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vitro (17). These observations led us to assess the ability of
SCP to increase tissue injury in vivo.
In the present study, purified, activated SCP coinstilled intratracheally with either group A Streptococcus cell wall antigen (SCW) or streptolysin-O (SLO) in rat lungs resulted in a
synergistic augmentation of lung injury as measured by increased lung vascular permeability and accumulation of bronchoalveolar lavage (BAL) neutrophils. Intratracheal SCW administration resulted in increased BAL fluid content of IL-1b
and tumor necrosis factor alpha (TNF-a). Although no significant increase in immunoreactive IL-1b was observed following
coinstillation of SCP with SCW, a substantial increase in
TNF-a was found, suggesting increased production of TNF-a
as a mechanism responsible for SCP-mediated augmentation
in lung injury. Furthermore, a significant increase in BAL fluid
nitrite-nitrate content was found following coinstillation of
SCW with SCP, suggesting that nitric oxide production may
contribute to the synergistic augmentation of injury observed.
Despite in vitro data demonstrating that SLO can stimulate
production of TNF-a and IL-1b from macrophages (10), neither TNF-a nor IL-1b was detected in BAL fluids from SLOchallenged rats in vivo. The data suggest that additional mechanisms are responsible for the observed synergistic effects
between SCP and SLO, perhaps related to the ability of SCP to
cleave extracellular matrix proteins (17).
Our results demonstrate that SCP acts synergistically with
other group A streptococcal products to augment injury in an
in vivo model of acute lung injury and provide additional evidence that this protease is an important virulence factor in
group A Streptococcus infections.

In recent years, attention has focused on severe infections in
humans caused by Streptococcus pyogenes (group A streptococci). These infections are characterized by fulminant and often
fatal septic episodes and have led to the description of a streptococcal toxic shock syndrome (4, 11). Because of the increased severity of group A streptococcal infections, there has
been renewed interest in the study of putative virulence factors, including three extracellular protein exotoxins: streptococcal pyrogenic exotoxins A (SPE A), B (SPE B), and C (SPE
C) (21, 34, 35). SPE B is a highly conserved precursor of an
extracellular cysteine protease expressed by virtually all isolates of S. pyogenes (22). SPE B is expressed as a 40-kDa
protein that is autocatalytically truncated to a 28-kDa molecule
which when reduced functions as an active cysteine protease.
Several lines of evidence suggest that this streptococcal cysteine protease (SCP) may be a critical virulence factor in streptococcal infections. Patients with low acute-phase levels in
serum of antibody to SCP are more likely to succumb to invasive group A streptococcal infections than are individuals with
high serum antibody levels (12). This result is supported by the
demonstration that active immunization with purified SCP
protects mice from lethal challenge with group A streptococci
(15). In vitro, SCP cleaves biologically inactive interleukin-1b
(IL-1b) precursor to produce mature, active IL-1b (16). Additionally, SCP cleaves fibronectin and degrades vitronectin in
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Streptococcus pyogenes infections in humans may be associated with severe clinical manifestations, including
adult respiratory distress syndrome and a toxic shock-like syndrome. These observations have led to the
investigation of products of group A streptococci that may contribute to increased virulence. Streptococcal
pyrogenic exotoxin B is a highly conserved precursor of an extracellular cysteine protease that is secreted by
S. pyogenes. We investigated the ability of this streptococcal cysteine protease (SCP) to act synergistically with
either streptococcal cell wall antigen (SCW) or streptolysin-O (SLO) to augment lung injury in rats. Intratracheal administration of either SCW or SLO alone caused lung injury, as measured by pulmonary vascular
leak. Bronchoalveolar lavage (BAL) fluid analysis showed that SCW induced neutrophil accumulation and
appearance of interleukin-1b and tumor necrosis factor alpha. In contrast, SLO induced neither neutrophil
influx nor significant cytokine elevations in BAL fluids. Intratracheal administration of SCP with either SCW
or SLO resulted in synergistic augmentation of lung vascular permeability and accumulation of BAL neutrophils. The synergy was reduced when SCP was either heat inactivated or coinstilled with a peptide inhibitor of
the protease. SCP in the presence of SCW resulted in a significant increase in BAL fluid tumor necrosis factor
alpha content but not in immunoreactive interleukin-1b. Moreover, the copresence of SCP with SCW resulted
in increased BAL fluid nitrite-nitrate levels, indicative of nitric oxide production. These data demonstrate that
SCP acts synergistically with other S. pyogenes products (SCW or SLO) to increase tissue injury and provide
additional evidence that SCP may function as an important virulence factor in group A streptococcal infections.
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MATERIALS AND METHODS

