gene of T 5, 6001
type 12 is shown in Figure 1. Among sequences from the .3 500+
five-nephritogenic strains analyzed, only two nucleotidesinthe 8 4001
open-reading frame (ORF) differed; however, the predicted %
NAPIr amino acid sequence was identical among strains. The & 300+ N=50
predicted naplr ORF is 1011 bp long, and the putative pro- E 2001 } Neso N=50 N=50
moter contains aconserved TATA box at —10 and aCAT box Z 3 N=s0 ¢
(TTGCAT) at —35. In addition, a potential ribosome binding % 1001 )
site (TAAGGAGG) is located nine nucleotides upstream from < . i i _ . .
the predicted ATG start codon. Guanine at position 1066 of APSGN  S! Pediatric | Pediatricll Adult| Adultll
naplr was substituted for thymine in comparison to the nucle-
otide sequence of the plr gene encoding plasmin receptor (PIr), XX
which is identified as GAPDH of GAS strain 64/14 (10; 700+ N=50 5% B
GenBank Database accession number M95569). Thus, NAPIr g { N=50
and Plr showed 99.8% identity at nucleotide and 99.7% iden- =
tity at amino acid levels. 3 5001 {s
The naplr ORF encodes a 336 amino acid polypeptide with § 4004
a predicted isoelectric point of 5.2 and a predicted molecular +
mass of 35.8 kD. The predicted molecular mass was lower than 2 300 N=50 N=50  N-50
that determined by SDS-PAGE (43 kD), which may reflectthe < 200 3 $ “
amino acid compositions of NAPIr. The N-terminal amino acid 100- N=i5°
sequence of purified NAPIr contained the following five resi-
0 T T —

dues: VVKVG. The N-terminal amino acid sequence of native
NAPIr was homologous to the deduced N-terminal sequence of
NAPIr, with the exception of an additiona N-terminal
methionine.

Functional Analysis of NAPIr

On the basis of the naplr nucleotide sequence, which was
homologous to the GAPDH sequence (11), NAPIr was tested
for reactivity with anti-GAPDH antibody and for GAPDH
activity. Western blot analysis revealed that NAPIr reacted
with anti-Bacillus GAPDH antibody (Figure 2, left). In addi-
tion, zymographic analysis showed that both purified NAPIr
and crude extract each contained activity in single bands that
had identical migration profiles (Figure 2, right).

The ability of NAPIr to activate complement was measured
as conversion of C3 (Figure 3A). C3 conversion was observed
in the presence or absence of chelating reagent. Thus, NAPIr

APSGN Sl Pediatric | Pediatric I Adultl Adultll

Figure 4. (A) Levels of anti-NAPIr antibody titers in acute poststrep-
tococcal glomerulonephritis (APSGN), streptococcal infection with-
out rena involvement (Sl), nonrenal pediatric patients, and normal
adults. Values are mean = SEM. % P < 0.05 for APSGN versus S,
pediatrics, and normal adults by t test. (B) Levels of ASO titers from
the same group of patients compared with anti-NAPIr antibody titers.
The APSGN and S| groups show significantly elevated ASO titersin
comparison to those in nonrenal pediatric patients and normal adults.
Vauesaremean = SEM. % X P < 0.001 for titersin APSGN and Sl
versus those in other groups by t test.

activated the alternate complement pathway. In addition, we
found that NAPIr induced the formation of iC3b in a dose-
dependent manner (Figure 3B).
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Figure5. Seria anti-NAPIr antibody levelsin the seraof patients with
acute poststreptococcal glomerulonephritis (APSGN). Values are
mean = SEM, and the figure indicates the rate of anti-NAPIr antibody
detection at each time point. The shaded area is the mean = SEM of
normal adults (mean age 30 yr). -% P < 0.05 for titers of the serial sera
of patients with APSGN versus age-matched controls by t test.

Measurement of Serum Anti-NAPIr Antibody

Sera from patients with APSGN, pediatric and adult patients
with streptococcal infection without renal involvement, and
control subjects were tested to determine the titers of anti-
NAPIr antibody. Anti-NAPIr antibody was detected more fre-
quently in the sera of patients with APSGN than in sera from
other subjects (Table 3), and significantly increased levels of
anti-NAPIr antibody were found in the sera of patients with
APSGN (Figure 4A). It is noteworthy that as much as 72% of
the adult 1l group (mean age 53.2 yr) possessed anti-NAPIr
antibody, whereas only 26% of the nonrenal pediatric patients
(mean age 7.2 yr) possessed anti-NAPIr antibody.

