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The role of an extracellular cysteine protease encoded by the speB gene in group A Streptococcus (GAS) skin
infection was studied with a mouse model. Mice were injected subcutaneously with a wild-type GAS serotype
M3 strain or a cysteine protease-inactivated isogenic derivative grown to stationary phase. The mortality rate
of mice injected with the M3 speB mutant strain was significantly decreased (P < 0.0008) compared to that of
animals injected with the wild-type parental organism. The abscesses formed in animals infected with the
cysteine protease mutant strain were significantly smaller (P < 0.0001) than those caused by the wild-type
organism and slowly regressed over 3 to 4 weeks. In striking contrast, infection with the wild-type GAS isolate
generated necrotic lesions, and in some animals the GAS disseminated widely from the injection site and
produced extensive cutaneous damage. All of these animals developed bacteremia and died. GAS dissemination
was accompanied by severe tissue and blood vessel necrosis. Cysteine protease expression in the infected tissue
was identified by immunogold electron microscopy. These data demonstrate that cysteine protease expression
contributes to soft tissue pathology, including necrosis, and is required for efficient systemic dissemination of
the organism from the initial site of skin inoculation.

Invasive infections caused by group A Streptococcus (GAS)
include necrotizing fasciitis, septic scarlet fever, puerperal sep-
sis, and toxic shock with multiorgan failure (44). The more
common sources of streptococcal bacteremia are infections of
the skin and soft tissue, indicating that these sites are natural
entry routes for this organism (21). Local trauma, often with-
out deep skin penetration, is sufficient to initiate infection (46).
GAS strains causing severe invasive diseases produce strepto-
coccal pyrogenic exotoxin type B (SpeB), also known as extra-
cellular cysteine protease, and often at high levels (3, 12, 36, 42,
50).

Recently, this cysteine protease was shown to participate in
GAS pathogenesis in one model of invasive disease. Inactiva-
tion of the speB gene resulted in a significant decrease in the
number of mice that died after intraperitoneal injection (33).
A subsequent study showed that the cysteine protease mutant
was less resistant to phagocytosis and disseminated less easily
to organs (32). Another recent analysis demonstrated that
compared with the parent isogenic strain, the protease-nega-
tive mutant was more readily internalized, and apparently
killed by, cultured human endothelial and epithelial cells (5).

Several other lines of evidence suggesting that the cysteine
protease may contribute to invasive GAS infections by direct
and indirect mechanisms have accumulated. Purified cysteine
protease caused a cytopathic effect on cultured human endo-
thelial cells and cleaved human extracellular matrix compo-
nents, including fibronectin and vitronectin, which are involved
in maintaining cell morphology and tissue integrity (7, 28).
This direct tissue damage could contribute to the severe his-
topathologic changes observed in some patients with invasive
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GAS infections. One indirect cysteine protease action involves
activation of a human endothelial cell matrix metalloprotease
(MMP) (6). MMPs play a crucial role in maintaining proper
tissue structure and function, and aberrant activation of MMPs
results in tissue destruction (16, 30, 41). Recently, the strepto-
coccal cysteine protease was shown to cleave plasma kinino-
gen, resulting in kinin release (17). This potent proinflamma-
tory molecule increases vascular permeability (15), a process
that may facilitate systemic bacterial dissemination and host
death.

Although these studies have advanced our understanding of
GAS pathogenesis, they have not provided insight into the
molecular mechanisms mediating soft tissue destruction. In
this study, we investigated the role of the cysteine protease in
a mouse model of invasive skin infection. The area and volume
of the abscesses that developed following subcutaneous injec-
tion of the wild-type M3 isolate grown to stationary phase were
significantly greater than those observed in mice injected with
the M3 cysteine protease mutant strain. The wild-type strain
produced extensive cutaneous necrosis, bacteremia, and death,
whereas the mutant strain produced discrete abscesses that
gradually regressed over time. Histologic analysis of skin sec-
tions confirmed the fundamental difference between the pa-
thology caused by the two isogenic strains. We conclude that in
this mouse model the GAS extracellular cysteine protease par-
ticipates in the molecular pathogenesis of soft tissue disease
and is required for efficient systemic spread from the subcuta-
neous inoculation site.

MATERIALS AND METHODS

Bacterial strains and growth. The wild-type M3 strain, recovered from a
patient with invasive GAS disease, and its isogenic mutant derivative used in
these studies have been described previously (33). The isogenic M3 speB mutant
lacks expression of active extracellular cysteine protease because of insertional
inactivation of the structural gene.

Strains were grown in brain heart infusion broth (Remel, Lenexa, Kans.) at
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37°Cin a 5% CO,-20% O, atmosphere. The M3 speB mutant strain was grown
in medium supplemented with 3 ug of erythromycin per ml.

Animal inoculation. Five-week-old (20- to 30-g) outbred, immunocompetent,
hairless male mice (strain Crl:SKH1-47BR) (Charles River, Wilmington, Mass.)
were used for subcutaneous injection. Adult (20- to 25-g) male outbred CD-1
Swiss mice (Harlan, Houston, Tex.) were used for intranasal inoculation. Prior to
experimental procedures, the animals were anesthetized by Metofane (Mallinck-
rodt Veterinary, Mundelein, Ill.) inhalation. Tissue samples were collected fol-
lowing humane euthanasia.