FIG. 1. Permeability index in SCW-induced lung injury. Shown is the effect
of SCP in SCW-induced lung injury in the rat as assessed by permeability
(leakage of 125I-bovine serum albumin) 6 h after commencement of injury as
described in Materials and Methods. Either heat inactivation of SCP or coadministration of SCP with its inhibitor diminished the augmentation of lung injury
attributed to SCP. NS, not significant in relation to a P value of #0.05. All values
are expressed as means 6 SEM with n 5 6 for all intervention groups.

diamine dihydrochloride, 25% hydrochloric acid) forming a chromophore absorbing at 543 nm (33). Nitrate was reduced to nitrite with nitrate reductase (EC
1.6.2.2) from Aspergillus sp., and 2.5 nM NADP (reduced form) was added.
Absorbance was then measured as NO22 (the combination of nitrite and reduced
nitrate was designated NO22-NO32). Data from BAL fluids were presented in
nanomoles per milliliter.
Morphological analysis. Rats undergoing SCW-induced lung injury as described above were sacrificed 6 h after commencement of injury. Whole lungs
were inflated with 10% buffered formalin via a trachea cannula and removed en
bloc. Lungs were stained with hematoxylin and eosin and were examined by light
microscopy.
Statistical analysis. Data sets were examined with two-way analysis of variance, and mean values were then compared between groups by a Tukey’s procedure with statistical significance defined at P , 0.05. All values were expressed
as means 6 standard errors of the mean (SEM).

