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To investigate the role of allelic variants of streptokinase in the pathogenesis of acute poststreptococcal
glomerulonephritis (APSGN), site-specific integration plasmids were constructed, which contained either the
non-nephritis-associated streptokinase gene (skc5) from the group C streptococcal strain Streptococcus equisi-
milis H46A or the nephritis-associated streptokinase gene (skal) from the group A streptococcal nephritogenic
strain NZ131. The plasmids were introduced by electroporation and homologous recombination into the
chromosome of an isogenic derivative of strain NZ131, in which the streptokinase gene had been deleted and
which had thereby lost its nephritogenic capacity in a mouse model of APSGN. The introduction of a
non-nephritis-associated allelic variant of streptokinase did not rescue the nephritogenic capacity of the strain.
The mutant and the wild-type strains produced equivalent amounts of streptokinase. Complementation of the
ska deletion derivative with the original ska allele reconstituted the nephritogenicity of wild-type NZ131. The
findings support the hypothesis that the role of streptokinase in the pathogenesis of APSGN is related to the

allelic variant of the protein.

Acute poststreptococcal glomerulonephritis (APSGN) is
considered to be immune mediated since C3 and immunoglob-
ulin G (IgG) are found deposited in glomeruli of patients with
the disease. The symptoms of kidney injury typically appear 7
to 21 days after infection with group A streptococci (GAS).
Occasionally, APSGN also occurs following infections with
streptococci of groups C and G (GCS and GGS) (1, 7, 27, 32).
Since C3 deposition precedes that of IgG in the disease process
(17, 25), the initial activation of complement does not appear
to be due to IgG deposition or the presence of immune com-
plexes within the glomeruli. Thus, a prevalent hypothesis is
that glomerular deposition of streptococcal antigen may pre-
cede the tissue damage and lead to non-immune-mediated
local activation of the complement system, with subsequent
deposition of C3 (8). Several streptococcal products have been
suggested to be the so-called nephritogenic factor (5, 22, 33—
36), and some of these factors have been demonstrated in
glomeruli of APSGN patients (34). Of the implicated factors,
streptokinase has received especial attention. Streptokinase is
considered a spreading factor for GAS, GCS, and GGS, form-
ing a tight 1:1 stoichometric complex with either plasminogen
or plasmin (2). The complex can activate plasminogen to the
broad specific serine protease plasmin, which has the potential
to activate the complement cascade as well as to degrade fibrin
clots and extracellular matrix. The enzymatic activity of the
complex cannot be inhibited by the inhibitors normally acting
to inhibit plasmin in plasma (3). The streptokinase gene is
highly conserved, except for two polymorphic regions, desig-
nated variable regions 1 (V1) and 2 (V2) (10). By PCR ampli-
fication and restriction enzyme analysis of the V1 region of
GAS isolated from patients with different disease manifesta-
tions, Johnston and coworkers demonstrated nine different
allelic variants of the streptokinase gene (ska), where skal,
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ska2, ska6, and ska9 were associated with APSGN isolates (12,
32). It was speculated that the variants of the protein may have
different affinities to glomerular structures and thereby may
affect the nephritogenic potential of a strain (9, 20). The role
of streptokinase may be to initiate the nephritis process by
activation of plasminogen to plasmin, which locally would ac-
tivate the complement cascade and lead to C3 deposition in the
glomeruli (8).

In a mouse model of APSGN, infection experiments were
performed with the GAS nephritis isolate NZ131, which har-
bors a streptokinase gene of a nephritis-associated allele
(skal), and an isogenic derivative of the strain, with skal de-
leted. The results showed that streptokinase production was a
prerequisite for the capacity of the strain to induce nephritis
(19). In addition, deposition of streptokinase was demon-
strated in the kidneys of mice infected with nephritogenic
strains which harbored streptokinase genes of nephritis-asso-
ciated alleles but not after infection with a nonnephritogenic
strain, which produced streptokinase of a non-nephritis-asso-
ciated allelic variant (19). Hence, whereas the results showed
the importance of streptokinase production for the nephrito-
genic potential, the association of the disease with specific
variants of the protein was neither contradicted nor estab-
lished. It could not be excluded that the genetic context of a
nephritis isolate such as NZ131 would also allow non-nephri-
tis-associated streptokinase variants to become deposited and
initiate the nephritis process.