ASO titers compared with the anti-NAPIr antibody titers are
shown on Figure 4B. ASO titers were significantly higher in
the APSGN and streptococcal infection groups than in the
control groups, indicating a serologic response to a streptococ-
cal product, regardless of rena involvement. Over the 10 yr
that the sera of the 50 patients with documented APSGN were
monitored, the anti-NAPIr antibody titers tended to increase
during the acute phase of the disease. After the acute phase,
titers decreased but remained significantly higher in patients
with APSGN than in age-matched control adults (Figure 5).
Therate of anti-NAPIr antibody positivity was also higher than
that of controls during the 10-yr follow-up period.

Immunofluorescence Sudies of Kidney Biopsy
Soecimens

Thirty-six (72%) of 50 APSGN renal biopsy specimenswere
positive for glomerular NAPIr with anti-NAPIr antibody (Table
4). All 25 renal biopsy specimens obtained in the early disease
stage (1 to 14 d after APSGN onset) and 11 (61%) of 18 biopsy
specimens obtained in the middle disease stage (15 to 30 d after
onset) were positive for glomerular NAPIr. The antigen was
localized mainly to the mesangium and part of the GBM, and
infiltrating leukocytes were observed in aringlike pattern (Fig-
ure 6A). However, no staining was observed 31 d after onset.

Table 4. Immunofluorescence studies in patients with APSGN?

MAC

C9

C5

Clq

IgM

NAPr  Plasminogen Fibrinogen C3 190G

Time from
Onstto n

Biopsy
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Figure 6. Immunofluorescence microscopy of glomeruli from a patient with acute poststreptococcal glomerulonephritis (APSGN) 11 d after
onset. (A) Localization of NAPIr. Staining sites, which are thought to represent free antigen, are localized primarily in the mesangium and part
of the glomerular basement membrane (GBM), and infiltrating leukocytes show aring-like granular pattern (original magnification, X 200). (B)
Deposition of C3. Intense, diffuse, fine granular deposition of C3 is seen mainly along the GBM (original magnification, X200). (C) Deposition
of fibrinogen. Fibrinogen is deposited primarily aong the inner side of the GBM (original magnification, X200). (D) Deposition of
plasminogen. Plasminogen is deposited predominantly in the mesangium and along part of the GBM (origina magnification, x200).

Pretreatment of sections with unlabeled anti-NAPIr antibody or
with serum from a convalescing patient abolished the staining
with FITC-labeled anti-NAPIr-antibody. In addition, preab-
sorption of FITC-labeled anti-NAPIr antibody with recombi-
nant streptococcal Plr abolished glomerular staining of NAPIT.
All APSGN renal biopsy specimens obtained within 30 d of
onset showed intense and extensive deposition of C3 along the
GBM and/or in the mesangium (Figure 6B). 1gG staining was
present in the glomeruli of 64% and 61% of the sections
representing the early and middle disease stages, respectively,
and it was not always colocalized with C3. Staining of IgA and
IgM ranged from blush to faint. Colocation studies of NAPIr
with C3 or 1gG revedled that the distribution of NAPIr differs
from that of C3 or 1gG (Figure 7).

Fibrinogen was stained intensely in the glomeruli in 15
(60%) of 25 patients 1 to 14 d after onset. Fibrinogen was
observed mainly on the endothelia side of the GBM (Figure
6C), and the frequency of staining was relatively consistent
throughout the course of the disease. In contrast, plasminogen
was observed in the glomeruli in 10 (40%) of 25 patientsin the
early stage and less frequently in the later stage. The localiza-
tion of plasminogen was predominantly in the mesangium and
part of the GBM (Figure 6D), and when present, it was always

colocalized with NAPIr. Most complement components, except
Clq and C4, were detected frequently in glomeruli. We ob-
served intense staining of C3, P, C5, C9, S, and MAC, partic-
ularly in the early stage (Table 4). Staining of C1g and C4 was
weak and infrequent.

Discussion

Characterization of NAPIr has been incomplete (7). The
available partial amino acid sequence for purified NAPIr was
identical to that of streptococcal Plr (10) and similar to that of
streptococcal GAPDH, suggesting that NAPIr has GAPDH
activity (11). Thus, NAPIr is implicated as a virulence factor.
However, the role of cytoplasmic GAPDH in APSGN was not
clear. In the study presented here, we found that purified NAPIr
has GAPDH activity on zymograms. Characteristics of NAPIr
that are similar to characteristics of GAPDH include adhesion
to fibronectin, myosin, and actin and plasmin receptor activity
(10,19,20). Thus, NAPIr is expected to interact with these
molecules in the pathogenesis of APSGN.