RESULTS
Effect of SCP on SCW-induced lung injury. Intratracheal
administration of SCW (250 mg) resulted in a significant increase in permeability index (to 0.51 6 0.03) compared with
negative controls (PBS alone; 0.20 6 0.02, P , 0.001) (Fig. 1).
Because SCP cleaves fibronectin and degrades vitronectin in
vitro (10), SCP alone was given at a dose of 10 mg (n 5 4).
Compared with the effects of PBS alone (negative control), no
significant change in permeability index was observed in these
animals (0.26 6 0.04) (Fig. 1). Coadministration of SCP (10
mg) with SCW resulted in a striking increase (239%) of the
permeability index (to 1.73 6 0.13, P , 0.001). Heat inactivation of SCP prior to coinstillation with SCW (0.55 6 0.08)
resulted in a total loss of any increment in the permeability
index caused by addition of SCP to SCW (Fig. 1). Coaddition
of an inhibitor of SCP, Boc-LVG-CHN2, with SCW and SCP
resulted in a 34% decrease in permeability (1.14 6 0.10, P ,
0.01 [Fig. 1]). That the tripeptide protease inhibitor did not
completely abolish the synergistic effect of SCP was probably
due to the dose used (10 mg) being at a molar concentration
significantly lower than that for SCP. These data indicate that
the combination of SCW with SCP results in the maximal
amount of lung injury as reflected by the permeability index.
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Reagents. All reagents were purchased from Sigma Chemical Corp. (St. Louis,
Mo.) except where noted.
Purification and activation of SCP and inhibitor. SCP was purified to apparent homogeneity from culture supernatants as previously described (12). In the
course of these experiments, two preparations of SCP were used, one for the
SCW studies and one for the SLO studies. Differences in the bioactivity of these
preparations explain subtle differences among the SCP-only-treated animals in
these studies. The bioactivity of the SCP is estimated by determining its proteolytic ability against bovine casein (16). A nonspecific, tripeptide inhibitor of SCP,
N-t-butoxycarbonyl-leucyl-valyl-glycyl diazomethyl ketone (Boc-LVG-CHN2),
was purchased from Enzyme System Products (Dublin, Calif.) (3).
SCW preparation. The SCW preparation was purchased from Lee Laboratories (Grayson, Ga.). This preparation, designated 10S, is a highly immunogenic
peptidoglycan polysaccharide preparation resulting from sonication and subsequent centrifugation of group A Streptococcus bacteria. This preparation possessed no hemolytic activity as determined by a hemolysis assay (see below). No
endotoxin content was detected by Limulus lysate assay.
SLO. SLO was expressed and purified to homogeneity in the laboratory of
M.K. and was activated by reduction with 10 mM dithiothreitol. Activity was
quantitated by the hemolysis assay described below. No endotoxin was detected
by Limulus lysate assay at the highest dilution used for in vivo studies (1:500).
Erythrocyte (RBC) hemolysis assay. Hemolytic activity of SLO was determined by a procedure modified from the work of Bhakdi et al. (2). Briefly, 8 to
10 ml of whole blood was obtained from rats anesthetized with ketamine. Whole
blood was diluted to 50 ml with phosphate-buffered saline, pH 7.4 (PBS), and
spun at 2,500 3 g for 10 min, and the supernatant was discarded. RBCs were
washed three times with PBS in a similar manner. A 4% RBC solution was made
by adding 4 ml of rat RBCs to 96 ml of PBS. SLO was activated with 10 mM
dithiothreitol for 5 min at room temperature. Serially diluted, activated SLO in
50 ml of PBS was added to duplicate wells of a 96-well microtiter plate. A total
of 50 ml of 4% RBC solution was added to each well and incubated at 378C for
30 min. Hemolytic dilutions were determined by visual reading. For all in vivo
studies employing SLO, the highest dilution that yielded 100% hemolysis was
used (usually 1:500).
Rat model of SCW- and SLO-induced lung injury. Adult male (275 to 300 g)
Long-Evans rats (specific pathogen free) (Harlan Sprague-Dawley, Indianapolis,
Ind.) were used for all studies. Intraperitoneal ketamine (15 to 30 mg/100 g of
body weight) was given for sedation and anesthesia. The trachea was exposed via
a midline, ventral neck incision, and a 25-gauge needle was inserted into the
trachea. All intratracheal injections were given during inspiration in a volume of
300 ml of PBS. Either SCW (250 mg) or SLO (1:500 dilution) was given intratracheally to initiate injury. Negative control animals received 300 ml of PBS
intratracheally. Immediately thereafter, trace amounts (1 mCi) of 125I-labeled
bovine serum albumin were injected intravenously to measure pulmonary vascular permeability, as described elsewhere (20). Rats were sacrificed at 6 h, and
the pulmonary circulation was flushed by placing a 21-gauge needle through the
right ventricle into the pulmonary artery and infusing 10 ml of saline. Lung injury
was quantitated by determining vascular permeability index as follows. For calculation of the permeability index, the amount of radioactivity remaining in the
saline-perfused lungs was determined by gamma counting. This value, as counts
per minute, was divided by the amount of radioactivity present in 1.0 ml of blood
collected from the inferior vena cava also at the time of sacrifice to obtain the
permeability index. Ten micrograms of SCP was coinstilled with either SCW or
SLO where indicated. Inhibition of the exotoxin was performed by boiling
(1008C) for 30 min or by the coinstillation of 10 mg of the inhibitor, Boc-LVGCHN2, described above.
BAL. At the time of sacrifice, 8 ml of PBS was instilled and withdrawn three
times from the lungs via an intratracheal cannula. Lavage fluids were retrieved,
and total cell counts were performed with a Coulter counter (Hialeah, Fla.).
BAL fluid samples were subjected to Cytospin centrifugation (700 3 g for 7 min)
and stained with Diff-Quik products (Baxter, Miami, Fla.) for determination of
leukocyte differentials. Cells were separated from BAL fluid by centrifugation at
1,500 3 g for 10 min.
BAL fluid cytokine determination. The BAL fluid was analyzed for immunoreactive IL-1b content via a murine IL-1b enzyme-linked immunosorbent assay
(ELISA) (Biosource, Camarillo, Calif.). This ELISA cannot differentiate between inactive (precursor) IL-1b and active murine IL-1b. It has demonstrated
cross-reactivity with rat IL-1b.
TNF-a bioactivity content in BAL fluids was determined by a cytotoxicity assay
employing a fibrosarcoma cell line (WEHI 164 clone 13) as previously described
(6).
Anti-murine IL-1b antibody. Goats were immunized with 20 mg of murine
IL-1b (R & D Systems) in complete Freund’s adjuvant and then serially boosted
with 10 mg of murine IL-1b in incomplete Freund’s adjuvant until serum bleeds
from the goat reached a titer of .1026 against murine IL-1b as determined by
indirect ELISA. Where indicated, anti-murine IL-1b was administered at a dose
of 0.5 ml intravenously and 1.0 ml intraperitoneally at the commencement of
injury. Lung vascular permeability was determined as described above.
Measurement of BAL fluids content of NO22-NO32. Nitrite in BAL fluids was
measured with the Griess reagent (1% sulfanilamide, 0.1% naphthylethylene
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Effect of SCP on SLO-induced lung injury. In this series of
studies, intratracheal instillation of SCP (10 mg) caused a permeability index of 0.46 6 0.06, a significant increase (P 5
0.037) compared with the effect of PBS alone (0.20 6 0.01)
(Fig. 2). The titer of SLO was determined for hemolytic activity
as described above. The lowest SLO dilution, which gave 100%
hemolysis of rat RBCs, was 1:500. This dilution was used for in
vivo studies. SLO caused a significant increase in permeability
(1.21 6 0.12, P , 0.001 [Fig. 2]) compared with negative
control animals. Coinstillation of SCP with SLO resulted in a
131% increase in permeability (to 2.80 6 0.15, P , 0.001)
compared with the effect of SLO alone (Fig. 2). Heating
(1008C, 30 min) SCP also resulted in its loss of ability to cause
synergistic effects with SLO (Fig. 2). The addition of the tripeptide inhibitor to SCP in the copresence of SCP and SLO
resulted in a partial decrease (31%, P 5 0.002) in lung injury
as reflected by the permeability index (Fig. 2).
Effects of SCP with or without SCW or SLO on lung neutrophil accumulation. The effects of SCP on BAL fluid cell
content from rats treated with SCW or SLO were assessed.
SCW administration induced a large influx of neutrophils into
lungs compared with PBS-treated animals (Table 1). Coinstillation of SCP with SCW resulted in a 190% increase in BAL

