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Abstract

Human invasive soft-tissue infections caused by group A
Streptococcus are associated with significant morbidity and
mortality. To investigate the pathogenesis of these serious
infections, we characterized the host response to bacterial
challenge with an M-type 3 isolate recovered from a patient
with necrotizing fasciitis, or with isogenic gene replacement
mutants deficient in cysteine protease, hyaluronic acid cap-
sule, or M protein in a murine model of human invasive
soft-tissue infection. Animals challenged with the wild-type
or cysteine protease—deficient strain developed spreading
tissue necrosis at the site of inoculation, became bacteremic,
and subsequently died. Histopathologic examination of the
necrotic lesion revealed bacteria throughout inflamed sub-
cutaneous tissue. Arterioles and venules in the subcutane-
ous layer were thrombosed and the overlying tissue was in-
farcted. In contrast, animals challenged with either an
acapsular or M protein—deficient mutant developed a focal
area of tissue swelling at the site of inoculation without ne-
crosis or subsequent systemic disease. Histopathologic ex-
amination of the soft-tissue lesion demonstrated bacteria
confined within a well-formed subcutaneous abscess. We
conclude that the group A streptococcal hyaluronic acid
capsule and M protein, but not the cysteine protease, are
critical for the development of tissue necrosis, secondary
bacteremia, and lethal infection in a murine model of hu-
man necrotizing fasciitis. (J. Clin. Invest. 1998. 102:550-
560.) Key words: Streptococcus pyogenes « necrotizing fasci-
itis « virulence

Introduction

Serious group A streptococcal (GAS)! infections frequently
involve bacterial invasion from the skin or mucosal surface to a
normally sterile body site. Clinical manifestations of invasive
disease include isolated bacteremia, skin and soft-tissue infec-
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tion, septic arthritis, pneumonia, and meningitis. A recent pop-
ulation-based, prospective study in Ontario, Canada deter-
mined the annual incidence of GAS invasive infection to be 1.5
cases in 100,000 persons (1). M-type 1 and M-type 3 strains
have been responsible for the majority of invasive infections in
recent surveys (2, 3), although many serotypes appear to be ca-
pable of causing disease (1, 4). Especially virulent soft-tissue
infections are characterized by rapidly spreading tissue necro-
sis, often with secondary bacteremia (1, 5, 6). The clinical
course of these infections suggests that GAS express spreading
factors that mediate host-tissue damage leading to extension of
the local infection and systemic bacterial dissemination.

Hyaluronidase, DNase, and streptokinase are all GAS
products that may function as spreading factors. In addition,
recent work has focused on the role of an extracellular cysteine
protease encoded by speB, which has been postulated to pro-
mote degradation of ground substance via activation of a host
collagenase (7, 8). Epidemiologic studies have linked protease
production to necrotizing infection (9, 10). Supporting the epi-
demiologic association between protease expression and inva-
sive infection are the experiments of Lukomski et al. in which
GAS M3 and GAS M49 cysteine protease—deficient mutants
were attenuated in their ability to cause bacteremia and lethal
infection in mice after intraperitoneal challenge (11, 12). These
results suggest that cysteine protease production may be an
important virulence factor in invasive GAS disease.

In the process of local invasion and systemic spread, GAS
must resist opsonophagocytic killing, the major host clearance
mechanism for extracellular bacterial pathogens. GAS pro-
duce two cell surface molecules, the hyaluronic acid capsule
and M protein, that appear to be critical for resisting op-
sonophagocytosis. Evidence supporting the antiphagocytic
effect of the capsule is substantial. In contrast to isogenic acap-
sular mutants, encapsulated organisms are resistant to phago-
cytic killing both in human blood and in 10% human serum
(13). The ability of encapsulated organisms to resist opsono-
phagocytosis in vitro is correlated with increased virulence in
vivo. In murine models of human GAS infection, encapsulated
strains were significantly more virulent than isogenic acapsular
mutants after intraperitoneal, intranasal, or subcutaneous
challenge (13-16).