Inocula were prepared from GAS cultures as described previously (33). Since
cysteine protease expression is substantially upregulated in the stationary phase
of growth (8, 13), overnight GAS cultures were used. Briefly, cells were harvested
and washed once with sterile ice-cold, pyrogen-free phosphate-buffered saline
(PBS). The optical density at 600 nm (ODg) was adjusted to give the required
inoculum. GAS cells contained in 0.1 ml were injected subcutaneously in the
right flank of each animal with a tuberculin syringe. For intranasal inoculation,
GAS cells contained in a 50-pl volume were applied to the nostrils of anes-
thetized mice with disposable tips attached to the pipette. Control mice were
treated with the same volume of PBS. The number of CFU inoculated per mouse
was verified for each experiment by colony counts on tryptose agar plates con-
taining 5% sheep blood (Becton Dickinson, Cockeysville, Md.). The mice were
observed for 21 days after challenge. Blood was collected from each dead animal
by cardiac puncture and cultured on blood agar plates. All cultures yielded
beta-hemolytic colonies with characteristic GAS morphology.

Determination of GAS inoculum size. It was shown previously that intraperi-
toneal injection of 10° CFU of the wild-type M3 GAS isolate used in the present
study killed at least 90% of mice by day 5 following inoculation (33). The infected
animals developed bacteremia with dissemination to major organs (32).

To establish the size of the inoculum to be administered subcutaneously, serial
10-fold dilutions containing ~10* to ~10% CFU of the wild-type GAS M3 isolate
were injected into groups of 10 animals. Inocula of ~107 and ~10% CFU killed
50 and 80% of the mice, respectively, as assessed at 21 days after injection. GAS
was the sole organism cultured from all blood samples collected from dead
animals. On the basis of these results, an inoculum of ~107 or ~10% CFU was
used in subsequent experiments.

Tissue collection and histology. Prior to inoculation, the animals were assigned
to one of three groups (M3, M3 speB, or PBS control) with a random number
generator, and blood samples were drawn to establish baseline hematologic data.
Blood and tissue samples were collected at 24, 48, and 72 h after inoculation. The
methods used for blood and tissue collection were identical for all time points.

Blood samples were obtained from the retro-orbital sinus of the animals, and
complete blood count analysis was performed with a Technicon H*1 (Tarrytown,
N.Y.) hematology analyzer with species-specific software. Skin samples were
collected by wide marginal excision around the abscess or the injection site.
These samples always included tissue from the injection site and contiguous
grossly normal tissue for comparison. Care was taken to preserve the anatomic
orientation of the samples. Tissue samples were also obtained from the heart,
liver, spleen, and lung.

All tissues were fixed in 10% neutral buffered formalin supplemented with zinc
chloride (Antech, Ltd., Battle Creek, Mich.). Whole lungs were first infused with
formalin and then, along with the other organs, fixed by submersion. The samples
were placed in formalin for 18 to 24 h and then transferred to 70% ethyl alcohol
prior to processing. Standard histologic methods of dehydration in ascending
grades of ethyl alcohol, clearing in xylene, and paraffin infiltration were em-
ployed. The paraffin blocks were processed with a rotary microtome to obtain
4-pm sections. The histologic sections were stained with hematoxylin and eosin
and mounted. Selected tissues were sectioned and stained with a tissue Gram
stain (34).

Immunogold electron microscopy. Skin samples were collected as described
above, fixed in 10% phosphate-buffered formalin overnight, and dehydrated
through a graded ethanol series to 95%. The specimens were infiltrated with LR
White resin through a graded 95% ethanol-resin series over 3 days. The tissue
was placed in fresh resin and polymerized at 60°C overnight. Thin sections were
generated and placed on Formvar-coated nickel grids. Free aldehydes were
blocked by floating the grids on 0.2 M glycine in PBS. The grids were washed in
1% bovine serum albumin in PBS and incubated for 1 h at room temperature
with rabbit polyclonal antibody (diluted 1:25) raised against the purified 40-kDa
recombinant zymogen form of the cysteine protease (14). The antibody was
removed by washing with bovine serum albumin-PBS, after which the tissue was
incubated for 1 h in 10-nm colloidal gold-labeled goat anti-rabbit antibody
(Sigma Chemical Co., St. Louis, Mo.). The tissue sections were washed in PBS
and then in water and stained in 2% aqueous uranyl acetate for 10 min. After
being washed in water, the sections were examined with a JEOL 1200 transmis-
sion electron microscope at an acceleration voltage of 60 kV and a magnification
of X15,000. Negative-control tissue samples omitted the primary antibody step to
exclude nonspecific labeling.

Mouse measurements. Mice were weighed immediately before GAS inocula-
tion. The animal weight and abscess size were measured 12 h after inoculation
and daily thereafter for the first week. Animals were then observed at weekly
intervals for a total of 21 days. The dimensions of the abscesses were measured
with a caliper; length (L) and width (W) values were used to calculate abscess
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volume [V = 4/3m(L/2)> X (W/2)] and area [4 = w(L/2) X (W/2)], employing
equations for a spherical ellipsoid.

