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bactericidal effects.

applications.

(Background: Patients with C1-INH deficiency and streptococcal toxic shock syndrome show similar symptoms.
Results: A streptococcal cysteine protease degrades complement factors and protects bacteria against complement system

Conclusion: Streptococcus pyogenes evades complement system eradication by its own cysteine protease.
Significance: Our findings clarify the mechanism shown in previous clinical case reports and are important for future
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Streptococcus pyogenes is an important human pathogen that
causes invasive diseases such as necrotizing fasciitis, sepsis, and
streptococcal toxic shock syndrome. We investigated the func-
tion of a major cysteine protease from S. pyogenes that affects
the amount of Cl-esterase inhibitor (C1-INH) and other com-
plement factors and aimed to elucidate the mechanism involved
in occurrence of streptococcal toxic shock syndrome from the
aspect of the complement system. First, we revealed that culture
supernatant of a given S. pyogenes strain and recombinant SpeB
degraded the C1-INH. Then, we determined the N-terminal
sequence of the C1-INH fragment degraded by recombinant
SpeB. Interestingly, the region containing one of the identified
cleavage sites is not present in patients with C1-INH deficiency.
Scanning electron microscopy of the speB mutant incubated in
human serum showed the abnormal superficial architecture and
irregular oval structure. Furthermore, unlike the wild-type
strain, that mutant strain showed lower survival capacity than
normal as compared with heat-inactivated serum, whereas it
had a significantly higher survival rate in serum without the
C1-INH than in normal serum. Also, SpeB degraded multiple
complement factors and the membrane attack complex. Flow
cytometric analyses revealed deposition of C9, one of the com-
ponents of membrane the attack complex, in greater amounts
on the surface of the speB mutant, whereas lower amounts of C9
were bound to the wild-type strain surface. These results suggest
that SpeB can interrupt the human complement system via
degrading the C1-INH, thus enabling S. pyogenes to evade erad-
ication in a hostile environment.
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Streptococcus pyogenes is an important Gram-positive bacte-
rium that causes a variety of clinical pathologies, ranging from
noninvasive disease, including pharyngitis and impetigo, to
more invasive diseases such as necrotizing fasciitis, sepsis, and
streptococcal toxic shock syndrome (STSS)? (1). STSS has been
reported to be associated with a high rate of mortality, and its
major symptoms include fever, rash, capillary leak syndrome,
and disseminated intravascular coagulation (2, 3). Administra-
tion of B-lactam agents including penicillin is the standard
treatment protocol for this infectious disease, whereas Fron-
hoffs et al. (4) reported that high dose administration of C1-es-
terase inhibitor (C1-INH) as adjunctive therapy in STSS
patients decreased related STSS symptoms, including circula-
tion disorder, lung edema, and capillary leak syndrome. Fur-
thermore, those authors noted that attenuation of capillary leak
syndrome by early inactivation of the complement and contact
systems was possibly involved in the favorable outcomes. In
another study, disseminated intravascular coagulation was
induced by breakdown of the stability of the contact system and
coagulation system (5).

C1-INH, a component of the complement immune system,
regulates the complement pathway via inactivation of Clr, Cls,
and mannose-binding protease-associated serine protease 2
(MASP2). In addition, C1-INH regulates the kallikrein-kinin
system by inactivation of activated plasma kallikrein, factor
XIla, and factor XIa, which results in inhibition of bradykinin
and plasmin generation (6, 7). In other words, in the contact
and coagulation systems, inflammation including leukocyte
adherence is modulated by C1-INH. In cases with C1-INH defi-
ciency, the contact system becomes unstable and prone to gen-
erate kallikrein, which cleaves high molecular weight kinino-

2The abbreviations used are: STSS, streptococcal toxic shock syndrome;
C1-INH, C1-esterase inhibitor; SpeB, streptococcal pyogenic exotoxin B;
rSpeB, recombinant SpeB; rScpA, recombinant ScpA; MAC, membrane
attack complex.
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gen. Thus, the released bradykinin may function as a mediator
of increased vascular permeability (8). In the present study, we
focused on the similarity of these symptoms and investigated
whether a S. pyogenes protease induces collapse of the comple-
ment system through C1-INH.