M protein also mediates GAS resistance to opsonophago-
cytic killing in vitro (17, 18), although linking M protein ex-
pression with GAS virulence in vivo has been difficult.
Lancefield noted that mouse-virulent GAS strains invariably
expressed M protein, whereas M protein expression in aviru-
lent strains was less consistent (19). Hollingshead et al. found
that strains deficient in M6 protein were less effective in long-
term colonization of the rat pharynx than the parent strains ex-
pressing M6 protein (20). However, Husmann et al. found no
differences either in long-term colonization or pneumonia in
mice challenged intranasally with the wild-type strain or an
isogenic M50 deletion mutant (15), and Moses et al. demon-



strated only a modest decrease in mortality in mice challenged
intraperitoneally with an M18 knockout mutant (21). Thus, al-
though there is good evidence that M protein is involved in
evasion of phagocytic killing in vitro, the data remain inconclu-
sive with respect to the role of M protein in bacterial virulence
during in vivo infection.

In addition to the hyaluronic acid capsule and M protein
that directly inhibit opsonophagocytosis, the GAS C5a pepti-
dase and cysteine protease may contribute to bacterial evasion
of host clearance by impairing recruitment of phagocytes to
sites of infection. The GAS C5a peptidase inactivates the com-
plement component C5a, a potent chemoattractant for neutro-
phils (22, 23). Release of the peptidase from the bacterial sur-
face is in part mediated by the cysteine protease (24). Mice
challenged intraperitoneally with a cysteine protease—deficient
GAS mutant were more efficient in recruiting polymorphonu-
clear cells to the peritoneum and more effective in clearing
bacteria from the peritoneum than animals challenged with
the parent strain that expressed the protease (12).

To investigate the role of the cysteine protease, hyaluronic
acid capsule, and M protein in the pathogenesis of GAS inva-
sive soft-tissue infection, we used gene replacement mutagene-
sis to derive cysteine protease—deficient, acapsular, and M pro-
tein—deficient mutants from a GAS M3 strain isolated from a
child with necrotizing fasciitis and tested the mutants for their
ability to cause disease in a murine model of human necrotiz-
ing soft-tissue infection (16). Our results demonstrate that loss
of either the hyaluronic acid capsule or M protein, but not cys-
teine protease, significantly attenuated local soft-tissue necro-
sis, systemic bacterial dissemination, and mortality.

Methods

Bacterial strains and plasmids

GAS strain 950771 is a moderately encapsulated M3 clinical isolate
from a child with necrotizing fasciitis and sepsis. Features of this
strain and isogenic mutants derived from it are shown in Table I.
GAS were grown in Todd-Hewitt broth supplemented with yeast ex-
tract to 0.5% weight/volume (THY). To derive bacterial growth
curves, GAS were inoculated in 10 ml THY to an Agyum of 0.05 and
incubated at 37°C, and the Agy,m Was measured over time. GAS were
grown on either commercially available trypticase-soy agar medium
supplemented with 5% vol/vol sheep blood (TSA-blood; Becton
Dickinson Microbiological Systems, Cockeysville, MD) or THY agar
supplemented with 5% vol/vol sheep blood (PML Microbiologicals,

Table I. Bacterial Strains Used in This Study

Richmond, British Columbia, Canada) (THY-blood). When re-
quired, THY-blood medium was supplemented with either kanamy-
cin 500 pg/ml or erythromycin 1.0 wg/ml. Escherichia coli were grown
in Luria-Bertani (LB) broth and grown on LB agar or brain-heart-
infusion agar supplemented as required with ampicillin 50 pg/ml,
kanamycin 50 pg/ml, or erythromycin 250 pg/ml. Plasmids were prop-
agated in, and purified from, E. coli strain DH5a (New England Bio-
labs, Beverly, MA). Plasmid pWKS30 is a low—copy number cloning
vector containing an ampicillin-resistance determinant (25). Plasmid
pJRS233 is a temperature-sensitive E. coli-gram-positive shuttle vec-
tor containing an erythromycin-resistance determinant (26).