Statistical analysis. Statistical differences between the animal groups infected
with either the wild-type M3 or mutant M3 speB strain were examined. Kaplan-
Meier survival curves were plotted for the mouse mortality experiments and
tested for statistical significance with the log rank test. Repeated-measures anal-
ysis of variance (ANOVA) was used to test for differences in the abscess areas
and volumes and weight loss in the groups. A two-way ANOVA was employed,
with one within-subjects and one between-subjects factor. Three-group compar-
isons were conducted with Duncan’s multiple comparison procedure. Nonpara-
metric ANOVA methods (Kruskal-Wallis tests) were also used to ensure that the
results did not depend on assumptions of distributional normality. Fisher’s exact
test was used to compare pathologic characteristics of the vascular and cutaneous
lesions in mice infected with the wild-type versus the mutant strain. Statistical
significance was evaluated at the 0.05 and 0.01 levels with a two-tailed test.

RESULTS

Mouse mortality after GAS inoculation. To study the effect
of the cysteine protease on the ability of GAS to kill mice after
subcutaneous injection, groups of 15 animals were inoculated
with the wild-type M3 or the isogenic M3 speB mutant strain
grown overnight and were observed for 3 weeks. An inoculum
of ~107 CFU of the wild-type strain killed significantly more
mice than did the mutant derivative (P < 0.039 by the log rank
test) (Fig. 1A). Systemic spread of the wild-type GAS in blood
resulted in mortality occurring predominantly within the first 8
days after injection. The difference in mouse mortality between
the isogenic strains was even greater (P < 0.0008 by the log
rank test) when an inoculum of ~10® CFU was used (Fig. 1B).
The mice died more rapidly, usually within 5 days, when the
higher inoculum was used. In striking contrast, the cysteine
protease mutant strain lost virtually all ability to kill mice after
subcutaneous inoculation. In the 21 days of the experiment,
only one and two mice died following injection of ~107 and
~10® CFU of the M3 speB mutant, respectively.

All mice injected with ~107 or ~10° CFU of either the
wild-type or mutant strain lost weight. There was no significant
difference in mean weight loss between the mice infected with
~107 CFU of the wild-type and mutant organisms. However, a
significant difference (P < 0.007 by ANOVA) in mean weight
loss was observed between the animals injected with ~10°
CFU of the wild-type and mutant strains.

Reduced mouse mortality observed after subcutaneous (this
study) and intraperitoneal (33) inoculations suggested that the
cysteine protease is required for efficient pathogen dissemina-
tion. To test this hypothesis, mice were also inoculated intra-
nasally with 107 CFU of stationary-phase organisms (Fig. 2). A
significant (P < 0.0001) decrease in mouse lethality was ob-
served in the M3 speB mutant group, indicating the importance
of cysteine protease expression regardless of the site of initial
infection.

Gross pathology of the cutaneous lesions in mice inoculated
with wild-type GAS. Several major differences in the character
of the gross cutaneous lesions in animals injected with either
the wild type or the cysteine protease mutant were observed
(Fig. 3). All 10 mice infected with ~10° CFU of the wild-type
strain developed abscesses, which were accompanied in 6 an-
imals by local erythema and ulceration (ulcerative dermatitis).
All animals injected with ~107 CFU formed cutaneous ulcers.
Moreover, in eight of the mice receiving ~10” CFU, the infec-
tion spread radially from the original injection site to cause
necrotizing dermatitis 3 to 4 days after injection (Fig. 3A).
These widespread necrotic skin lesions also occurred in 12 of
15 animals injected with ~10® CFU. All mice that developed
these severe skin lesions subsequently died within 1 to 2 days,
and a pure culture of GAS was recovered from the heart blood
of dead animals.

The lesion areas and volumes in mice infected with the
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FIG. 1. Kaplan-Meier survival curves (n = 15 mice in each group) following subcutaneous inoculation with the wild-type Streptococcus pyogenes serotype M3 strain
(open circles) and the cysteine protease-inactivated isogenic M3 speB derivative (solid circles) grown overnight. (A) Inoculum of ~107 CFU; x? = 4.2 and P < 0.0398.
(B) Inoculum of ~10®% CFU; x> = 11.2 and P < 0.0008.

wild-type strain depended on the inoculum size. The lesions
were comg)ared for three different inoculum sizes (~10°, ~107,
and ~10° CFU) at 24, 48, 72, and 96 h. As assessed by
ANOVA, a significant effect of group-by-time interaction on
area (P < 0.0001) and volume (P < 0.0004) was identified.
These results indicated that the three inocula produce different
lesion area and volume changes over the duration of this ex-
periment. Comparisons of each group to each of the other
groups were conducted with Duncan’s multiple-range test. The
three groups differed significantly from one another in both
abscess area and volume (P < 0.01). Nonparametric tests also
confirmed the group differences (P < 0.0001).

Gross pathology of the cutaneous lesions in mice receiving
the speB mutant strain. In contrast to the severe lesions ob-
served in mice receiving the wild-type organism, the abscesses
that developed in mice inoculated with the speB mutant were
discrete and slowly regressed over time. For example, injection
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of ~107 CFU generated abscesses but not cutaneous ulcers
(Fig. 3B). The lesion areas and volumes in mice inoculated
with ~107 CFU of the wild type or speB mutant were measured
over 7 days and compared by use of a repeated-measures
ANOVA. Significant group differences in lesion areas (P <
0.0001) and volumes (P < 0.0001) were identified. The