Shuttle-suicide plasmid vectors capable of site-specific inte-
gration via phage integrases into the genome of streptococci
have recently been constructed (15, 16). In the present study,
such a vector was used to introduce a streptokinase gene of a
non-nephritis-associated allele into the chromosome of a non-
streptokinase-producing derivative of strain NZ131 (24). Fur-
thermore, the NZ131 mutant derivative was complemented
with the original nephritis-associated streptokinase gene of
strain NZ131. The effect of the change of streptokinase alleles
on the nephritogenic potential of the strain was evaluated in
the mouse model (18).
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MATERIALS AND METHODS

Bacterial strains and culture conditions. The GAS strain used was NZ131
Aska::Em", an isogenic derivative of strain NZ131, with the streptokinase gene
deleted through allelic replacement (24). The Escherichia coli DH5« strain was
used for vector construction and was cultivated in Luria broth and agar. The
antibiotics for selection of resistance in E. coli were erythromycin (300 pg/ml),
kanamycin (50 pg/ml), and ampicillin (300 pg/ml for broth, 100 pg/ml for plates).
Streptococci were grown in Todd-Hewitt broth supplemented with yeast extract
(THY), on blood agar, or on THY plates at 37°C with 5% CO,. When erythro-
mycin or kanamycin was added to the THY medium, the concentrations were 3
and 400 wg/ml, respectively.

Enzymes and primers. Restriction endonucleases and T4 DNA ligase were
purchased from Bethesda Research Laboratories or Boehringer Mannheim (In-
dianapolis, Ind., or Bromma, Sweden) and were used as recommended by the
suppliers. The Klenow fragment of DNA polymerase I was obtained from Be-
thesda Research Laboratories.

Plasmid and strain construction. The pUCI18-derived streptococcal integra-
tion vector p7INT (15) was used for construction of pAN103 and pAN104.
Removal of erm by Scal and Hincll digestion was followed by a Klenow fill-in
reaction. Blunt-end ligation proceeded with an agarose gel-purified kan-contain-
ing fragment obtained by BamHI digestion of plasmid pG3K (6). The resulting
plasmid was designated pAN100. A 2.5-kb fragment containing the complete
streptokinase gene from the non-nephritis-associated GCS strain S. equisimilis
H46A, with a skc5 allele, was obtained by PstI digestion of plasmid pMF5 (13).
After purification of the fragment from an agarose gel, ligation proceeded with
PstI-digested pBluescript to provide flanking restriction sites appropriate for
further cloning of skc into the pAN100 vector. The resulting construct was named
PAN101. A 2.5-kb fragment containing the streptokinase gene from the nephri-
tis-associated GAS strain NZ131, with the skal allele, was obtained by Xbal and
Sall digestion of plasmid pSF88 (11). After gel purification, the fragment was
ligated into Xbal- and Sall-digested pBluescript. The resulting construct,
PAN102, and pAN101 were digested with Xhol and Xbal, and then the frag-
ments, containing skal and skc5, respectively, were ligated into the lacZ multiple-
cloning site of pAN100, digested with the same enzymes. The presence of inserts
was confirmed by SstI digestion. The identity of the inserts was analyzed on
plasmids by sequencing of the inserts and by PCR amplification of the V1 regions
with subsequent restriction enzyme analysis. The strains were tested for strep-
tokinase activity by a caseinolytic assay (see below). Strain NZ131 Aska::Em" was
made competent for transformation by electroporation and was transformed
with pAN100, pAN103, and pAN104 by the method described by McLaughlin
and Ferretti (14). The transformants were designated NZANO, NZANS, and
NZANI, respectively, and analyzed by dot blot and Southern hybridization,
PCR, caseinolytic assay, and Western blot analysis (see below).

DNA sequencing. Sequence analysis of the inserts was done on plasmid DNA
with universal primers by using primer extension dideoxy terminating reactions
(23).

Dot blot hybridization. Chromosomal DNA was isolated from streptococci by
the method of Pitcher et al. (21). The plasmid p7ERM (a gift from R. E.
McLaughlin) was labeled by using the Boehringer Mannheim Genius digoxige-
nin-dUTP labeling kit as specified by the manufacturer. Dot blot analysis was
performed on nylon membranes, following the protocol of the Genius System,
with hybridization of p7ERM at 65°C to dots of chromosomal DNA from kana-
mycin-resistant colonies.