DNA manipulation

Restriction endonuclease digests, DNA ligations, transformation of
chemically competent E. coli, agarose gel electrophoresis, and South-
ern hybridization were performed according to standard techniques
(27). Restriction enzymes and DNA ligase were purchased from Boeh-
ringer Mannheim (Indianapolis, IN). Plasmid purification was per-
formed with Wizard mini- or maxi-preps according to the manufac-
turer’s protocol (Promega Corp., Madison, WI). GAS chromosomal
DNA was purified according to the method of O’Connor and Cleary
(28). DNA probes for Southern hybridization analysis were conju-
gated to horseradish peroxidase, and hybridization was detected with
a chemiluminescent substrate according to the manufacturer’s in-
structions (ECL kit; Amersham Life Science, Arlington Heights, IL).

Derivation of speB, hasA, and emm3 gene replacement mutants
by allelic exchange in GAS strain 950771

Derivation of allelic exchange constructs in pJRS233. To derive strains
from GAS strain 950771 with mutations in the speB, hasA, or emm3
gene we constructed a series of plasmids containing the target gene
with either an QKm-2 interposon (29) insertion (speB, hasA) or an in-
ternal deletion (emm3). To derive the speB interposon construct
pJspeB(), we used PCR and the primer pairs 100/103 and 101/102
(Table II) to amplify from 950771 chromosomal DNA a 343-bp 5’
portion and a 371-bp 3’ portion of speB, respectively. We cloned the
two PCR products initially into pWKS30 and subsequently into
pJRS233 to form the plasmid pJspeBA using a terminal Xbal site
specified in primer 100, a terminal Sall site specified in primer 101,
and a common BglII site specified in primers 102 and 103. We then
cloned BamHI-digested 0Km-2 into the internal BglII site in
pJspeBA. The resulting construct pJspeB{) contained an insert com-
prising a 343-bp fragment from the 5’ speB terminus linked by the
~ 2.0 kb QKm-2 element to a 371-bp fragment from the 3’ speB ter-
minus.

To derive the hasA interposon construct pJhasAQ), we used PCR
and the primers 8 and 79 (Table II) to amplify from 950771 chromo-
somal DNA a 1052-bp fragment that extended from position —89 up-
stream of the AasA initiation codon to position 963 within hasA. We

Strain Relevant genotype Phenotype Source
E. coli
DH5«a New England Biolabs
S. pyogenes
87-282 emmlI8*hasABC* M18, heavily encapsulated 13
950771 emm3ThasABC speB* M3, moderately encapsulated, expresses cysteine protease This study
188 hasA::Q)Km-2 Acapsular mutant derived from 950771 This study
326 hasA::Q0Km-2 Acapsular mutant derived from 950771 This study
241 speB::(0Km-2 Cysteine protease-deficient mutant derived from 950771 This study
296 Aemm3 M protein—deficient mutant derived from 950771 This study
355 Aemm3 M protein—deficient mutant derived from 950771 This study
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Table I1. Oligonucleotide Primers Used in This Study

5’ terminal restriction

Name Sequence Description* endonuclease site
8 cccecccctgeagtaaggecaacgatgggattag hasA 963-944 R Pstl
79 ctctatgtctagttgacattace hasA —89—(—67) F None
100 cccctectagatcagecagetatcaaageagg speB 145-164 F Xbal

101 cccecgtegaccgagagetacctgeagaace speB 860-841 R Sall
102 ccccagatcttaacccttacaacctattgac speB 489-509 F Bglll
103 ccccagatctecttggttgtaatgaatgec speB 488-469 R Bglll
104 gggaattcctatt(g/c)gecttagaaattaa emm3 27-46 F EcoRI
105 gcaagttcttcagettgttt emm3 1367-1348 R None
106 ccccagatctgecactttacctaaaac emm3 371-355 R Bglll
107 ccccagatcetgecgtaagggtettegeeg emm3 1139-1157 F Bglll