The complement system is a key component of innate immu-
nity and acts as a protective shield in the early phases of infec-
tion. Following infection with pathogens, each complement
factor is activated in a sequential manner (9) under precise con-
trol of complement regulatory factors including C1-INH. In the
late complement pathway, the membrane attack complex
(MAC) is formed on the bacterial surface. It is thought that the
MAC forms pores on the surfaces of Gram-negative bacteria,
whereas its function with Gram-positive bacteria is unclear. In
previous studies, the complement factors C3b and properdin
were cleaved by SpeB, C5a was cleaved by ScpA, and factor H
inhibited the function of the protease by binding to streptococ-
cal collagen-like protein 1 of S. pyogenes (10, 11). However,
those studies did not examine the correlations of C1-INH and
other complement factors with the virulence factors of S. pyo-
genes. Here, we investigated virulence factors released from
S. pyogenes that have effects on C1-INH and other complement
factors and aimed to elucidate the mechanism involved in the
occurrence of STSS from the aspect of the complement system.

EXPERIMENTAL PROCEDURES

Bacterial Strains—S. pyogenes strain SSI-9 (serotype M1) was
isolated from a Japanese patient with STSS (12) Also, its iso-
genic speB-deficient mutant TR-11 and scpA-deficient mutant
TR-9 were constructed with a suicide vector pSF 151, as
described previously (13, 14). These strains were grown in Todd
Hewitt broth (Difco Laboratories, Detroit, MI) supplemented
with 0.2% yeast extract *(THY broth) at 37 °C in CO, incubator.
Furthermore, Escherichia coli strain XL-10 Gold (Stratagene,
La Jolla, CA) was grown in Luria-Bertani (LB) broth (Sigma-
Aldrich) supplemented with 100 wg/ml ampicillin for stabiliza-
tion of pGEM-T Easy (Promega, Fitchburg, WI) (15). Also,
BL21 (DE3) pLysE (Novagen, Madison, WI) was grown in LB
broth supplemented with 30 ug/ml kanamycin to stabilize
pGEX-6P-1 (GE Healthcare Bio-Sciences K.K.) or supple-
mented with 100 pg/ml ampicillin for stabilization of
pIVEX2.3-MCS (Roche Applied Science). Also, various S. pyo-
genes strains were obtained from patients with pharyngitis,
impetigo, scarlet fever, and STSS (kindly provided by Dr. T.
Murai, the Graduate School of the Japanese Red Cross Akita
College of Nursing, Akita, Japan) (15, 16). All streptococcal
strains were grown in THY broth.

Construction of Recombinant SpeB and ScpA—recombinant
SpeB (rSpeB) and rScpA was prepared as described previously
(10). Briefly, the plasmid vector pGEX-6P-1 or pIVEX2.3-MCS
was used for producing of rScpA or rSpeB, respectively. The
rSpeB protein was produced as a 43-kDa zymogen and con-
verted to the 28-kDa active form by self-processing during
purification by nickel-nitrilotriacetic acid-agarose (Qiagen,
Diisseldorf, Germany) and diethylaminoethyl column chro-
matography (Bio-Rad). The rScpA protein was purified by
glutathione-Sepharose 4B (GE Healthcare Bio-Sciences) and
diethylaminoethyl column chromatography. The purified
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rSpeB and rScpA (C5a peptidase) proteins were dialyzed
against phosphate-buffered saline (PBS).