TABLE 1. Cell content in BAL fluids from SCW-challenged rats
Material instilled intratracheallya
Cells

Mononuclear cells
Neutrophils

PBS

SCP

SCW

SCW 1 SCP

S 1 S 1 I*b

SCW 1
heated SCP

1.21 6 0.06
0.02 6 0.01

0.34 6 0.08
0.99 6 0.16

2.46 6 0.71
14.29 6 1.93

2.75 6 0.62
41.55 6 6.68c

1.72 6 0.15
23.30 6 3.73d

1.05 6 0.29
17.42 6 5.03e

Numbers represent means 6 SEM (3106); n 5 5 for each group.
S 1 S 1 I 5 SCW (250 mg) 1 SCP (10 mg) 1 inhibitor (10 mg).
c
Versus SCW alone, P , 0.001.
d
Versus SCW 1 SCP, P 5 0.038.
e
Versus SCW 1 SCP, P 5 0.013.
a
b
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FIG. 2. Permeability index in SLO-induced lung injury. Shown is the effect of
SCP in SLO-induced lung injury in the rat as assessed by permeability (leakage
of 125I-bovine serum albumin) 6 h after commencement of injury as described in
Materials and Methods. Either heat inactivation of SCP or coadministration of
SCP with its inhibitor diminished the augmentation of lung injury attributed to
SCP. All values are expressed as means 6 SEM with n 5 6 for all intervention
groups.