*Numbers indicate location of the oligonucleotide primer with respect to a translational start site at position 1. F, Forward; R, reverse. Sequence ac-
cession numbers are: hasA, L21187; speB, M86905; and emm3, U40231. Primer 79 was based on an unpublished sequence (Ashbaugh, C.D., S.A. Al-

berti, and M.R. Wessels, manuscript in preparation).

cloned the PCR product into the plasmid pJRS233 to form the plas-
mid pJhasAA using a terminal Pstl site specified within primer 8 and
a Hincll site present internally in the PCR product. We then cloned
the BamHI-digested 0Km-2 element into an internal BglII site in
hasA. The resulting construct pJhasA() contained an insert compris-
ing a 529-bp fragment from the 5’ hasA terminus linked by the ~ 2.0
kb QOKm-2 element to a 523-bp fragment from the 3’ hasA terminus.

To derive an emm3 deletion construct, we used PCR and the
primer pairs 104/106 and 105/107 (Table II) to amplify from 950771
chromosomal DNA a 344-bp 5’ portion and a 228-bp 3’ portion of
emm3, respectively. We then cloned the two PCR products initially
into pWKS30 to form the construct pWemm3A using a terminal
EcoRI site specified in primer 104, an internal HindIII site specified
in the 105/107 PCR product, and a common BgllI site specified in
primers 106 and 107. We cloned the insert from pWemm3A into
pJRS233 using Xbal and HindIII sites in the pJRS233 polylinker to
derive the construct pJemm3A. Plasmid pJemm3A contained a 572-bp
insert comprising a 344-bp fragment from the 5’ emm3 terminus
linked by a BgllI site to a 228-bp fragment from the 3’ emm3 termi-
nus. In linking the 5’ and 3’ fragments, 767 bp of internal emm3 se-
quence were deleted.

Gene replacement mutagenesis by allelic exchange in GAS strain
950771. We used a three-step process to introduce the mutant gene
present in the pJRS233 constructs into the chromosome of GAS
strain 950771 by allelic exchange. The vector pJRS233 contains an
erm gene encoding erythromycin resistance and a temperature-sensi-
tive gram-positive replicon that is active at 30°C but not at 37°C (26).
Initially, the constructs were electroporated into GAS strain 950771,
and transformants containing free plasmid were selected by their
ability to grow at 30°C on THY-blood agar media supplemented with
erythromycin. In the second step, we selected for strains in which the
plasmid had integrated into the 950771 chromosome via a single re-
combination event over the homologous plasmid insert and chromo-
some sequence by their ability to grow at 37°C on THY-blood agar
medium containing erythromycin. In the third step, GAS strains con-
taining plasmid integrated within the chromosome (integrants) were
serially passed in broth culture in the absence of antibiotics at 30°C.
Plasmid excision from the chromosome via a second recombination
event over the duplicated target gene sequence either completed the
allelic exchange or reconstituted the wild-type genotype. Subsequent
loss of the plasmid in the absence of antibiotic selection pressure re-
sulted in an erythromycin-sensitive phenotype. We screened erythro-
mycin-sensitive colonies for gene replacement by phenotype (speB,
hasA) or by analysis of the target gene PCR amplicon (emm3).

To confirm the mutant genotype, we used Southern hybridization
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analysis of chromosomal DNA probed with the target gene. Southern
hybridization with speB to probe EcoRV/Bglll-digested chromo-
somal DNA from 950771 demonstrated a single 5.4-kb band (Fig. 1 A,
lane 7). In the cysteine protease—deficient mutant strain 241, the same
probe hybridized to 4.0- and 3.0-kb bands (Fig. 1 A, lane 2). Because
the QKm-2 element contained internal EcoRYV sites, insertion of the
interposon introduced these sites into the 241 chromosome, resulting
in two EcoRV/BglIl fragments hybridizing to the speB probe. The
combined size of the two fragments is 7.0 or 1.6 kb larger than the
wild-type fragment, consistent with insertion of the JKm-2 element
in the 241 speB gene. In addition, because digestion of pJspeB() with
EcoRV/BgllI results in a 7.0-kb fragment, the Southern results indi-
cated that the speB mutant did not retain the plasmid used in its deri-
vation.