Western Blot Analyses—Western blotting was performed as
described previously (10, 17). To examine the cleavage activities
of ScpA and SpeB to the C1-INH, S. pyogenes strains SSI-9,
TR-9 (AscpA), and TR-11 (AspeB) were cultured at 37 °C for
18 h in 10 ml of THY broth, and then supernatants were
obtained after centrifugation at 4 °C for 6,800 rpm for 5 min.
Each supernatant was concentrated 10-fold using 100% ammo-
nium sulfate precipitation and diluted to 1 ml with PBS. Forty
wl of concentrated supernatant with 10 ul of PBS or 10 ul of 1
M recombinant proteins (rScpA and rSpeB) was incubated
with 10 pul of human serum (Sigma) at 37 °C for 3 h. The sam-
ples were electrophoresed on a 7.5 or 12% SDS-PAGE gel and
transferred to polyvinylidene difluoride (PVDF) membranes
(Merck Millipore, Darmstadt, Germany). The membranes were
blocked overnight with 10% membrane blocking agent
(Thermo Scientific Pierce) with 10% goat serum (Invitrogen,
Life Technologies) at 4 °C. Next, each membrane was incubated
with rabbit anti-human C1-INH serum (Santa Cruz Biotech-
nology, Santa Cruz, CA). Immunoreactive bands were detected
with an alkaline phosphatase-labeled goat anti-rabbit IgG and
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
alkaline phosphatase substrate solution (Moss, Pasadena, MD).
To check the proteolytic activity of SpeB with the C1-INH,
rSpeB was serially diluted 2-fold (0.20 —50 nm) by PBS and incu-
bated in human serum (without complement inactivation). Fol-
lowing 1 h of incubation at 37 °C, each mixture was examined
by Western blot analysis using anti-human C1-INH serum. To
investigate SpeB cleavage activities against various comple-
ment factors, rSpeB was incubated with recombinant comple-
ment factors. Briefly, 1 uM rSpeB was incubated with 25 nm
recombinant C2, C3b, C4, C5, C5b, C6, C7, C8, or C9 (Calbi-
ochem) for 3 h at 37 °C. The samples were electrophoresed on
5-20% gradient SDS-PAGE gels and transferred to PVDF
membranes and then blocked overnight with 10% membrane
blocking agent with 10% goat serum at 4 °C. Following that
incubation, each mixture of C2, C3b, or C4 with rSpeB was
incubated with goat anti-human C2, C3b, or C4 serum (Calbio-
chem), and immunoreactive bands were detected with horse-
radish peroxidase-labeled mouse anti-goat IgG (R&D Systems)
and TMB-H peroxidase substrate solution (Moss). Each mix-
ture of C5, C5b, C6, C7, C8, or C9 with rSpeB was then incu-
bated with rabbit anti-human C5a (Calbiochem), C5b (Ameri-
can Research Products, Inc.), C6, C7, C88, or C9 serum (Atlas
Antibodies AB, Stockholm, Sweden) respectively, and immu-
noreactive bands were detected with an alkaline phosphatase-
labeled goat anti-rabbit IgG and 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium alkaline phosphatase sub-
strate solution (Moss). The MAC was prepared by mixing 1 um
recombinant C5b6, C7, C8, and C9, and then the resultant mix-
ture was incubated for 1 h at 37 °C. The MAC mixture was then
incubated with 1 uMm rSpeB, and the MAC or its fragments were
detected using an anti-MAC antibody (Calbiochem).

Comparison of C1 Inhibitor-degrading Ability of Different M
Type Strains with Amount of SpeB—Thirty different S. pyogenes
strains (Table 1) were cultured at 37 °C for 18 h, and the super-
natants were obtained. Ten ml of the supernatants was concen-
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TABLE 1

Streptococcal strains used in this study
Serotype Strain
M1 SSI-9
M1 SSI-25
M1 SSI-127
M2 SE1013
M2 SE1181
M2 SE1207
M3 SSI-1
M3 SSI-7
M3 SSI-8
M4 TW3392
M4 TW3398
M4 TW3400
Me6 SE1387
M6 SE1303
Meé TW3420
Mi12 NY-5
M12 TW3337
M12 TW3344
M18 T18
M18 TW3338
M18 TW3363
M22 TW3532
M22 TW3403
M22 TW3543
M28 TW3359
M28 TW3413
M28 TW3528
M49 CS101
M49 TW3425
M49 TW3424

trated 10-fold using 100% ammonium sulfate precipitation and
then diluted to 1 ml with PBS. SpeB expression in the sample
solution was detected by Western blotting using anti-SpeB
antibody. Forty ul of each adjusted supernatant or 40 ul of PBS
as negative control was incubated with 10 ul of human serum
for 3h at 37 °C. The C1-INH or SpeB was detected by Western
blotting using anti-human C1-INH antibody. Optical densities
of the detected protein bands were determined using a comput-
er-assisted densitometer (Image] version 8.8.7, National Insti-
tutes of Health, Bethesda, MD). An intact C1-INH was detected
as an ~105-kDa band in human serum treated with PBS. The
highest intensity of SpeB band shown in TW 3532 (obtained
from Tokyo Women’s Medical College) was defined for the
positive control of SpeB. The background of each membrane
was subtracted from each obtained band for densitometric
analyses.

N-terminal Amino Acid Sequencing—The targeted protein
was separated using 7.5% SDS-PAGE and transferred toa PVDF
membrane. The membrane was stained with 0.1% Coomassie
Brilliant Blue R-250 for 1 h and then decolored with 7.5% acetic
acid containing 40% methanol and washed with distilled water
for 24 h. N-terminal amino acid sequencing was performed
using the Edman degradation method with an ABI protein
sequencer model 491HT (Applied Biosystems).