FIG. 3. Cutaneous lesions in mice inoculated with wild-type and isogenic
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FIG. 2. Kaplan-Meier survival curves (n = 15 mice in each group) following
intranasal inoculation with the wild-type S. pyogenes serotype M3 strain (open
circles) and the cysteine protease-inactivated isogenic M3 speB derivative (solid

circles). A significant difference in mouse mortality was observed (inoculum,
~107 CFU; x* = 20.2 and P < 0.0001).

speB mutant GAS strains. (A) Mouse infected subcutaneously with 107 CFU of
the wild-type M3 isolate. The infection spread radially (day 3) from the inocu-
lation site and resulted in extensive subcutaneous and dermal necrosis involving
a large portion of the lateral side of the animal. (B) Mouse inoculated with 107
CFU of the cysteine protease-inactivated M3 mutant strain. A solitary subcuta-
neous abscess formed and then regressed over time.
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Kruskal-Wallis (nonparametric) test confirmed that the results
did not depend on assumptions of normality of the distribu-
tions. A significant difference was also found between the two
mouse groups infected with ~10° CFU in lesion areas
(ANOVA, P < 0.0007; Kruskal-Wallis, P < 0.0001) and vol-
umes (ANOVA, P < 0.0001; Kruskal-Wallis, P < 0.0001) over
time.

Histopathologic studies. Inasmuch as the data indicated sig-
nificant differences in the character of the gross skin lesions
occurring in mice inoculated with the wild-type versus the
mutant organism, it was important to examine the histopathol-
ogy of these lesions in detail. Hence, additional experiments
were performed to investigate morphologic changes in the
early stages of infection that resulted in the observed differ-
ences in gross pathology. Groups of 18 mice each were injected
with ~10% CFU of wild-type M3, the M3 speB mutant, or PBS
(control). Six randomly chosen mice from each group were
sacrificed at 24, 48, and 72 h after inoculation and examined for
histopathologic lesions in skin, liver, heart, lung, and kidney.

Mice inoculated with either the wild-type or mutant organ-
isms, but not the PBS control, had one or more subcutaneous
abscesses. These abscesses were located at the inoculation site
and contained a central core or sheet of gram-positive cocci
(Fig. 4A and B). The central abscess core was surrounded by a
rim of coagulative necrosis with a serpentine or undulating
border. A layer of degenerating and dying neutrophils was
located exterior to this border. Adjacent to the abscesses was a
wide area of subcutaneous edema containing scattered neutro-
phils and foci of collagen necrosis (Table 1). Blood vessels in
the subcutis and dermis were often dilated and congested, and
perivascular cuffing by neutrophils or fibrinoid necrosis of the
vascular wall was present (Table 2). Vascular thrombosis oc-
curred as the lesion progressed over time (Fig. 4C). Nerves
located at the lesion site often were entrapped by the inflam-
matory process. These pyogenic lesions extended downward to
the underlying musculature, a process resulting in degenera-
tion and necrosis of individual muscle fibers. The muscle and
adjacent connective tissue were infiltrated by neutrophils, and
in later stages, muscle atrophy occurred. The overlying dermis
contained scattered foci of suppurative inflammation, mast
cells, and activated fibroblasts. Collagen degeneration and lysis
was also observed in this site.

Several critical differences in the host response induced by
the wild-type and mutant GAS strains were associated with
dissemination of the organisms away from the original inocu-
lation site. The pyogenic lesions present in mice infected with
the wild-type strain extended outward through the panniculus
carnosus and invaded the overlying dermis and epidermis.
GAS colonies were located near the basal cell layer of the
epidermis (Fig. 4D). This microbial invasion resulted in severe
vascular embarrassment, with vascular congestion, necrotizing
vasculitis, and thrombosis observed on days 2 and 3 of the
experiment (Table 2). These vascular lesions resulted in single
or multiple infarcts of the dermis and epidermis that were
characterized by thinning of the epidermis with necrosis of
basal cells and pallor of the stratum granulosum and stratum
spinosum (Fig. 4E, F). These lesions had a loss of tinctorial
quality in the dermis with necrosis of collagen and adnexal
structures in the infarcted zone. A line of demarcation was
present between the normal and infarcted tissue, and this in-
terface was infiltrated with abundant neutrophils.

In contrast to the extensive histopathologic lesions observed
in mice given wild-type GAS, mice injected with the speB
mutant strain had abscesses that were smaller and more dis-
crete. The host inflammatory response was limited to the sub-
cutis in most animals and seldom extended through the pan-
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niculus carnosus (Table 1). Moreover, bacterial colonies
located away from the injection site were observed in only one
animal. Importantly, several significant differences were ob-
served in the frequency and degree of severity of vascular
lesions in mice inoculated with the cysteine protease mutant
strain compared with animals inoculated with the wild-type
organism (Table 2).

The heart, lung, kidneys, and liver also were investigated
microscopically. No significant infection-related microscopic
lesions were observed in the heart, lung, or kidney in any of the
animals. Acute suppurative inflammation distributed in an ap-
parently random pattern was seen in the livers of mice receiv-
ing either wild-type or mutant GAS. The lesions consisted of
foci of neutrophils (microabscesses), and occasional animals
had acute coagulative hepatocellular necrosis; these lesions
were more frequent in mice in the mutant and wild-type ex-
perimental groups than in the PBS-injected control mice.