Southern analysis. The DNA probes for attB of bacteriophage T12, cloned
into pWM130 (16), and for the streptokinase gene (11) were prepared using the
Genius DIG-dUTP labeling kit as specified by the manufacturer. Agarose gel
electrophoresis, Southern transfer of HindIII-digested streptococcal chromo-
somal DNA to nylon membranes, and hybridization at 65°C were done as spec-
ified in the Genius user’s guide protocols (Boehringer Mannheim).

PCR. Plasmids and streptococcal chromosomal DNA were analyzed for the
presence and identity of the alleles of the streptokinase gene by PCR amplifi-
cation and restriction enzyme analysis of the V1 region (12, 26). The primers
used were 5'-AACCTTGCCGACCCAACCTGT-3" and 3'-GGCATCGTAAA
ATGCTTACCT-5" (accession no. M19346) (11). The reaction mixture contained
10 mM Tris HCI (pH 8.3), 1.5 mM MgCl,, 50 mM KCl, 0.1 mg of gelatin per ml,
200 wM each dATP, dCTP, dGTP, and dTTP, 170 pg of bovine serum albumin
per ml, 2.5 uM each primer, and 2.5 U of Ampli-Taq (Boehringer Mannheim,
Bromma, Sweden). The settings for amplification were 1 cycle of 94°C for 1 min;
25 cycles of 94°C for 1 min, 45°C for 1 min, and 72°C for 2 min; and 1 cycle of
72°C for 3 min. The amplified V1 region was characterized by digestion with
Miul, Pyull, Dral, and Ddel, as specified by Johnston et al. (12).

Caseinolytic assay and Western analysis. A soft-agar overlay containing 1.5 ml
of skim milk, 8.5 ml of 0.8% agar, and 100 p.g of human plasminogen was used
on THY plates onto which colonies of streptococcal or E. coli strains had been
patched or wells to which supernatants had been added. Positive streptokinase
activity was indicated by the appearance of a clear zone around the colony or
well, after incubation at 37°C for 2 to 8 h (13). Supernatants of 10-ml in vitro
cultures of the NZ131 derivatives were precipitated overnight with 95% ethanol
at —20°C and resuspended in 1 ml of H,O, after which 2-, 4-, and 8-ul samples
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(12% polyacrylamide) followed by electrotransfer to nitrocellulose filters (28).
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Streptokinase was demonstrated with a monoclonal antibody to the protein (18);
alkaline phosphatase-conjugated, affinity-purified goat anti-mouse IgG (Cappel,
West Chester, Pa.) was used as the secondary antiserum.

Infection model. A tissue cage model for APSGN was used as described
previously (18). Male BALB/c mice (Bomholtgard Breeding and Research Cen-
tre A/S, Ry, Denmark), 2 to 3 months old at the time of infection, were used. The
streptococcal strains used for infection were passaged once in heparinized mouse
blood prior to injection into the tissue cage fluid (TCF) of the subcutaneous
cages. The bacteria were injected at 108 CFU/ml. Of mice infected with NZANO,
15 were treated with benzylpenicillin from day 7 postinfection (p.i.) and 14 were
treated from day 16 p.i. Of mice infected with NZANS, the antibiotic treatment
was initiated on day 7 p.i. for 25 and on day 16 p.i. for 16. In addition, 23
uninfected mice were included. In a subsequent experiment, 36 mice were in-
fected with NZANT1 and treated with antibiotics from day 16 p.i. In this series, 10
uninfected mice were used as controls. Samples of TCF (0.1 ml) and urine were
taken on days 0, 3, 7, 14, and 21 p.i. Blood was collected on days 0 and 21 p.i.
Bacterial growth in TCF was analyzed on blood agar plates. All animals were
sacrificed on day 21 p.i. by exsanguination under anesthesia (Hypnorm [Jansen
Cilag Ltd., Saunderton, United Kingdom] and Dormicum [F. Hoffman-La Roche
AG, Basel, Switzerland]). Kidneys were perfused in situ with phosphate-buffered
saline via the left heart ventricle until macroscopically free of blood, whereafter
renal samples were removed and prepared for immunohistological and morpho-
logical analysis (see below).

Demonstration of streptokinase production in vivo. Semiquantitative Western
blot analysis of streptokinase in TCF from selected mice was done as described
previously (18). Mouse serum samples were analyzed for the presence of anti-
bodies to streptokinase by an immunoblot procedure, as described previously
(18). Streptokinase used for the detection of antibodies was a gift from KABI
Vitrum (Stockholm, Sweden) and was derived from strain H46A.