Scanning Electron Microscopic Analyses—SSI-9 and TR-11
were cultured until the mid-log phase (optical density at 600
nm = 0.4) and adjusted with PBS to 1.5 X 107 cfu/ml. Next, 90
wl of each sample was incubated with 10 ul of human serum at
37 °Cfor 15, 30, 45, or 60 min. Fifty ul of each sample was added
on a Matrigel (BD Biosciences)-coated cover glass. Next, each
bacterial sample was fixed with 2.5% glutaraldehyde on a cover
glass for 1 h at room temperature and washed with distilled
water. The samples were dehydrated with 100% ¢-butyl alcohol
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and freeze-dried. Finally, the samples were coated with plati-
num and examined with a scanning electron microscope (JSM-
6390LVZ, JEOL Ltd., Tokyo, Japan), as described previously
(18).

Bactericidal Test—Whole blood in vitro bactericidal assays
were performed using a modified version of the bactericidal test
described by Lancefield (19). S. pyogenes strains SSI-9 and
TR-11 were cultured until the mid-log phase (optical density at
600 nm = 0.4) and adjusted with PBS or culture supernatant to
2,000-10,000 cfu/ml. The obtained samples were incubated
with human serum (Sigma), inactivated serum, C1-INH-de-
pleted serum, or C1-INH-depleted serum supplemented with
the C1-INH for 3 h at 37 °C. The strains were then grown over-
night and quantified after plating on THY agar plates. Deple-
tion of C1-INH from human serum was performed as follows.
Protein G antibody affinity chromatography (GE Healthcare)
was used for depletion of C1-INH from human serum. The
anti-C1-INH antibody (H-300, Santa Cruz Biotechnology Inc.)
was captured by protein G using an Econo-column (Bio-Rad).
The column was washed with PBS three times, and then human
serum was slowly added. The procedure was repeated three
times, and depletion was confirmed by Western blotting.

Flow Cytometry—S. pyogenes strains SSI-9 and TR-11 in the
mid-log growth phase were incubated with human serum at
37 °C for 1 h. Each mixture was incubated with blocking agent
(supplemented with 5% BSA and 10% goat serum) for 1 h at
room temperature. Next, the bacterial cells were washed twice
with PBS and incubated with anti-MAC rabbit serum, anti-C9
rabbit serum, anti-C1-INH rabbit serum, anti-M1 rabbit serum
(positive control), or nonimmunized rabbit serum (negative
control) for 1 h. After washing with PBS, the samples were
incubated with Alexa Fluor 488-labeled anti-rabbit IgG (Life
Technologies) for 1 h. Following incubation and washing with
PBS, deposition of MAC, C9, or C1-INH on bacterial surfaces
was evaluated by flow cytometry, and 10,000 bacterial cells were
analyzed. Data acquisition was performed using a CyFlow SL
system (Partec GmbH, Miinster, Germany), with analyses per-
formed with FlowJo software version 8.8.7 (TreeStar Inc.) as
described previously (20).

Statistical Analysis—The significance of differences between
the means of groups was evaluated using a nonparametric
Mann-Whitney U test. All of the tests were analyzed using Stat-
Mate III software (ATMS Co., Ltd., Tokyo, Japan). Differences
were considered significant at p < 0.01.

RESULTS

Streptococcal Cysteine Protease SpeB Degrades Human CI
Inhibitor—S. pyogenes is known to express major proteases:
SpeB, an extracellular cysteine protease (21), and a cell-associ-
ated serine protease termed C5a peptidase, also called ScpA
(22). We examined the C1-INH-degrading abilities of SpeB and
ScpA in human serum. First, each supernatant, as well as bac-
terial cell samples obtained from three S. pyogenes strains (wild-
type SSI-9, AscpA isogenic mutant TR-9, and AspeB isogenic
mutant TR-11), was obtained after 18 h of growth. Western blot
analyses demonstrated that the supernatants from both SSI-9
and TR-9 incubated with human serum cleaved the C1-INH
(105 kDa, shown in Fig. 14, lane 1 as positive control) into an
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FIGURE 1. Human C1-INH-degrading ability of S. pyogenes SpeB. A, supernatants obtained from strain SSI-9 (lane 2) and isogenic mutant of AspeB (lane 3)
or AscpA (lane 4) and recombinant ScpA (lane 5) and SpeB (lane 6) proteins were separately incubated with human serum (without complement inactivation)
for3hat37 °C.The C1-INH was detected by Western blotting. M, molecular mass marker. Lane 1, mixture of human serum and PBS as positive control. B, human
serum (without complement inactivation) was incubated with SSI-9 (lane 2) or rSpeB (serially diluted 2-fold with PBS) (lanes 3-10) for 1 h at 37 °C. The C1-INH

was detected by Western blotting.