Southern hybridization using hasA to probe EcoRI/BamHI-
digested chromosomal DNA from 950771 and the acapsular mutant
188 demonstrated an 8.5-kb BamHI/EcoRI fragment in the wild-type
strain (Fig. 1 B, lane 1) and a 10.5-kb BamHI/EcoRI fragment in the
acapsular mutant (Fig. 1 B, lane 2) consistent with insertion of the
2.0-kb QKm-2 interposon. The same probe also hybridized to 5.0- and
11.5-kb BgllI fragments in the wild-type strain but to a single 19-kb
BgllI fragment in the acapsular strain due to loss of the BglII site in
hasA after insertion of the QKm-2 element (data not shown). These
results confirmed insertion of (JKm-2 within #asA in the acapsular
mutant 188. Because BamHI/EcoRI digestion of pJhasA() generates
fragments of 6.4 and 2.2 kb, these results also demonstrate that the
acapsular mutant 188 did not retain the plasmid used in its derivation.
We used a similar approach to independently derive the acapsular
mutant 326 and confirm gene replacement.

Southern hybridization using emm3 to probe EcoRV/BgllI-
digested chromosomal DNA from 950771 demonstrated fragments of
1.8 and 1.6 kb (Fig. 1 C, lane I). In the emm3 deletion mutant, strain
296, the same probe hybridized to 1.2- and 1.5-kb fragments (Fig. 1 C,
lane 2). The reduction in fragment size from 1.8 to 1.2 kb and from 1.6
to 1.5 kb confirmed the 767-bp internal deletion in the 296 emm3
gene. Because EcoRV/BgllI digestion of pJemm3A generates a 6.4-kb
fragment, these results also indicated that 296 did not retain the plas-
mid used in its derivation. We used a similar approach and analysis to
derive the emm3 deletion mutant 355 and to confirm allelic exchange,
respectively.

Transformation of GAS

Electrocompetent GAS were prepared and electroporation was per-
formed as described by Caparon and Scott (30).
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Figure 1. Schematic representation of the GAS chromosome in the invasive clinical isolate 950771 and the isogenic speB mutant 241 (A), hasA
mutant 188 (B), and emm3 mutant 296 (C). DNA fragment size in the schematic is not to scale and flanking sequence (horizontal lines) may ex-
tend up to 7 kb beyond the target gene (shaded). Sites of the 2.0-kb QAKm-2 interposon insertion are indicated ({2). The dashed line in 296 emm3
indicates a 767-bp DNA deletion. B, BamHI; Bg, Bglll, Ev, EcoRV; Ev/Bg, either EcoRV or Bglll, exact site not established. Southern hybrid-
ization of restriction endonuclease-digested chromosomal DNA from the GAS wild-type and isogenic mutant strains is shown. Migration dis-
tances of molecular size standards are indicated. (A) BglII/EcoRV-digested chromosomal DNA from strain 950771 (lane /) or the speB interpo-
son mutant 241 (lane 2) probed with speB. (B) BamHI/EcoRI-digested chromosomal DNA from strain 950771 (lane 7) or the hasA interposon
mutant 188 (lane 2) probed with hasA. (C) BglII/EcoRV-digested chromosomal DNA from strain 950771 (lane 7) or the emm3 deletion mutant

296 (lane 2) probed with emm3.

PCR

All PCR reactions were performed according to standard techniques
(27). Oligonucleotide primers were purchased from the Midland Re-
agent Company (Midland, TX) and are shown in Table II. GAS chro-
mosomal DNA template was prepared as described previously (28).
Tag DNA polymerase and dNTPs were purchased from Boehringer
Mannheim (Indianapolis, IN).