neutrophils compared with instillation of SCW alone (Table
1). Inhibition of SCP with Boc-LVG-CHN2 in the copresence
of SCW and SCP resulted in a 44% decrease in BAL neutrophils compared with rats given SCW plus SCP (Table 1). Heat
inactivation of SCP diminished the increase in BAL neutrophils by 58% to a level not statistically different from that with
SCW alone (Table 1). Therefore, the augmentation of lung
injury mediated by SCP as measured by permeability changes
was concurrent with a significant increase in BAL fluid neutrophils.
Somewhat similar findings were observed in SLO-induced
lung injury. The increase in BAL inflammatory cell content
following SLO challenge was composed almost entirely of
mononuclear cells (Table 2). However, the addition of SCP to
SLO-induced injury resulted in a substantial accumulation of
neutrophils recovered from BAL fluids (Table 2). Addition of
the tripeptide inhibitor to SLO with SCP resulted in a partial
decrease (62%) in BAL neutrophils (Table 2). Again, the increased lung permeability observed as a result of SCP coinstillation with SLO was associated with a large increase in BAL
neutrophils.
BAL content of IL-1b following SCP administration. BAL
fluids were examined for cytokine content. As SCP has demonstrated IL-1b convertase activity in vitro (10), BAL fluids
were analyzed for IL-1b content by ELISA. Instillation of PBS
(negative control animals) resulted in very little detectable
IL-1b in BAL fluids (11.0 6 1.9 pg/ml) (Fig. 3). SCW alone
resulted in a significant increase (to 49.4 6 6.8 pg/ml, P ,
0.001) in IL-1b content in BAL fluids (Fig. 3). The addition of
SCP to SCW-challenged rats resulted in BAL fluid IL-1b levels
that were not significantly different from those of SCW-positive controls (40.8 6 6.2 pg/ml [Fig. 3]). BAL fluid IL-1b levels
in rats treated either with SCW plus heat-inactivated SCP (29.2
6 10.0 pg/ml) or with the inhibitor in the copresence of SCW
and SCP (38.4 6 2.8 pg/ml) did not differ statistically from
positive control animals (Fig. 3).
Because the ELISA employed does not discriminate between precursor and active IL-1b, we attempted to indirectly
determine if part of the mechanism by which SCP synergizes
with SCW to augment injury is via increased activation of
IL-1b by coadministering anti-IL-1b at the commencement of
injury. SCP (10 mg) alone resulted in a permeability value of
0.24 6 0.06 not significantly different from that of negative
control animals receiving PBS alone (0.16 6 0.04 [Fig. 4]). The
permeability index in response to SCP was unchanged by coadministration of anti-IL-1b (0.24 6 0.04 [Fig. 4]). As shown in
Fig. 4, the administration of anti-IL-1b in the presence of SCW
(0.43 6 0.04) resulted in only a modest decrease (10%) in lung
vascular permeability compared with SCW alone (0.48 6 0.07),
though this result did not reach statistical significance. The
coadministration of SCP with SCW resulted in a significant
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TABLE 2. Cell content in BAL fluids from SLO-challenged rats
Material instilled intratracheallya
Cells

Mononuclear cells
Neutrophils

PBS

SCP

SLO

SCP 1 SLO

SLO 1 SCP
1 inhibitor

0.91 6 0.15
,0.020

0.93 6 0.18
0.22 6 0.11

2.97 6 0.38
0.08 6 0.02

2.80 6 0.38
3.69 6 0.29b

1.47 6 0.23
1.41 6 0.28c

Numbers represent means 6 SEM (3 106); n 5 6 for each group.
Versus SCP alone or SLO alone, P , 0.001.
c
Versus SCP 1 SLO, P , 0.01.
a
b

FIG. 3. Effect of SCP on BAL fluid content of IL-1b 6 h after commencement of SCW-induced lung injury as determined by ELISA. Intervention groups
were compared by single-factor analysis of variance (P 5 0.113) with n 5 6 in all
groups. NS, not significant.