The hematologic findings for infected mice showed different
patterns in the leukocyte counts during infection. Interestingly,
there was an initial leukopenia (P < 0.043 by Duncan’s mul-
tiple-range test) on days 1 and 2 in animals infected with the
wild-type strain, followed by a pronounced leukocytosis on day
3. A progressive neutrophilia accompanied the rise in total
leukocyte count. All values obtained for mice in the PBS con-
trol group were within normal limits for this age and sex of
animal.

Cysteine protease expression in infected tissue. Humans
with pharyngitis and invasive infections caused by several M
protein serotypes seroconvert to cysteine protease, indicating
that the virulence factor is expressed in the course of host-
pathogen interactions (14, 38, 48). Although the fact that im-
munization of mice with streptococcal cysteine protease pro-
tects them against lethal challenge with GAS inoculated
intraperitoneally is additional strong evidence that this enzyme
is expressed in vivo (26), the site of cysteine protease produc-
tion in a mouse model of invasive infection has not been
investigated. We therefore used immunogold electron micros-
copy to determine whether cysteine protease was produced in
the skin lesions of mice given wild-type GAS.

Infected skin was harvested 2 days after inoculation with the
wild-type strain and examined by immunogold electron micros-
copy with specific anti-cysteine protease rabbit serum (Fig. 5).
Immunogold staining of cysteine protease was identified in
infected tissue (Fig. 5A). Free cysteine protease (not associ-
ated with GAS cells) was present in tissues, a result expected
for an actively secreted product (Fig. 5B). Importantly, cys-
teine protease also remained associated with GAS cells in
these lesions (Fig. 5C). Control immunogold staining via the
same procedure, but omitting the specific anti-cysteine pro-
tease antibody, did not result in a positive signal (Fig. 5D).
These data indicate that the streptococcal cysteine protease
was produced in skin lesions in this mouse model of soft tissue
infection.

DISCUSSION

The results of our study confirm and extend the theme that
the cysteine protease, also known as pyrogenic exotoxin B, is a
critical participant in the complex interaction between GAS
and the host that results in pathology, morbidity, and mortality.
The key findings are that expression of the cysteine protease
contributes to soft tissue pathology and is required for efficient
systemic dissemination from the skin.

Cysteine protease contributes to soft tissue pathology. Sev-
eral lines of evidence indicate that the cysteine protease is
produced during human infection (36), including the observa-
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FIG. 4. Photomicrographs demonstrating different aspects of the skin pathology in animals infected with the wild-type strain expressing cysteine protease. (A and
B) Bacterial spread from the initial site of injection (Gram stain). (A) A large depressed cutaneous infarct is located between the solid arrows. Note the large colony
of gram-positive (blue) cocci in the center of a solitary subcutaneous abscess (arrowheads). One of several microinfarcts is boxed. Magnification, X4. (B) Photomi-
crograph of one microinfarct at a higher magnification (X41). The arrow identifies the junction of an epidermal infarct, with healthy tissue located on the right and
a pale pink necrotizing epidermitis on the left. Note blue-stained bacterial colonies in the dermis (arrowheads). The inset shows a higher magnification (X164) of the
boxed area and demonstrates the spread of gram-positive cocci into the upper dermis and epidermis. (C and D) Bacterial spreading results in vascular pathology. (C)
Necrotizing vasculitis of a subcutaneous blood vessel (arrows) with a thrombus (T) (hematoxylin and eosin stain). The vascular lumen contains fibrin, neutrophils, and
necrotic cellular debris. Magnification, X82. (D) A blood vessel with early thrombosis and numerous gram-positive-cocci (arrows) located within the thrombus (Gram
stain). Magnification, X164. (E and F) Bacterial spreading causes cutaneous infarction (hematoxylin and eosin stain). (E) A line of demarcation (arrows) is located
between healthy skin on the right and the necrotic zone on the left, with linear infiltration of polymorphonuclear leukocytes at the interface. Note the normal
blue-stained hair follicle within a histologically normal zone (*). Magnification, X41. (F) Higher magnification (X82) demonstrating necrosis of basal cells and pallor
of the stratum granulosum and stratum spinosum in the epidermal infarct. Note blue-stained bacterial colonies in the upper dermis (arrow) and the abnormal light pink
staining of the hair follicle in the infarcted area (*).
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TABLE 1. Characteristics of cutaneous lesions identified in SKH1 mice inoculated with the GAS M3 wild-type
strain or cysteine protease mutant®

No. positive/total at the following time (h) and treatment:

. . . 24 48 72
Skin location and lesion character
PBS Wild-type Protease PBS Wild-type Protease PBS Wild-type Protease
control strain mutant control strain mutant control strain mutant
Epidermis, infarction 0/6 0/6 0/6 0/6 5/6 0/6 0/6 6/6 1/6°
Dermis
Suppurative inflammation 0/6 4/6 5/6 2/6 6/6 5/6 2/6 6/6 6/6
Collagen necrosis 0/6 1/6 1/6 1/6 5/6 1/6 0/6 0/67 0/6
Extension through panniculus 0/6 2/6 2/6 0/6 5/6 1/6 0/6 6/6 1/6°
Bacterial colonies away from 0/6 1/6 0/6 0/6 5/6 1/6 0/6 4/6 0/6°
inoculation site
Subcutis
Single abscess 0/6 3/6 6/6 0/6 4/6 6/6 0/6 0/6 4/6¢
Multiple abscesses 0/6 3/6 0/6 0/6 2/6 0/6 0/6 6/6 0/6°
Extension to underlying muscle 0/6 4/6 5/6 0/6 6/6 4/6 0/6 6/6 6/6
Suppurative inflammation 0/6 6/6 6/6 2/6 6/6 5/6 0/6 6/6 6/6
Perineural PMNs/necrosis 0/6 2/6 1/6 0/6 1/6 0/6 0/6 4/6 2/6
Muscle, necrotizing myositis 0/6 3/6 3/6 0/6 6/6 4/6 0/6 3/6 6/6

“Mice were randomly assigned to be inoculated with the GAS M3 wild-type strain or cysteine protease mutant or with PBS. The statistical difference between
cutaneous lesions in animals (days 2 and 3 combined) inoculated with the wild-type or cysteine protease mutant strain was calculated by using Fisher’s exact (two-tailed)

test.
b p < 0.0l1.
<P < 0.05.