Assessment of glomerular injury. Urine samples were analyzed for protein and
hematuria, where proteinuria was defined as a protein concentration of at least
1.0 g/liter and hematuria was defined as a hemoglobin concentration correspond-
ing to at least 10 erythrocytes/ul (N-Labstix; Bayer Sverige AB, Gothenburg,
Sweden). Formalin-fixed, paraffin-embedded kidney tissue was sectioned to a
5-pum thickness and stained with hematoxylin and periodic acid-Schiff. Ten glo-
meruli per mouse were evaluated for morphological changes such as thickening
of the basement membrane, capillary walls, and capsule epithelium, as well as
lobulation of the glomerular tuft, occlusion of capillaries, and hypercellularity.
Quantitative analysis of hypercellularity was performed by calculating the num-
ber of glomeruli touching the intersections of an ocular inserted square pattern
as described previously (18, 19, 30). The recorded cell numbers were calculated
to reflect glomeruli of identical area. Three different percentiles were used as
cutoff limits to assess the occurrence and severity of hypercellularity in the mouse
groups. The number of cells corresponding to the 60th percentile of the cell
numbers of the uninfected mice of the same experimental series was chosen as
the lowest limit for definition of hypercellularity of a glomerulus (18, 19). A
kidney was defined as hypercellular when more than 50% of the evaluated
glomeruli were hypercellular. A Leitz Dialux 20 light microscope was used for
the histopathological analyses. Frozen kidney tissue was sectioned to 5-um-thick
sections and analyzed for C3 deposition in an Aristoplan microscope. Fluores-
cein isothiocyanate-conjugated goat F(ab’), fragment anti-mouse C3 (Cappel)
and a nonfading mounting medium (Vectashield; Vector, Burlingame, Calif.)
were used. All analyses of kidney tissue and urine were performed blinded; i.e.,
the observer did not know the origin of the samples.

Ethics. The study was approved by the local ethics committee at Umed Uni-
versity.

Statistical analysis. The statistical method for comparing proportions involved
a normal approximation of binominal distribution (4). The criterion for signifi-
cant differences throughout the study was that the probability of random occur-
rence was less than 0.05.

RESULTS

Vector construction. For the aim of introducing a streptoki-
nase gene into the genome of a GAS strain, vector plasmid
pAN100 was constructed from the streptococcal phage-derived
integration vector p7INT (15). Plasmids pAN103 and pAN104
were generated by introduction of a fragment containing a
streptokinase gene of a non-nephritis-associated allele and of a
nephritis-associated allele, respectively, into pAN100 (for de-
tails, see Materials and Methods). E. coli colonies transformed
with pAN100, pAN103, or pAN104 were kanamycin resistant
and erythromycin sensitive. SsfI digestion verified inserts of the
sizes corresponding to those of the skc5 and skal fragments in
pAN103 and pAN104, whereas no insert was demonstrated in
PAN100. The identity of the skal and skc5 alleles was verified
by sequencing, as well as by PCR amplification of the V1
regions with subsequent restriction enzyme analysis. The case-



VoL. 68, 2000

attB

STREPTOKINASE ALLELES IN APSGN 1021

Ori

tRNA ser

\{

attR

FIG. 1. Predicted recombination event for the introduction of pAN103 into the genome of strain NZ131 Aska::Em". pAN103 (9,435 bp) contains genes for the phage
T12 integrase (int), streptokinase (skc) from S. equisimilis H46A, and kanamycin resistance (aphA-3). The plasmid is integrated via a single crossover event between
the attachment sites aftP and attB. By a 96-bp duplication sequence in aftP of the 3’ end of the serine-tRNA gene, which serves as the attachment site on the
chromosome, integration leaves the gene intact (16). H, Xb, and Xh represent cleavage sites for restriction enzymes HindIII, Xbal, and Xhol, respectively.

inolytic assay showed streptokinase activity for the E. coli col-
onies with pAN103 and pAN104, whereas no activity was de-
tected with a colony carrying the pAN100 vector (data not
shown).