~80-kDa fragment (Fig. 14, lanes 2 and 3). However, C1-INH
was not degraded in supernatant obtained from TR-11 (Fig. 14,
lane 4). In addition, the bacterial cell samples obtained from the
three strains did not cleave the C1-INH (data not shown). Next,
we examined the cleavage activity of rScpA and rSpeB for the
C1-INH. As shown in Fig. 1A, lane 6, rSpeB degraded the
C1-INH, whereas rScpA did not show that activity. Further-
more, analysis of the C1-INH-degrading activity by serially
diluted SpeB showed that rSpeB degraded the C1-INH in a con-
centration-dependent manner (Fig. 1B, lanes 3—10).

C1 Inhibitor-degrading Activity Correlated with Amount of
SpeB—Next, we examined 30 different S. pyogenes strains for
their ability to degrade the C1-INH (Fig. 2A4) and also detected
the amount of SpeB in those streptococcal strains (Fig. 2B). The
C1-INH-degrading activities and relative amounts of SpeB
were examined using Western blotting. The optical densities of
the resultant blot bands were evaluated using computer-as-
sisted densitometry (Image], version 8.8.7), and C1-INH-de-
grading activity was compared with the amount of SpeB in each
strain (Fig. 2C). Strains that showed high levels of C1-INH-
degrading activity were likely to produce a large amount of
SpeB, whereas there was no relation between C1-INH-degrad-
ing ability and M serotypes of S. pyogenes strains.

SpeB Cleaves C1 Inhibitor Upstream of Functional Domain—
We determined the N-terminal amino acid sequence of the
CI1-INH fragment after degradation by rSpeB. First, we ana-
lyzed SpeB-mediated temporal cleavage of C1-INH. Western
blotting combined with electric densitometer analyses revealed
that the C1-INH was degraded in a time-dependent manner.
The concentrations of F1, F2, and F3 were highest at 50, 60, and
120 min, respectively. As shown in Fig. 34, the band represent-
ing the full length of C1-INH was rarely detected after 2 h.
Three fragments were observed in Western blotting of C1-INH
cleavage by SpeB, with lengths of 80 (F1), 60 (F2), and 50 (F3)
kDa. After 60 min, F1 and F3 were clearly stained with Coomas-
sie Brilliant Blue R-250 (Fig. 3B). Next, the protein bands for the
N-terminal and internal residues were subjected to sequencing
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by Edman degradation to determine the site of C1-INH cleav-
age by SpeB (Fig. 3, C and D). The sequences of F1 and F3
corresponded with that of the native C1-INH. Also, a part of the
C1-INH amino acid sequence of Asp®* to Thr'®® corresponded
to the sequence that is lost in patients with C1-INH deficiency
(Fig. 3C) (23). The second cleavage site between Val'*” and
Thr'?® was also included in the sequence. Therefore, this indi-
cates that the effect of cleavage of the C1-INH by SpeB results in
similar symptoms in patients with C1-INH deficiency as those
seen in STSS patients with C1-INH deficiency.

SpeB Secretion Protects S. pyogenes from Disruption of Architec-
ture on Bacterial Surface when Incubated in Human Serum—
In Gram-negative bacteria, the complement pathway is known
to form pores on bacterial surfaces and induce a bacteriolytic
function. Although S. pyogenes is Gram-positive, it is suspected
that SpeB may influence the complement system, although it
does not influence the cleavage of the C1-INH. To study the
effects of SpeB on the complement system, we observed the
surface properties of S. pyogenes SSI-9 and TR-11 after incuba-
tion with human serum using a scanning electronic microscope
(SEM) (Fig. 4). After 15 min, TR-11 (AspeB) showed scant
changes of its bacterial surface structure and an oval shape,
whereas after 30 min, the structure of the bacterial surface
started to change (Fig. 4, C and D). After 45 min of incubation in
human serum, TR-11 showed pore structure on its bacterial
surface (Fig. 4, E and F). Furthermore, after 60 min, the appar-
ent destroyed superficial architecture and an irregular oval
structure of TR-11 were observed (Fig. 4, G and H). On the
other hand, SSI-9 showed only subtle changes of its bacterial
surface after each time point of incubation with human serum
(Fig. 4, A and B) until 60 min. These results suggest that SpeB
inhibits the function of bacteriolytic component, such as other
complement factors besides C1-INH in human serum.