We previously detected anti-NAPIr antibody in sera at a
relatively early stage of APSGN (7). In the study presented
here, analysis of sera from patients with APSGN showed a
significantly higher frequency of anti-NAPIr antibody than in



1792 Journal of the American Society of Nephrology

NAPIr

other subjects, including those with streptococcal infection
adone. In addition, anti-NAPIr antibody titers tended to be
highest during the first week of infection and decreased there-
after. However, thetiters did not decrease to the baseline levels
of age-matched controls, and they remained significantly
higher than those of the control subjects over the 10-yr fol-
low-up period. These findings suggest that recurrence of
APSGN is rare and that a single infection confers life-long
immunity. Anti-NAPIr antibody was present in only 26% of
subjects in the youngest control group (age 0.2 to 10 yr), and
the rate increased to 72% (age 52 to 59 yr). This may explain
why younger children have a greater tendency to suffer from
this disease. Individuals appear to acquire immunity gradually
through repeated streptococcal infection and thus, older people
seldom develop APSGN (21).

As we reported previously, immunohistochemistry showed
that NAPIr was present in glomeruli in APSGN renal biopsy
specimens (7). In the study presented here, all specimens
obtained 1 to 14 d after APSGN onset were positive for
glomerular NAPIr, whereas no specimen obtained 31 to 90 d
after onset was positive for the antigen. Thus, glomerular
NAPIr tended to decrease over time in patients with APSGN.
Furthermore, the difference in the localization of NAPIr in
comparison to that of 1gG or C3 indicated that NAPIr exists as
a free antigen with or without plasmin(ogen). We suspect that
during the early phase of APSGN, the antigenic sites are not
fully saturated and can interact with anti-NAPIr antibody,
whereas later in the course of the disease, the sites are
saturated.

We previously reported that complement components were
deposited in affected glomeruli 1 to 32 d after onset of APSGN
(7). In the study presented here, the majority of biopsy speci-
mens showed frequent and intense staining for C3, P, C5, C9,
S, and MAC, particularly at 1 to 90 d after onset. NAPIr was

J Am Soc Nephrol 15: 1785-1793, 2004

Figure 7. Immunofluores-
cence microscopy of glomer-
uli from a patient with acute
poststreptococcal glomerulo-
nephritis (APSGN) 18 d after
onset. The distributions of
NAPIr (AlexaFluor 594, red)
and C3 (FITC, green) (top
panels) and of NAPIr (FITC,
green) and 1gG (Alexa Fluor
594, red) (bottom panels) are
essentially different, as
shown by the respective
double immunofluorescence
stainings (original magnifi-
cation, X200).

deposited in 100% of the specimens obtained from early in the
disease course (1 to 14 d after onset). Thus, NAPIr as well as
complement components are associated with APSGN (22-24).
In the study presented here, the deposition of C3 without 1gG
in glomeruli in 9 of 25 patients 1 to 14 d after APSGN onset
and the lack of circulating anti-NAPIr antibody in 4 of 50
patients suggest that complement components are associated
with the initial inflammatory reaction (25-27). In addition,
NAPIr cleaved C3 to C3b in human serum in vitro. Thus,
NAPIr may activate the complement cascade in circulation
(28,29).

NAPIr was detected in glomeruli of all early APSGN biopsy
specimens, and anti-NAPIr antibody was detected in the ma-
jority of serum samples from patients with APSGN. Because
NAPIr has plasminogen-binding activity (7,19), NAPIr on the
mesangia matrix and GBM is expected to interact with plas-
min(ogen). Plasmin may induce glomerular damage by degrad-
ing the GBM through activation of matrix metalloproteinase
precursors. In fact, we recently observed significant glomerular
plasmin activity that reflected the distribution of NAPIr depo-
sition in the early phase of APSGN (T. Odaet al., unpublished
data). Circulating immune complexes may readily pass through
the atered GBM and accumulate in the subepithelial space
(30). Taken together, our findings suggest that NAPIr is a
virulence factor for APSGN and that the presence of a high
titer of anti-NAPIr antibody should prevent autoimmune se-
quelae. Further studies regarding the role of NAPIr will alow
us to better understand the pathology of APSGN.
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