Determination of cysteine protease production

GAS expression of extracellular cysteine protease was determined by
a plate assay slightly modified from the original description by Hynes
and Tagg (31). 8.75 g Columbia broth (Difco Laboratories, Detroit,
MI) and 0.5 g agar (Difco) were dissolved in 250 ml of deionized wa-
ter. In a separate container 7.5 g of skim milk (Difco) was dissolved in
250 ml of deionized water. The two solutions were autoclaved and
combined after cooling to 50°C to give a final medium composed of
0.5-strength Columbia broth, 3% wt/vol skim milk, and 1% wt/vol
agar. GAS were stab-inoculated into petri dishes containing the assay
medium. Protease-expressing strains produced a ring of precipitate
surrounding the site of inoculation after a 24-h incubation at 37°C.

Determination of cell-associated hyaluronic acid

GAS capsule production was quantified by measurement of cell-asso-
ciated hyaluronic acid using the carbocyanine dye 1-ethyl-2-[3-

(1- ethyl-naphtho[1,2d]thiazolin-2-ylidene)- 2-methyl-propenyl|naph-
tho[1,2d]-thiazolium bromide (Stains All; Sigma Chemical Co., St.
Louis, MO) as previously described (16). All measurements were
made in duplicate.

Determination of M protein expression

Acid extracts of GAS surface M protein were prepared from 100-ml
broth cultures as described by Lancefield (32). Equivalent amounts of
the extracted proteins were separated by SDS-PAGE (27) and the
separated proteins were transferred to a nitrocellulose membrane for
Western immunoblotting (27) using rabbit antiserum raised against
GAS M3 strain 764 and alkaline phosphatase—conjugated anti-rabbit
IgG as the secondary antibody (Pierce, Rockford, IL).

Murine invasive soft-tissue infection

Female 6-8-wk-old CD1 mice (Charles River Laboratories, Con-
naught, MA) were inoculated with GAS as previously described (16).
Briefly, mice were anesthetized and the hair was removed from the
right flank with Nair (Carter Products, New York). Approximately
108 cfu of GAS from an early log-phase broth culture were suspended
in 50 pl of sterile pyrogen-free water and inoculated just under the
surface of the skin with a 27-gauge needle. The animals were ob-
served daily for 10-14 d. Serial tail-vein phlebotomy was performed
typically on days 1, 4, and 7. 50-100 pl of blood was inoculated on
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blood-agar medium and incubated at 37°C for 24 h, at which point the
plates were examined for the presence of B-hemolytic colonies. Ani-
mals surviving to the end of the experiment (either day 10 or day 14),
or animals that appeared moribund at any time, were killed and the
spleen was removed by aseptic technique. The spleen was homoge-
nized with a scalpel blade in 1.0 ml of THY broth, and 100 pl of the
splenic homogenate was cultured on TSA-blood agar. In some exper-
iments, animals were killed at various time points during infection,
and tissue sections from the site of inoculation were prepared for his-
topathologic examination.

Tissue histopathology

A tissue block of skin and subcutaneous tissue from the site of inocu-
lation was dissected from representative animals. Tissues were fixed
in 10 vol of 10% neutral buffered formalin, imbedded in paraffin, and
sectioned at 4-6 pm. Duplicate tissue sections were stained with he-
matoxylin and eosin and a tissue gram stain (Brown & Hopps) by
standard techniques (33).