SpeB Contributes to S. pyogenes Resistance to Human Com-
plement System—The C1-INH is considered to affect the initial
step of the classical complement pathway, whereas it is also
possible that a reduction in or deficiency of the inhibitor has a
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FIGURE 2. C1-INH-degrading ability of different M type strains. Culture supernatants obtained from 30 S. pyogenes clinical isolates were incubated with
human serum (without complement inactivation) for 3 h at 37 °C. A and B, the C1-INH (A) and SpeB (B) were detected by Western blotting (panels a-c). C, the
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sequences shown in the black boxes. Black arrowheads indicate the two cleavage sites of the C1-INH by SpeB. Parentheses indicate the amino acid sequence that
is not presentin C1-INH deficiency patients. D, schematic diagram of C1-INH protein. Black triangles indicate the two cleavage sites of the C1-INH by rSpeB. The

two black lines show disulfide bonds between the N-terminal and serpin domains (Cys'?® to Cys*?8, Cys'3° to Cys®®>).

significant effect on S. pyogenes eradication. We examined the
survival rate of S. pyogenes organisms in human normal serum
or C1-INH-depleted serum. As shown in Fig. 5, both the wild-
type and the AspeB mutant strains had significantly increased
bacterial counts in human serum as compared with the control
(p < 0.01), whereas SSI-9 showed a significantly higher growth
rate than TR-11 (p < 0.01). In addition, TR-11 showed a signif-
icantly greater rate of survival in serum without the C1-INH
than in whole serum or in serum supplemented with the
CI1-INH (p < 0.01 for both cases), whereas there was no signif-
icant difference regarding the survival rate of TR-11 between
serum and C1-INH-supplemented serum. Furthermore, no sig-
nificant difference was found for the bacterial survival of strain
SSI-9 between serum supplemented with the C1-INH and
serum with the C1-INH removed, whereas SSI-9 grown in nor-
mal human serum had a higher count as compared with both of
those conditions. Next, we tested the effect of complement on
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the survival of SSI-9 and TR-11 in human serum. Strain SSI-9
showed a higher survival rate in normal serum as compared
with inactivated serum (p < 0.01), whereas TR-11 showed a
lower survival rate in normal serum than in inactivated serum
(p < 0.01). These results suggests that other complement fac-
tors besides C1-INH associate with SpeB.

SpeB Degrades Multiple Complement Factors Including CI1
Inhibitor—Next, to investigate whether SpeB directly interferes
with other complement factors, we examined its cleavage activ-
ities with the complement factors C2, C3b, C4, C5a, C5b, C6,
C7,C8,and C9. Western blot analyses showed that C2, C3b, C4,
Cb5a, C6, C7, C8, and C9 were cleaved by 1 um rSpeB at 1 um
(Fig. 6, A—D and F-I), whereas C5b was not degraded (Fig. 6E).
In addition, we investigated the cleavage activity of SpeB with
the MAC. MAC was detected as an ~560-1,838-kDa band,
whereas C9 was detected as an ~71-kDa band. A clear blot
band considered to be C9 was shown at ~80 kDa in the control,
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FIGURE 4. Observation of bacterial surface architecture by SEM. Cultures
of GAS strains SSI-9 and TR-11 (AspeB) at the mid-log phase were centrifuged
and washed with PBS and then incubated with human serum at 37 °C. A and
B, SSI-9 after 60 min of incubation. C and D, TR-11 after 30 min of incubation.
E and F, TR-11 after 45 min of incubation. G and H, TR-11 after 60 min of
incubation. The samples were fixed on glass and observed using an SEM at
lower (A, C, E, and G) and higher (B, D, F, and H) magnifications.

as well as the MAC and SpeB mixture (Fig. 6/, lane I and 3),
whereas a large molecular band of at least 260 kDa was consid-
ered to correspond to the MAC (Fig. 6/, lane 1 and 3). Small
molecule bands of ~80 kDa were only observed in MAC sample
treated with rSpeB (Fig. 6/, lane 3). These findings suggested
that SpeB cleaved a partial site in the MAC.

SpeB Enables S. pyogenes to Enhance the Binding to MAC in
Serum—TIt has been speculated that the virulence of S. pyogenes
such as SpeB induces an inhibitory effect on the MAC in the late
complement pathway. However, no clear correlation between
S. pyogenes and the MAC or other complement factors has been
shown. In addition, it is thought that C9 forms a complex that
causes pore development on the bacterial surface in the late
complement pathway. Therefore, flow cytometric analyses
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FIGURE 5. Survival of SSI-9 and TR-11 strains in human serum, inactivated
human serum, C1-INH-depleted serum, and C1-INH-depleted serum sup-
plemented with C1-INH. Cultures of GAS strains SSI-9 and TR-11 (AspeB) at
the mid-log phase were centrifuged and resuspended with PBS to adjust
7.5 X 10°-3.8 X 107 cfu/ml to 2,000-10,000 cfu/ml and then incubated with
human, inactivated serum C1-INH-depleted serum or C1-INH-depleted
serum supplemented with the C1-INH or for 3 h at 37 °C. The strains were
grown and quantified after plating on THY agar plates. Representative results
from six independent experiments are shown. The CFU of each strain before
incubation with serum was set to 100% as compared with the survival rate
after incubation with serum. Black, light gray, dark gray, white, and diagonal
line bars indicate mean values, and error bars indicate the S.D. of repeated
reactions (n = 6).*, p < 0.01, Mann-Whitney U test.