pg/ml; 92% decrease, P , 0.001) or by the addition of the
protease inhibitor with SCW and SCP (with the TNF-a content
falling to 3,713 6 1,078.0 pg/ml; 82% decrease, P , 0.001)
(Fig. 5). These data suggest that a potential mechanism by
which SCP augments injury in the presence of SCW is by
increased intrapulmonary production of TNF-a.
As SLO has also been shown to cause increased levels of
TNF-a production in vitro, BAL fluids from SLO-challenged
animals were also tested for TNF-a content. No TNF-a was
detectable in the BAL fluids of animals challenged with SLO
alone or in the presence of SCP (data not shown). Therefore,
while the synergistic effects of SCW and SCP can be linked to
TNF-a content in BAL fluids, no such association was found
with SCP and SLO.
Effect of SCP on BAL fluid content of nitrite-nitrate. Because it has been suggested that nitric oxide may collaborate
with streptococcal products (streptolysin-S) and oxidants to
cause enhanced killing of endothelial cells in vitro (7), nitritenitrate levels in BAL fluids from rats treated as described
above were determined. BAL fluids from negative control animals (PBS alone) contained very little NO22-NO32 (8.2 6 2.8
nmol/ml [Fig. 6]). Intratracheal administration of SCP alone
led to no significant change in this level (5.6 6 1.7 nmol/ml).
However, following intratracheal challenge with SCW, a significant increase in BAL fluid NO22-NO32 content (14.8 6 1.4
nmol/ml) was observed in comparison with negative control
animals (P , 0.01) (Fig. 6). Coinstillation of SCP with SCW

FIG. 4. Effect of anti-IL-1b on SCP-, SCW-, and SCW-plus-SCP-induced
lung injury in the rat as assessed by permeability (leakage of 125I-bovine serum
albumin) 6 h after commencement of injury as described in Materials and
Methods. While anti-IL-1b had no significant effect on permeability changes
induced by either SCP or SCW alone, the antibody in the copresence of SCP plus
SCW resulted in a significant decrease in lung injury. All values are expressed as
means 6 SEM with n 5 6 for all intervention groups. NS, not significant.
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increase (204%) in lung permeability compared with the SCWalone group (1.46 6 0.14, P , 0.01 [Fig. 4]). Under these
conditions, anti-IL-1b in the presence of both SCW and SCP
resulted in a significant decrease (48%) in lung permeability
compared with the SCW-plus-SCP group (0.76 6 0.13, P ,
0.05 [Fig. 4]). These findings suggest that IL-1b significantly
contributes to the synergism observed between SCW and SCP.
However, the data do not conclusively demonstrate an increased conversion of inactive IL-1b precursor to its mature,
biologically active form.
Despite the observation that SLO has been shown to induce
IL-1b production in vitro, no increase in BAL fluid IL-1b
content was found in SLO-challenged rats by the above-described ELISA (data not shown).
Effect of SCP on BAL fluid TNF-a content. Although no
statistically significant difference in BAL fluid immunoreactive
IL-1b content was found in animals receiving SCW with SCP
(compared with SCW alone), a significant difference in TNF-a
content was found. BAL fluids from negative control animals
(PBS alone) contained little detectable TNF-a (47.1 6 11.0
pg/ml [Fig. 5]). SCP alone increased BAL fluid TNF-a (to
231.5 6 33.7 pg/ml, P , 0.001) as did SCW (708.3 6 299.4
pg/ml, P 5 0.018 [Fig. 5]) compared with negative control
animals (PBS alone). However, coinstillation of SCP with SCW
resulted in a substantial increase in TNF-a content (to 21,040.8
6 2,424.5 pg/ml, P , 0.001, compared with SCW alone) (Fig.
5). This increase was diminished either by heat inactivating the
protease (with the TNF-a content falling to 1,528 6 511.0
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receiving only PBS intratracheally (Fig. 7A). Lungs of rats
treated with SCW alone (Fig. 7B) showed intra-alveolar neutrophils and a mild degree of hemorrhage and fibrin deposition
in the intra-alveolar component. Lungs from rats treated with
SCW together with SCP (Fig. 7C and D) had dramatically
increased accumulation of neutrophils in addition to extensive
intra-alveolar hemorrhage and fibrin deposition. The intense
inflammatory cellular response caused by SCP was very much
diminished by prior heat inactivation (Fig. 7E).
DISCUSSION