@ Collagen necrosis in the dermis on day 3 was masked by the increased size of infarcts.

tion that patients with GAS infections seroconvert to this vir-
ulence factor (14, 18, 38, 48). Until now, however, the location
of cysteine protease production in the host with invasive dis-
ease has not been demonstrated. Our studies show that cys-
teine protease is expressed in injured tissue and indicate that
the enzyme is released into infected tissue in a cell-free form.
Immunogold labeling indicated that the cysteine protease also
is located on the surface of GAS cells located in diseased
tissue.

Extensive tissue destruction typically occurs in invasive
streptococcal skin infections such as necrotizing fasciitis or

myositis (44, 52). We observed that animals infected with the
wild-type strain had significantly more tissue damage than did
mice receiving the cysteine protease mutant. In principle, the
difference between the wild-type and mutants strains in ability
to cause tissue damage could be due to either a direct or
indirect cysteine protease action. The streptococcal cysteine
protease may directly damage tissue by its ability to cleave
fibronectin and degrade vitronectin (28), both of which are
important extracellular matrix proteins involved in maintaining
connective tissue integrity (7, 51).

However, the speed with which tissue destruction and endo-

TABLE 2. Vascular lesions identified in SKH1 mice inoculated with the GAS M3 wild-type strain or cysteine protease mutant®

No. positive/total at the following time (h) and treatment:

Skin location and vascular 24 48 72
lesion character
PBS Wild-type Protease PBS Wild-type Protease PBS Wild-type Protease
control strain mutant control strain mutant control strain mutant
Epidermis, infarction 0/6 0/6 0/6 0/6 5/6 0/6 0/6 6/6 1/6°
Dermis
Perivascular PMNs 0/6 1/6 1/6 0/6 0/6 0/6 0/6 0/6 3/6
Necrotizing vasculitis 0/6 0/6 1/6 0/6 3/6 0/6 0/6 4/6 2/6¢
Thrombosis 0/6 0/6 0/6 0/6 1/6 0/6 0/6 3/6 1/6
Vascular congestion 0/6 0/6 1/6 0/6 4/6 3/6 0/6 4/6 1/6
Subcutis
Perivascular PMNs 0/6 0/6 1/6 0/6 0/6 0/6 0/6 0/6 2/6
Necrotizing vasculitis 0/6 0/6 0/6 0/6 0/6 0/6 0/6 4/6 2/6
Thrombosis 0/6 0/6 0/6 0/6 0/6 1/6 0/6 3/6 2/6
Vascular congestion 0/6 0/6 0/6 0/6 5/6 3/6 0/6 1/6 2/6

“ Mice were randomly assigned to be inoculated with the GAS M3 wild-type strain or cysteine protease mutant or with PBS. The statistical difference between vascular
lesions in animals (days 2 and 3 combined) inoculated with the wild-type or cysteine protease mutant strain was calculated by using Fisher’s exact (two-tailed) test.

bp < 0.0l1.
<P < 0.05.
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FIG. 5. Immunogold electron microscopy localization of the cysteine protease produced by the wild-type GAS during skin infection. (A) Cysteine protease is
produced by GAS within infected tissue; the cysteine protease fraction is detected in a secreted form (solid arrow) in the tissue or as a fraction still associated with
GAS cells (boxed cell). (B) Cysteine protease fraction released into surrounding tissue. (C) Cell-associated cysteine protease fraction of the boxed cell in panel A. (D)
Negative control in which no nonspecific background labeling is detected. Tissue samples were collected on day 2 following inoculation with 10° CFU of the wild-type

M3 strain. Bars, 200 nm.

thelial cell damage progress during human invasive GAS in-
fection suggests that more than just a direct mechanism is at
work. Two indirect mechanisms of cysteine protease action
may enhance tissue pathology. First, Burns et al. (6) demon-
strated that the cysteine protease activates a 66-kDa human
MMP (later found to be MMP-2 [unpublished data]), a process
that results in increased type IV collagenase activity. Degra-
dation of collagen and other extracellular matrix proteins by
MMPs may contribute to soft tissue pathology by a mechanism
analogous to that observed during tumor metastasis (41). Our
mouse studies show that the wild-type GAS strain typically
produced cutaneous infarcts with extensive collagen necrosis.
Second, Kapur et al. (27) discovered that cysteine protease
processed inactive interleukin-18 (IL-1B) precursor to form
biologically active IL-1B, a major inflammatory mediator. Re-

lease of large quantities of IL-1B may also contribute to tissue
necrosis (35). We believe that there is evidence to indicate that
cysteine protease contributes to GAS-mediated soft tissue pa-
thology in both direct and indirect fashions.