were performed to evaluate the binding of S. pyogenes strains
(SSI-9 and TR-11) and complement factors (MAC, C1-INH,
and C9). As shown in Fig. 7, the MAC was recognized in greater
amounts on both the SSI-9 and the TR-11 surface by the anti-
MAC antibody. On the other hand, a higher amount of C9 was
found bound to the surface of TR-11 than the surface of SSI-9.
The C1-INH did not attach to the surface of either strain.

DISCUSSION

C1-INH plays a key role in the complement system that is
regulated by inactivation of Clr, Cls, and MASP2. In 2000,
Fronhoffs et al. (4) reported that administration of C1-INH at a
high dose in STSS patients as adjunctive therapy resulted in
positive effects and improved their survival. According to the
authors, a possible mechanism related to those results was
attenuation of capillary leak syndrome by early inactivation of
the complement and contact systems. In addition, several his-
topathological studies have demonstrated that there are few
inflammatory cells at the site of infection in patients with STSS
(10, 24, 25). Together, these studies suggest that S. pyogenes
inactivates the innate immune system, including complement
molecules, although the precise mechanism remains unknown.
Thus, we focused on streptococcal inhibition of the comple-
ment system in the present study.

Itis known that S. pyogenes can evade and manage all aspects
of human innate and adaptive immune responses to colonize
and infect its human host (10, 11, 26 -28). One of the novel
major cysteine proteases of S.pyogenes, SpeB, has been
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FIGURE 6. SpeB cleavage activities with various complement factors. rSpeB was incubated with the recombinant complement factors C2 (A), C3b (B), C4 (),
C5 (D), C5b (E), C6 (F), C7 (G), C8 (H), C9 (I), and the formed MAC (J) for 3 h at 37 °C. Proteolysis of each factor was examined by Western blotting. M, molecular
mass markers. Lane 1, each recombinant complement was incubated with PBS as a positive control. Lane 2, rSpeB as a negative control. Lane 3, each comple-

ment was incubated with rSpeB for 3 h at 37 °C.
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FIGURE 7. Evaluation of binding ability of complement factors to bacterial surface using flow cytometry. The bacterial strains SSI-9 and TR-11 were
separately incubated with blocking agent (supplemented with goat serum) and then reacted with anti-MAC rabbit serum, anti-C9 rabbit serum, anti-C1-INH
rabbit serum, anti-M1 rabbit serum (positive control), or nonimmunized rabbit serum (negative control). After washing with PBS, the samples were incubated
with Alexa Fluor 488 (Alexa-488)-labeled anti-rabbit IgG, and then deposition of MAC, C9, and C1-INH on bacterial surfaces was evaluated by flow cytometric
analyses. A and B, binding of complement factors to SSI-9 (A) and TR-11 (B). Panel a, merge; panel b, MAC; panel ¢, C9. Red, blue, green, light blue, and orange lines
indicate negative control, M1 protein (used as positive control), MAC, C9, and C1-INH, respectively. % of Max, percentage of maximum.

reported to contribute to that adaptation in a variety of ways,
such as degradation of immunoglobulins (26) and chemokines
(27, 28). It is also known that SpeB can cleave the key comple-
ment component of the classical and alternative pathway C3b
(10), as well as the complement regulator properdin (11). The
present study is the first to show that SpeB has cleaving activity
toward C1-INH, C2, C4, C5a, C5b, C6, C7, C8, and CO. It is
considered that S. pyogenes escapes from the human comple-
ment system by the cleaving activity of SpeB.

Strains that show higher ability to degrade C1-INH are likely
to produce a large amount of SpeB. On the other hand, some
strains, such as SSI-1, SSI-7, and SSI-8, demonstrated C1-INH-
degrading activity without adequate secretion of SpeB, as
shown in Fig. 2C. Thus, other factors may be involved in the
degradation of C1-INH by those strains. In previous studies,
S. pyogenes was found to possess the cysteine protease IdeS (29,
30). Further investigations are needed to examine cysteine pro-
teases that possess C1-INH-degrading activities. At the same
time, we recognize the accuracy limitations of the semiquanti-
fication method used in our study.