Immunofluorescence microscopy

Tissue sections immobilized in paraffin were fixed to glass slides by
baking at 65°C for 1 h. The paraffin was removed by immersion of the
fixed section in xylene for 5 min, and the slide was washed in 95%
ethanol for 90 s. The ethanol washes were repeated three times, and
the sections were placed in deionized water. To prevent nonspecific
antibody binding, the sections then were incubated with blocking so-
lution (0.5% wt/vol BSA; Sigma Chemical Co., St. Louis, MO) in
PBS, pH 7.0 for 1 h. Subsequently, the blocking solution was re-
moved, and the sections were overlaid at room temperature for 1 h
with either rabbit anti-group A carbohydrate IgG (7.5 pg/ml in 0.5%
BSA/PBS, kindly provided by Joseph Crabb, Immucell Corp., Port-
land, ME) or a control antibody, rabbit anti-Pseudomonas aerugi-
nosa lipopolysaccharide IgG (7.5 pg/ml in 0.5% BSA/PBS, kindly
provided by Michael Preston, Harvard Medical School). The sections
then were washed with PBS to remove unbound antibody and over-
laid at room temperature with goat anti-rabbit IgG conjugated to the
fluorescent dye Texas red (7.5 pg/ml in 0.5% BSA/PBS; Accurate
Chemical and Scientific Corp., Westbury, NY). After 1 h, the sections
were washed twice with PBS and examined with a Nikon Diaphot mi-

Table I11. GAS Invasive Soft-Tissue Infection in Mice

croscope (Nikon Inc., Melville, NY) equipped with a XF64 filter (ex-
citation wavelength 560-580 nm, emission wavelength 610-675 nm;
Omega Optical Inc., Brattleboro, VT).

Statistical analysis

Statistical calculations were performed with S-Plus Version 3.2 soft-
ware (Statistical Sciences Inc., Seattle, WA). Analysis of time to posi-
tive blood culture in mice inoculated subcutaneously with GAS was
performed with maximum likelihood with a Weibull model for inter-
val-censored responses (34). Analysis of survival data in mice inocu-
lated subcutaneously with GAS was performed either with log-rank
tests or Kaplan-Meier survival function estimates (34). In the 10 ex-
periments in which animals were challenged with the wild-type strain
there were modest differences in the inoculum (range 1.0 X 107 to
7.5 X 10% mean 1.6 X 108). For these experiments both time to posi-
tive culture and time to death analyses were performed using propor-
tional hazards regression allowing for either continuous or categori-
cal inoculum effects. No significant dose effect was found (minimum
P over all tests of dose effect was 0.23) and inferences on strain ef-
fects were not affected by controlling for dose. Consequently, the 10
experiments involving animals challenged with the wild-type strain
were combined. In three animals challenged with mutant strain 188
and in two animals challenged with mutant strain 296, wild-type or-
ganisms were the sole isolates recovered from the blood or spleen.
For the purpose of statistical analysis, these animals were considered
to be bacteremic with the challenge (mutant) strain.

Results

Characterization of murine invasive soft-tissue infection caused
by wild-type GAS strain 950771

To investigate the pathogenesis of invasive GAS disease, we
characterized the host response to bacterial challenge with the
M3 GAS strain 950771 in a murine model of human invasive
soft-tissue infection. Adult mice were challenged subcutane-
ously with GAS and observed for changes in the appearance of
the skin overlying the site of inoculation in the course of a 10-

Appearance of skin lesion*

Blood or spleen

Spreading culture positive* Mortality
Strain Phenotype Animals Experiments Inoculum mean (range) Abscess necrosis (%) (%)
n n
950771 Wild-type 64 10 1.6 X 108 9 52 45/64 (70) 45/64 (70)
(1.0 X 107 to 7.5 X 108)
241 Cysteine 12 2 1.1 % 10° 0 10 117128 (92) 11/128 (91)
protease — (3.3 X 107 to 1.9 X 10%)
188 Capsule — 12 2 8.7 X 107 12 0 3/1211 (25) 0/121 (0)
(5.4 X107 to 1.2 X 10%)
326 Capsule — 10 1 1.2 X 108 10 0 0/10% (0) 0/10% (0)
296 M protein — 12 6.3 X 107 12 0 2/12%x1 a7 0/121 0)
(4.1 X 107 to 8.5 X 107)
355 M protein — 10 1 72 % 107 10 0 0/10¢ (0) 0/107 (0)