In addition to cutaneous lesions, we also observed more
severe vascular lesions in animals infected with the wild-type
organism compared with animals inoculated with the cysteine
protease mutant. This vascular pathology was manifested by
acute vascular congestion, perivascular cuffing of neutrophils,
necrotizing vasculitis, and thrombosis. The vasculitis was char-
acterized by fibrinoid necrosis and infiltration of neutrophils
into the vascular wall and by the presence of nuclear debris in
this region. Affected vessels had swollen endothelia, and a
mixed cellular, fibrin thrombus was often associated with the
vasculitis. These vascular lesions caused tissue anoxia and sub-
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sequent infarction of the dermis and overlying epidermis. This
type of vascular disease has been classified as cutaneous leu-
kocytoclastic vasculitis (39), has been reported to occur in
humans and animals, and can be caused by sepsis (25). In this
mouse model, gram-positive cocci were identified in the vas-
cular lesions located within the lumina of affected vessels. In
human invasive infection, clusters of GAS are also found in the
walls and lumina of blood vessels (22), and some investigators
view streptococcal gangrene as a sequel of vessel thrombosis
(10).

Cysteine protease expression is required for efficient sys-
temic dissemination. GAS initially colonize human mucosal
and skin surfaces, from where the bacteria penetrate into
deeper tissues. Several investigators have reported that ap-
proximately 80% of invasive GAS episodes have either a throat
or skin focus (29). We found that 80% of mice infected with
108 CFU of the wild-type strain developed bacteremia and
died, versus only ~10% of animals injected with the mutant
strain (P < 0.0008). Hence, our data indicate that cysteine
protease expression significantly enhances GAS dissemination
from the skin to cause systemic infection and death. Inasmuch
as nasopharyngeal infection is also a common source for GAS
bacteremia (21), we compared the abilities of these M3 iso-
genic strains to cause bloodstream infections and mouse death
after intranasal infection. Importantly, cysteine protease ex-
pression also was required for systemic infection and death in
this model (P < 0.0001), a result consistent with the idea that
cysteine protease expression is essential for GAS dissemina-
tion following colonization of several anatomic sites.

Although our studies confirmed the importance of cysteine
protease as a virulence factor, other bacterial products also
contribute to GAS colonization and invasive infection in mice.
For example, hyaluronic acid capsule expression is critical for
colonization and invasive infection after inoculation of the
pharynx (49), trachea (20), and skin (1). M protein inactivation
results in significant loss of virulence in mouse skin and skin air
sac infection models but not after intraperitoneal inoculation
(1, 4). Inactivation of the CS5a peptidase (scpA) gene delays
neutrophil infiltration to skin air sacs but does not significantly
contribute to mouse mortality (24). In addition, the scp4 mu-
tant strain is cleared more rapidly from the nasopharynx than
is the wild-type strain (23). These observations demonstrate
that GAS pathogenesis is complex, with numerous gene prod-
ucts participating.

Cysteine protease production and human disease. Although
GAS has occasionally been recovered from diseased mice (19),
it is generally considered to be a natural pathogen of humans
only. Therefore, it is reasonable to consider the extent to which
our findings contribute to understanding human soft tissue
infection caused by GAS. Our results show that cysteine pro-
tease participates in dermatopathology in mice. On the pre-
sumption that similar molecular processes underlie the patho-
logic phenotypes common to infected mice and humans, three
observations can be made. First, our data suggest that any
process that reduces cysteine protease activity will decrease
host morbidity and mortality. The results of several serologic
studies support this concept. Holm et al. (18) observed that
patients with serum antibody directed against cysteine protease
were more likely to survive invasive GAS infection than were
patients with a low level of acute-phase serum antibody di-
rected against cysteine protease. The data imply that anti-
cysteine protease antibodies have a protective effect via neu-
tralization of enzyme activity, an implication supported by the
results of active and passive mouse immunization (26, 31) and
by in vitro studies showing a relationship between a low capac-
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ity of human patient sera to inhibit cysteine protease-induced
T-cell mitogenesis and serious manifestation of disease (37).

Second, several histologic features identified in our mouse
studies also have been reported in studies of tissues obtained
from humans with GAS invasive episodes. For example, in
their study of 36 patients with necrotizing fasciitis, Barker et al.
(2) reported inflammation and necrosis extending from the
epidermis to the subcutaneous fat. Similarly, Cockerill et al. (9)
studied patients with M3 GAS infection and reported that
full-thickness skin or subcutaneous biopsies showed extensive
tissue edema and necrosis. In our experiments, mice given
wild-type GAS clearly had more extensive skin lesions than
animals receiving the protease mutant. These results imply that
cysteine protease participates in skin damage in human infec-
tion.

Third, in mice infected with the wild-type organism we iden-
tified a transition zone between normal and degraded cutane-
ous tissue and found that infiltrated neutrophils bordered this
area but were not present in diseased tissue. A lack of inflam-
matory cells in infected subdermal tissues in patients with
necrotizing fasciitis has been reported (9). One mechanism to
account for this observation postulates that degradation of
fibronectin by cysteine protease detrimentally affects polymor-
phonuclear leukocyte (PMN) infiltration to the infection site
(40, 43). We believe that taken together, our findings are rel-
evant, in whole or in part, to human soft tissue infections
caused by GAS.