led to a synergistic increase in BAL fluid NO22-NO32 content
compared with that of positive control animals (37.3 6 7.2
nmol/ml, P 5 0.025). Heat inactivation of SCP resulted in a
significant decrease in this value (18.9 6 4.8 nmol/ml, P 5
0.041 [Fig. 6]), while the protease inhibitor in the copresence
of SCW and SCP also led to a partial (35%), though nonsignificant, reduction in the measured NO22-NO32 content (24.1
6 2.6 nmol/ml, P 5 0.051). These results suggest that products
of the inducible nitric oxide synthase pathway are present following challenge with SCW and that augmentation of injury in
the copresence of SCW and SCP may be due to increased
production of NO, as determined by NO22-NO32 measurement in BAL fluids. At least in rats, this increased production
of NO22-NO32 may be reflective of the great increase in BAL
neutrophils (Table 1), which are known to be able to generate
NO.
Histological analysis of lungs treated with SCW with or
without SCP. No morphological changes were seen in animals

FIG. 6. Effect of SCP on production of NO22-NO32 in BAL fluids 6 h after
SCW-induced lung injury as described in Materials and Methods. Values of
NO22-NO32 represent means 6 SEM with n 5 6 in all groups. NS, not significant.
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FIG. 5. Effect of SCP on BAL TNF-a 6 h after SCW-induced lung injury as
determined by WEHI cytotoxicity assay. All values are expressed in picograms
per milliliter with n 5 6 in all groups. Note that the y axis is on a logarithmic
scale.

By the use of lung injury induced in rats, we have evaluated
the potential role of products of S. pyogenes in the development of inflammatory injury and examined the potential role
of SCP in synergistically augmenting this injury. Intratracheal
administration of SCW resulted in lung injury commensurate
with increased neutrophils and presence of cytokines (TNF-a
and IL-1b) in BAL fluids. Interestingly, SLO induced lung
injury that was not associated with either significant neutrophil
influx into the lungs or TNF-a or IL-1b production. Instillation
of SCP with either SCW or SLO resulted in significant, synergistic increases in both pulmonary vascular leakage and BAL
neutrophils. The augmented injury observed with SCP plus
SCW was associated with significant increases in BAL fluid
content of TNF-a and NO22-NO32. This is the first demonstration in vivo that products of group A streptococci can act
synergistically to increase tissue injury.
The mechanism of lung injury induced by SCW is similar to
that observed for other neutrophil-dependent pulmonary models of inflammation such as immunoglobulin G immune complex-mediated (31) or lipopolysaccharide (LPS)-mediated (28,
29) lung injury. In these models, lung injury was associated
with increased BAL fluid neutrophils and increased levels of
TNF-a and IL-1b. It was important to determine BAL fluid
content of IL-1b since it is known that SCP displays IL-1b
convertase activity in vitro. No increase in immunoreactive
IL-1b was detected following instillation of SCP with SCW
(Fig. 3). However, in the absence of a rat IL-1b bioactivity
assay or an ELISA system that could discriminate between the
pro- and mature forms of rat IL-1b, we cannot exclude the
possibility of increased bioactive, mature IL-1b following SCP
administration. An indirect method for determining if IL-1b
contributes to the observed synergism in this model was via the
administration of anti-IL-1b. While anti-IL-1b did not significantly decrease lung injury (as quantitated by permeability)
resulting from SCW administration, the antibody did provide a
significant degree of protection in the group receiving SCW
plus SCP. This result indicates that IL-1b is an important
mediator of the observed synergism. While it suggests that the
addition of SCP to SCW may result in increased conversion of
IL-1b to its active form, this conclusion cannot be confirmed
without the determination of the level of bioactive IL-1b under
these experimental conditions.
A significant finding in these studies was the substantial
increase in BAL TNF-a following coinstillation of SCP with
SCW (Fig. 5). The intrapulmonary production of TNF-a following SCW challenge may be related to direct stimulation of
lung macrophages by SCW. The cell wall of group A streptococci contains a variety of immunogenic molecules, such as
peptidoglycans and lipoteichoic acid, that have demonstrated
in vitro cytotoxicity (5, 18). Peptidoglycan from another grampositive organism, Staphylococcus epidermidis, has the ability to
stimulate TNF-a production from human monocytes in a manner that is greatly potentiated in the presence of serum (19).
Under such conditions, complement products were considered
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to play a key role in potentiating the release of TNF-a from
monocytes (19). Therefore, a potential mechanism by which
SCP augments production of TNF-a may be by increased activation of complement. It is also possible that SCP may possess TNF-a convertase activity, although this hypothesis remains to be tested.
Because TNF-a can induce inducible nitric oxide synthase
expression both in vitro and in vivo (32), it is possible that the
increase in BAL NO22-NO32 content may be related to increased production of TNF-a. In vitro studies have demonstrated that the combination of sublethal doses of nitroprusside (a generator of nitric oxide), a porforin (streptolysin-S),
and H2O2 is highly cytotoxic (7), suggesting that even modest
increases in nitric oxide production may be highly toxic in the
milieu of multiple inflammatory mediators and bacterial products. An additional explanation for the finding of increased
BAL NO22-NO32 content may be that the presence of SCP
causes increased conversion of precursor IL-1b to active IL-1b,
which acts as a potent inducer of inducible nitric oxide synthase
activity. In cultures of rat aortic smooth muscle cells, SCP in