Allelic complementation in GAS. The streptococcal integra-
tion vector pAN103 was used to introduce a streptokinase gene
of a non-nephritis-associated allele into the genome of a de-
rivative of strain NZ131 with the streptokinase gene of a ne-
phritis-associated allele deleted, NZ131 Aska::Em* (24). To
verify that the observed influence on the nephritogenic capac-
ity was related to the identity of the streptokinase gene, as
opposed to the integration, pAN104, which carried the original
nephritis-associated skal allele, was also included. The pre-
dicted orientation of the vector after integration is shown in
Fig. 1. To obtain a fully isogenic streptococcal strain, which
would differ only with regard to the presence of the streptoki-
nase gene, pAN100 was transformed into NZ131 Aska::Em".
Kanamycin-resistant colonies were obtained after electropora-
tion with pAN100, pAN103, and pAN104. Plasmid integration
was demonstrated by dot blot analysis of chromosomal DNA
hybridized to labeled plasmid as well as by Southern blotting of
Hindlll-digested chromosomal DNA, hybridized with a probe
to attB. A second hybridization band was seen in the chromo-
some of the transformants, indicating the duplication of the
integration sequence, which is known to appear after integra-
tion of the T12 phage into the streptococcal genome (Fig. 2)

A B

1 2 3
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FIG. 2. Integration of pAN103 into the phage T12 atB site. (A) Insertion of
PAN103 into attB of strain NZ131 Aska:Em" was detected by hybridization of
HindIII-digested chromosomal DNA to a probe specific for attB. The site is
contained on one fragment when unoccupied by the integrative plasmid (lane 2).
In NZANS, the restriction endonuclease sites associated with the integrated
PAN103 generate two hybridization fragments (lane 3). (B) The new genetic
material is identified by hybridization of a duplicate blot to a probe for a
conserved region shared by ska and skc (11). In NZ131 Aska::Em", one hybrid-
izing band is observed from the remaining sequence of the inactivated ska gene
(lane 2). In NZANS, the additional site for HindIII cleavage in skc generates a
smaller (958-bp) hybridizing fragment, and a higher-molecular-weight doublet
exists from the presence of both genes (lane 3). HindIII-digested bacteriophage
lambda DNA was used as a molecular weight standard (lanes 1).
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FIG. 3. Semiquantitative analysis of streptokinase production. By casein agar
plate analysis (11), streptokinase production was assayed in culture supernatants
of strains NZ131 (row A), NZ131 Aska::Em" (row B), and NZANS5 (row C),
which corresponds to NZ131 Aska::Em" containing the skc5 gene from S. equi-
similis H46A. Wells 1 contain undiluted supernatants, and the following wells
contain three 10-fold supernatant dilutions. Row D shows three wells with
streptokinase at 1, 0.5, and 0.1 U (in numerical order of the wells). The clearance
in B1, of NZ131 Aska::Em’, is due to background protease activity. Streptokinase
is produced in equal amounts by NZ131 and NZANS (A3 and C3) but is not
produced by NZ131 Aska::Em" (B3).

(16). Hybridization with a probe directed to the streptokinase
gene and PCR amplification of the V1 region of streptokinase
verified the presence of the streptokinase gene in the pAN103
and pAN104 transformants. Furthermore, restriction enzyme
digestion of the PCR products confirmed the identities of the
streptokinase alleles (data not shown). No amplification prod-
uct was obtained by PCR of the pAN100-transformed colony.
The strain transformed with pAN100 was named NZANO,
since it lacked the streptokinase gene, the strain transformed
with pAN103 was designated NZANS, and the strain trans-
formed with pAN104 was designated NZANI, to reflect the
identity of the introduced streptokinase allele.

In vitro and in vivo expression of streptokinase by GAS. To
ascertain that the streptokinase gene was transcribed after the

INFECT. IMMUN.

introduction of the gene into the streptococcal genome and
that the extracellular release of the gene product was compa-
rable to that of the wild-type NZ131 strain, streptokinase pro-
duction was examined. Caseinolytic assay of patched colonies
and culture supernatants, as well as Western blot analysis of in
vitro- and in vivo-produced extracellular products, showed that
strains NZANS and NZANI1 produced streptokinase whereas
strain NZANO did not. By the methods used for analysis of
streptokinase production, no differences in the amounts pro-
duced could be detected between the wild-type strain NZ131
and strain NZANS. Both strains gave clearance zones of 6 mm
at the 1:100 culture supernatant dilution (Fig. 3). Strain
NZANI gave clearance zones approximately 70% of the size of
those of strain NZANS (data not shown). Immunoblot analysis
of sera from mice infected with strain NZANS5 showed that
25% of the mice (3 of 12) treated from day 7 p.i. with penicillin
and 62.5% of those (10 of 16) treated from day 16 p.i. had
developed antibodies to streptokinase during the infection. Of
strain NZANT1-infected mice, which were all treated from day
16 p.i., 61.1% (22 of 36) revealed serum antibodies to strep-
tokinase, compared to 0 of 7 analyzed mice infected with strain
NZANO and 0 of 11 analyzed uninfected animals. No apparent
differences in bacterial numbers in TCF during the infectious
process could be demonstrated between the strains of this
study and the wild-type strain (19).