At the time that this paper was ready for submission, two
independent reports addressed the role of cysteine protease in
other murine models of soft tissue infection (1, 31). Similar to
our findings, Kuo et al. (31) showed, using the mouse air pouch
model, that speB mutants of GAS serotypes M1 and M49 have
a decreased ability to kill mice compared to the parental or-
ganisms. The addition of purified cysteine protease, but not a
heat-inactivated preparation of the toxin, restored the ability
of the speB mutant strain to cause mouse death and tissue
damage. In addition, the authors reported that both active and
passive immunization resulted in protection against challenge
with the wild-type protease-positive strain.

In contrast, Ashbaugh et al. (1) reported that cysteine pro-
tease does not participate in murine soft tissue damage caused
by GAS serotype M3. This conclusion was based on the use of
an isogenic GAS strain with the speB gene inactivated by in-
terposon mutagenesis. No significant difference in the charac-
ter of the pathology caused by the mutant and the wild-type
organisms was observed. Importantly, the GAS inocula were
made from early-log-phase cultures, a time when cysteine pro-
tease production is absent or negligible (8, 13). Because cys-
teine protease expression is known to be strikingly upregulated
in the stationary phase of growth (8, 13), and because the M3
strain used in our studies produces cysteine protease only in
the stationary phase, we have consistently used overnight cul-
tures in the studies reported here and previously (32, 33). To
test the possibility that the difference between our results and
those reported by Ashbaugh et al. (1) resulted from the use of
stationary-phase versus log-phase cultures, we performed ad-
ditional experiments with our isogenic strains harvested at
early (ODg,, ~ 0.25), middle (ODg,, ~ 0.4), and very late
(ODggy ~ 0.8) log phase (Fig. 6).

When early-log-phase cells were used to prepare the inocu-
lum, we observed a significantly higher mortality rate among
animals infected with the wild-type strain than among animals
infected with the speB mutant (x> = 7.6 and P < 0.0005 by the
log rank test) (Fig. 6A). In contrast, when middle- or very-late-
log-phase cells were used, the difference in mortality rate was
not statistically significant (x> = 2.9 and P = 0.0834 or x*> = 2.9
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FIG. 6. Kaplan-Meier survival curves (n = 15 mice in each group) following subcutaneous inoculation with the wild-type S. pyogenes serotype M3 strain (open
circles) and the cysteine protease-inactivated isogenic M3 speB derivative (solid circles). (A) Inoculum prepared from early-log-phase cultures (ODgg, ~ 0.25); 1.3 X
10® CFU of the wild-type M3 and 2.1 X 10® CFU of the M3 speB mutant were injected (x> = 7.6 and P < 0.0005). (B) Inoculum prepared from middle-log-phase
cultures (ODgg ~ 0.4); 1.9 X 10° CFU of the wild-type M3 and 2.5 X 10® CFU of the M3 speB mutant were injected (x> = 2.9 and P < 0.0834). (C) Inoculum prepared
from very-late-phase cultures (ODjg, ~ 0.8); 1.8 X 10® CFU of the wild-type M3 and 1.8 X 10® CFU of the M3 speB mutant were injected (x*> = 2.9 and P < 0.0859).

and P = 0.0859, respectively) (Fig. 6B and C). However, the
mortality rate difference between the wild type and the speB
mutant was highly significant (x> = 12.1 and P = 0.0005) when
the results of the three experiments were combined. Based on
the results shown in Fig. 1 and 6, we conclude that the growth
phase of the culture used to prepare the inoculum is an im-
portant variable which may have an impact on the outcome of
the experiment and interpretation of the results. We view the
use of stationary-phase cultures as being particularly relevant
in studies of soft tissue pathology caused by GAS. Cysteine
protease expression is absent or negligible early in growth but
is greatly upregulated during the stationary phase of growth (8,
13). The stationary phase of growth figures prominently in the
pathogenesis of soft tissue disease in animals and humans,
especially for the unusually severe forms such as myositis and
necrotizing fasciitis (11, 45). The overall contribution of cys-
teine protease to strain virulence also depends on the entire
repertoire of virulence factors expressed by a given strain. For
example, in mice cysteine protease appeared to play a more
important role in the virulence of strain AM3 (serotype M3)
than in that of strain CS101 (M49) (33). This was also true for
strain A-20 (M1) compared to strain NZ131 (M49) (31). It may
also depend on the particular variant of the cysteine protease.
A recent study has shown that the cysteine protease expressed
by serotype M1 GAS contains an arginine-glycine-aspartic acid
(RGD) motif that binds human integrins, whereas many other
cysteine protease variants lack this structural motif and fail to
bind integrins (47).

In summary, we have demonstrated that severe soft tissue
damage and bacteremia are efficiently caused by wild-type
GAS but not by an isogenic cysteine protease mutant. The
difference in virulence between the wild-type and mutant
strains is most prominent when the bacteria are tested at a time
in the growth cycle when cysteine protease is abundantly ex-
pressed. Cysteine protease is produced during invasive infec-
tion, which adds further support to the concept that this en-
zyme contributes to cutaneous disease and dissemination by
direct tissue destruction and MMP-2 activation (32). These
data, the results of previous mouse and human studies (31, 33,
36), and the observation that cysteine protease is well con-
served among all GAS isolates (28, 47) lend further credence
to the potential utility of a vaccine based on this molecule.
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