The present findings revealed that the C1-INH was cleaved
by SpeB. As shown in Fig. 3D, C1-INH is composed of three
domains: a signal sequence (Met' to Ser??), an N-terminal
domain (Asp®® to His'*®), and a serpin (Ser’®” to Ala®%°)
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domain. According to the results of Edman degradation analy-
ses, C1-INH was cleaved by SpeB at two sites, as shown in Fig.
3C. Bos et al. (23) reported that two disulfide bonds maintain
the conformation of C1-INH, whereas a mutation lacking both
disulfide bonds conformed to the multimer and lost that activ-
ity. In our study, the SpeB cleavage site was shown to be one of
those disulfide bonds. In addition, that cleavage site was
included in the amino acid sequence missing in a heredity angi-
oedema type II patient (23). Together, these results suggest that
cleavage of C1-INH causes structural change and dysfunction
to the protein. C1-INH administration to STSS patients may
supplement intact C1-INH, which could precede reactivation
of the complement system.

Western blot analyses revealed that rSpeB degraded purified
C2,C4, C5a, C6, C7, C8, and C9, of which C2 and C4 are known
to contribute to suppression of both the classical and the lectin
pathways. Sim ez al. (31) reported that target recognition by the
classical and lectin pathways leads to activation of serine pro-
teases, which cleave the complement components C2 and C4,
leading to formation of the protease complex C4b2a, which
cleaves C3 into C3a and C3b. The complement pathway main-
tains the balance of activation because the amount of each com-
plement factor is regulated by complement control proteins.
When the balance is disrupted, complement activation will be
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enhanced, resulting in excessive consumption of complement
components and breaking down of the complement system.
Our results suggest that S. pyogenes escapes from human com-
plement killing through disrupting the balance of the amount of
complement factors by SpeB (Fig. 6). If the complement system
was overactivated, the complement pathway would not work
homeostatically in the immune system. In addition, if C1-INH,
C2, C3b, and C4 were degraded or C2, C3b and C4 were over-
used by degradation of C1-INH, MAC would not be formed,
and the immune system would not work.

There was a significantly higher number of TR-11 organisms
that survived in C1-INH-depleted serum as compared with
C1-INH-supplemented serum (Fig. 5). Previous studies have
shown that C1-INH is important to maintain the balance of
complement components (28, 32). Thus, serum without
CI1-INH is more favorable for survival of the TR-11 strain as
compared with whole or C1-INH-supplemented serum. As for
SSI-9, there was no significant difference between survival rates
in C1-INH-depleted and -supplemented serum. These results
indicate that SpeB allows S. pyogenes to survive with an advan-
tage in serum containing C1-INH.

Our results demonstrated that SpeB cleaved some of the late
complement factors (C6, C7, C8, and C9), whereas C5b was not
cleaved. In addition, Western blotting showed that SpeB
degraded assembled MAC. It has been shown that the MAC
forms pores only on the surface of Gram-negative bacteria. The
bacterial surface of the TR-11 strain was seen as rough and
irregular, which might be interpreted as pore formation by
MAC activity in SEM observation analyses. Further detailed
investigation is required to elucidate this issue, although our
findings imply an interaction by the MAC with Gram-positive
bacteria.

As shown in Fig. 5, the survival rate of SSI-9 in human serum
was significantly higher than that of TR-11 in the same condi-
tion, indicating that TR-11 survived better in inactivated serum
than in human serum. From those results, we speculated that
complement factors in serum with SSI-9 are degraded, thus

AV N
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inhibiting complement activation in the immune system. On
the other hand, TR-11 could evade the complement system
only in inactivated serum and not in normal serum. S. pyogenes
SpeB was previously reported to degrade immunoglobulins (26,
33, 34); thus, the survival rates of these strains may have been
influenced by that effect.

In flow cytometric analyses, the MAC was detected as a clear
peak on the surface of both strains. On the other hand, C9 was
more likely to bind to the surface of TR-11 than SSI-9. In the
present study, the MAC was attached to the surface of SSI-9
with an imperfect form (lack of C9), whereas that attached to
the TR-11 surface had pore-forming activity, resulting in a
lower survival rate for the same reason. Taken together, we
concluded that SpeB has the ability to interrupt the human
complement system via degrading C1-INH, thus enabling
S. pyogenes to evade eradication in a hostile environment, as
shown in Fig. 8.
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