Effect on nephritogenicity by streptokinase allele substitu-
tion in strain NZ131. Apart from deposition of C3 in the
mouse group infected with strain NZANS and treated with
penicillin from day 7 p.i., no urinary or renal signs of nephritis
were present in NZANS- or NZANO-infected mice of this
study compared to the occurrences of the different parameters
in the uninfected mouse group (P > 0.05) (Tables 1 and 2).
After infection with strain NZANI, hypercellularity was in-
duced at both the 60th and 70th percentiles, as well as C3
deposition and proteinuria. Statistical comparison between
mouse groups infected with strains NZANS5 and NZANI1
showed that the latter strain induced occluded capillaries, C3
deposition, and proteinuria to a greater extent than did strain
NZANS after 16 days of infection (Table 2).

DISCUSSION

In this study, we show that site-specific integration vectors
can be used to introduce novel genes into the chromosome of

TABLE 1. Number of mice with diffuse hypercellularity

No. of animals with diffuse hypercellularity

Time (day p.i.) when at following percentile®:

Strain Phenotype penicillin treatment
b

was started 60th 70th 80th

NZANO Skal™ Em" Kan" 7 6/15 3/15 1/15

NZANS Skal™ Em" Kan" Skc5* 7 6/25 2/25 0/25

NZANO Skal™ Em" Kan® 16 2/14 2/14 0/14

NZANS Skal™ Em" Kan" Skc5* 16 5/16 2/16 0/16

NZANI1 Skal~ Em" Kan" Skal™ 16 18/36%** 9/36%** 2/36
Uninfected mice

NZANO and NZANS5 controls® 7/23 3/23 0/23

NZANTI controls? 0/10 0/10 0/10

¢ Corresponds to a value below which the designated percentage of the total calculated glomeruli of the uninfected control group is found. We defined diffuse
hypercellularity when more than 50% of the glomeruli analyzed in a mouse displayed cell numbers above that of the percentile of the uninfected control mice in the
same experiment. Data are given as the number with diffuse hypercellularity/total number tested. *, P < 0.05; s, P < 0.01; #*x, P < 0.001 (degree of significance for
the occurrence of diffuse hypercellularity, compared to the uninfected controls in the same experiment).

® All animals were sacrificed on day 21 p.i.

¢ Uninfected mice belonging to the same experiment as NZANO- and NZANS5-infected mice.

@ Uninfected mice belonging to the same experiment as NZAN-infected mice.



VoL. 68, 2000 STREPTOKINASE ALLELES IN APSGN 1023
TABLE 2. Morphological, immunohistopathological, and urinary findings
No. of mice/total no. with”:
Time (day p.i.) when
Strain Phenotype penicillin treatment Glomeruli Urine
was started”

Occl Lob C3 Protein Hem

NZANO Skal™ Em" Kan" 7 1/15 0/15 1/15 2/15 0/15

NZANS Skal™ Em" Kan" Skc5™ 7 1/25 0/25 4/25* 7/25 0/25

NZANO Skal™ Em" Kan" 16 0/14 0/14 0/14 1/14 0/14

NZANS Skal™ Em" Kan" Skc5™ 16 0/16 0/16 1/16 3/16 0/16

NZAN1 Skal™ Em" Kan® Skal™ 16 11/36° 0/36 13/36*¢ 16/36%*¢ 0/36
Uninfected mice

NZANO and NZANS5 controls? 0/23 0/23 0/23 2/23 1/23

NZANT1 controls® 1/10 0/10 1/10 1/10 0/10

¢ For proteinuria, the minimum concentration limit was set at 1.0 g/liter; for hematuria, a hemoglobin concentration corresponding to 10 erythrocytes/ul was
measured. *, P < 0.005; #*, P < 0.01 (degree of significance for occurrence of analyzed findings, compared to the uninfected control mice in the same experiment).
Abbreviations: Occl, occlusion of capillaries; Lob, lobulation; Protein, proteinuria; Hem, hematuria.

b All animals were sacrificed on day 21 p.i.