the presence of precursor IL-1b resulted in a nearly 60-fold
increase in nitrite accumulation (16). It is of interest to note
that a second exotoxin of S. pyogenes, SPE A, has been shown
to induce TNF-a production from macrophages in vitro (10).
To what extent SPE A may also contribute to the pathogenesis
of tissue injury associated with streptococcal organisms remains to be determined.
Results obtained from in vivo studies employing SLO as an
inducer of lung injury are consistent with previous findings that
demonstrated the synergistic effects by streptococcal products
in a tissue culture model of epithelial and endothelial cell
killing (7–9). These in vitro studies have demonstrated that
SLO is cytolytic and results in production of porin-type lesions
in plasma membranes (7). These holes may be large enough to
account for the albumin leakage quantitated in our in vivo
system. In addition, the presence of such pores may provide
SCP access to matrix proteins such as fibronectin and vitronectin which can be cleaved in vitro by SCP (17). Additionally,
SLO-induced holes in the plasma membrane might allow radicals ready access to intracellular targets, resulting in cell injury
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FIG. 7. Histological analysis of rat lung sections at 6 h after commencement of injury. Shown at top are normal architecture in negative control (PBS) rats (A)
(magnification, 340) and SCW treatment (B) (magnification, 340), indicating neutrophil infiltration, mild alveolar hemorrhage, and fibrin deposition. When SCP was
coinstilled with SCW (C and D) (magnification, 340 and 3100, respectively), neutrophil content was dramatically increased in the alveolar compartment together with
alveolar hemorrhage and fibrin deposition. Under conditions of heat inactivation of the SCP (E) (magnification, 340), the neutrophil accumulation and hemorrhage
were greatly reduced. Results are representative of two animals in each group.
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rats (data not shown), suggesting that synergism may extend to
all three streptococcal products. The observation of synergism
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gram-negative organisms. For instance, LPS priming has been
shown to synergize with hemolysin A of Escherichia coli, causing pulmonary vascular abnormalities (30).
This study represents the first description of the ability of
SCP to augment SCW- and SLO-induced injury in an in vivo
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these patients is the development of acute lung injury (adult
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a mechanism at least in part due to increased TNF-a production.
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