¢ Mice infected with NZANT had a higher occurrence of occluded capillaries (P < 0.001), C3 deposition (P < 0.01), and proteinuria (P < 0.05) than did those infected

with NZANS, treated correspondingly with penicillin.

@ Uninfected mice belonging to the same experiment as NZANO- and NZANS-infected mice.

¢ Uninfected mice belonging to the same experiment as NZANI-infected mice.

GAS. The streptokinase genes from S. equisimilis HA6A (skc5)
and from the GAS strain NZ131 (skal) were introduced into
the genome of a streptokinase-defective isogenic derivative of
strain NZ131. In addition, we show that the change of strep-
tokinase allelic variant in strain NZ131 resulted in almost com-
plete loss of the capacity to induce signs of nephritis in a mouse
model of APSGN. The findings indicate that the capacity of a
strain to induce nephritis is largely dependent on the strep-
tokinase allele present.

Shuttle-suicide plasmid vectors capable of site-specific inte-
gration have recently been constructed for GAS (15, 16). In the
present study, skc5, a non-nephritis-associated streptokinase
allele from the GCS strain S. equisimilis H46A, and skal, a
nephritis-associated streptokinase allele from the GAS strain
NZ131, were independently cloned into such a vector, p7INT.
The vector contains the phage T12-derived integrase gene (int)
and phage attachment site (attP), as well as a replication origin
from E. coli, plasmid pUCIS, but no origin active in strepto-
cocci (15, 16). Thus, the plasmid can exist in the streptococcus
only if integrated in the chromosome. Furthermore, since it
does not contain the gene for excisionase, integration is irre-
versible. The integration reaction is highly specific (16, 31).
attP contains a 96-bp duplication of the 3’ end of a serine-
tRNA gene, which, after integration, leaves the gene intact
(16). This suggests the possibility of using the vector to intro-
duce a gene into the genome of a strain without interrupting
the genetic background. Since the streptokinase-defective
NZ131 strain carried a gene for erythromycin resistance, the
erm of p7INT was replaced by a gene encoding kanamycin
resistance to provide a selection marker for chromosomal in-
tegration. The resulting plasmid was designated pAN100. By
subsequent cloning of skc5 and skal into the vector, pAN103
and pAN104, respectively, were obtained.

In the mouse tissue cage model of APSGN, the nephrito-
genic capacity of strain NZ131 was observed to be almost
completely abolished if the streptokinase gene had been de-
leted (19). In the present study, the same streptokinase-defec-
tive strain, NZ131 Aska::Em®, was transformed with pAN103
and pAN104 to create strains NZANS and NZAN1, respec-
tively. The strains were named according to the allele number
of the introduced streptokinase gene. NZANS and NZAN1
excreted streptokinase with native substrate specificity. Trans-

formation was also done with pAN100, to provide a negative
control strain for nephritogenicity, NZANO, which contained
the integration vector but not the streptokinase gene. Infection
in the mouse tissue cage model for 7 days with strain NZ131
has in a previous study resulted in proteinuria, C3 deposition,
and diffuse hypercellularity, all at P < 0.05. Infection for 16
days with the same strain resulted in proteinuria, C3 deposi-
tion, and occluded capillaries, all at P < 0.05, as well as diffuse
hypercellularity, at P < 0.001. The P values for different pa-
rameters were determined by comparing the proportions ob-
tained among the infected mice with those obtained with the
uninfected control mice of that study (19). The results with the
NZ131 wild-type strain are reproducible in the animal model
(18, 19). In the present study, we show that the original ne-
phritogenic phenotype of NZ131 could be restored after
complementation of NZ131 Aska::Em" with the original skal
allele, since infection with strain NZANT1 for 16 days resulted
in proteinuria, C3 deposition, and diffuse hypercellularity, all
at a significant level. In contrast, infection for 7 and 16 days
with strain NZANS, which contained the non-nephritis-associ-
ated skc5 allele, did not result in any signs of nephritis, except
for C3 deposition after 7 days of infection (P < 0.05). Com-
parison between the two complemented strains confirmed that
the induction of occluded capillaries (P < 0.001), C3 deposi-
tion (P < 0.01), and proteinuria (P < 0.05) were higher after
16 days of infection with NZANI1 than after the same period of
infection with NZANS. Deposition of IgG was not investigated
since the mouse model reflects the early stage of APSGN and
IgG deposition has previously been shown not to occur in the
model (18, 19). The fact that glomerular C3 deposition is
known to precede that of IgG in humans indicates that com-
plement activation occurs before IgG is deposited in the glo-
meruli (25). IgG deposition may be due to autoantibodies to
glomerular epitopes, deposition of circulating immune com-
plexes, and/or antibodies to deposited streptococcal antigen(s).
As observed by different detection methods, strains NZ131 and
NZANS produced equal amounts of streptokinase in vitro as
well as in the tissue cages during infection (18). Strain NZAN1
produced a somewhat smaller amount of streptokinase than
did NZANS and the wild-type strain. No differences were
noted in growth in the tissue cages during infection with any of
the strains used. Hence, the observed differences in nephrito-
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genic potential between strains NZANS and NZAN1 should
not be attributed to variations in growth or the amounts of
streptokinase produced. The inability of streptokinase of the
ske5 allele to compensate NZ131 Aska::Em" for the loss of the
nephritogenic potential, which was observed after deletion of
skal (19), shows that the identity of the streptokinase allele is
critical to the nephritogenic capacity of a strain.

Johnston and coworkers demonstrated an association of cer-
tain allelic variants of streptokinase with streptococcal isolates
from APSGN patients (12, 32). The non-nephritis-associated
streptokinase variant from the GCS strain S. equisimilis HA46A,
the same as was analyzed in the present study, has been shown
to have lower affinity for isolated glomeruli than does strep-
tokinase of a nephritis-associated allelic variant (ska2) (20).
Conformational studies of these two variants of streptokinase
show that the nephritis-associated variant has three energetic
folding units whereas the non-nephritis-associated variant has
two, as well as a C-terminal region with higher sensitivity to
trypsin degradation (29). Since the major differences between
the proteins are located in the V1 region, it appears probable
that these differences have influences on the observed differ-
ences in tertiary structure of these proteins. In the mouse
model of APSGN, streptokinase was more often detected in
kidney tissue of mice with severe hypercellularity (19). Thus,
the severity of the pathological process may reflect the degree
of streptokinase deposition. Analysis of the symptoms of kid-
ney damage indicated that the GAS strain EF514 may have a
stronger nephritogenic potential than does NZ131. In addition,
there was a tendency for higher streptokinase deposition in
mice infected with strain EF514 (ska2) than in those infected
with NZ131 (skal). It has been proposed that the nephrito-
genic potential of a strain may reflect the identity of the ska
allele, where, e.g., streptokinase of the ska3 allelic variant
would have the lowest affinity, that of the skal variant would
have a higher affinity, and that of the ska2 variant would have
the highest affinity for glomeruli (19). The findings of the
present study, that exchange of the skal allele with the non-
nephritis-associated skc5 allele resulted in almost complete
loss of nephritogenic capacity of strain NZ131, support the
findings of Peake et al. (20) that this non-nephritis-associated
streptokinase variant has lower affinity for glomeruli than does
ska2 and also indicates that the affinity of the non-nephritis-
associated protein is lower than that of skal, the original strep-
tokinase allelic variant of NZ131.

C3 deposition was demonstrated to be the only sign of kid-
ney damage in the mice after infection with strain NZANS.
This finding further supports the theory that C3 deposition is
an early event in the pathogenesis of APSGN and that other
signs, such as hypercellularity, appear at a later stage in the
disease process. Furthermore, although the affinity of this type
of streptokinase for glomeruli is low, the presence of C3 indi-
cates that some deposition of the protein had occurred. Dep-
osition of C3 did not occur to a significant extent in mice
infected with the same strain, when the infection was pro-
longed to 16 days. This observation might be explained by the
fact that there were fewer animals in this group (16 animals)
than in the 7-day-infection group (25 animals). It is unlikely
that our findings are related to differences in growth charac-
teristics, since these were the same for the two groups between
days 3 and 7. Rather, they may indicate that the extent of
deposition was so minute that a larger number of mice had to
be included in order to demonstrate its occurrence. In conclu-
sion, the so-called non-nephritis-associated variants of strep-
tokinase may have the potential to induce APSGN, but their
affinity to glomeruli is so weak that this event is rather rare. In
an infection experiment with four GAS strains which harbored
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nephritis-associated ska alleles, one of the strains did not in-
duce nephritis (18). Thus, the mere production of streptoki-
nase of a nephritis-associated variant is not enough to cause
the disease in mice. The results indicate that apart from a
critical influence of certain allelic variants of streptokinase on
the nephritogenic capacity of a strain, additional factors are
important in the pathogenesis of APSGN.
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