*Description of the predominant characteristic of the lesion. In experiments involving the strains 950771 and 241 the sum of the lesions recorded does
not equal the number of the animals studied because some animals died before developing either an abscess or skin necrosis. ‘Recorded as positive if
any blood or spleen culture grew B-hemolytic colonies. $P value = 0.14 compared with the wild-type strain. 'Wild-type organisms recovered from the
spleen of healthy appearing animals killed at day 10. P value = 0.007 compared with the wild-type strain. **Wild-type organisms recovered from the
blood of healthy appearing animals on day 4. Subsequent blood cultures on day 7 and spleen cultures on day 10 were negative.
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Figure 2. Gross pathology and histopathology of the local skin lesion in mice after subcutaneous injection with GAS. (A) Skin necrosis on day 3
overlying the site of inoculation in a mouse infected with wild-type strain 950771. (B) Abscess at day 3 at the site of inoculation in a mouse in-
fected with the acapsular strain 188. (C) Hematoxylin and eosin stain of a day 3 soft-tissue lesion from a mouse inoculated with wild-type strain
950771 (<20). The subcutaneous tissue is intensely inflamed, vessels within the area of inflammation are thrombosed, and the overlying dermis
and epidermis are infarcted and necrotic. (D) Hematoxylin and eosin stain of a day 3 soft-tissue lesion from a mouse inoculated with acapsular
strain 188 (X20). In contrast to the necrotic lesion seen in animals challenged with the wild-type strain, there is a well-formed subcutaneous ab-
scess without associated vessel infarction or overlying skin necrosis. (£) Immunofluorescence of a day 3 soft-tissue infection from a mouse inoc-
ulated with the wild-type strain 950771 (X20). GAS (red) are widely disseminated in the subcutaneous tissue. (F) Immunofluorescence of a day
3 soft-tissue infection from a mouse inoculated with the M protein—deficient mutant strain 296. GAS (red) remain confined within a subcutane-
ous abscess (X10).
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or 14-d experiment (Table IIT). The majority of animals (52 of
64) developed an area of spreading tissue necrosis extending
from the site of inoculation (Fig. 2 A). The skin lesions evolved
in a characteristic manner. A small (= 5.0 mm diameter) area
of swelling and erythema formed on day 1 or 2. Beginning on
day 3 and continuing thereafter, the central portion of the le-
sion became necrotic, and the area of necrosis extended cir-
cumferentially (5.0-15.0 mm diameter). Among the 12 animals
that did not develop a spreading necrotic skin lesion, 9 devel-
oped focal swelling and erythema consistent with an abscess,
and 3 died on day 1 or 2 before either skin necrosis or an ab-
scess developed.

To characterize the local lesion, we killed animals at day 3
or 4 and prepared sections of skin and underlying soft-tissue
from the site of inoculation for histopathologic examination.
Hematoxylin and eosin staining of the lesion demonstrated ex-
tensive polymorphonuclear infiltration in the subcutaneous tis-
sue. Arterioles and venules within the area of acute inflamma-
tion were thrombosed, and the cellular detail of the dermis and
epidermis was effaced by extensive infarction and coagulation
necrosis (Fig. 2 C). Tissue gram stain and immunofluorescence
microscopy revealed GAS throughout the inflamed subcuta-
neous tissue (Fig. 2 E).

To determine the ability of GAS strain 950771 to dissemi-
nate from a local skin lesion and cause fatal infection after sub-
cutaneous inoculation in mice, we followed animals for the de-
velopment of a positive blood or spleen culture and recorded
their survival (Table III). A total of 45 (70%) of 64 animals
challenged with 950771 developed bacteremia and died. Anal-
ysis of the time to first positive blood culture indicated that
~ 50% of animals developed bacteremia by day 3 and that the
development of bacteremia after day 7 was unusual (Fig. 3).
Analysis of survival indicated that bacteremia preceded fatal
infection by ~ 3648 h, ~ 50% of the animals died by day 5,
and the majority of deaths occurred between days 3 and 8
(Fig. 4).

Role of the cysteine protease, hyaluronic acid capsule, and

M protein in murine invasive soft-tissue infection

Derivation of the cysteine protease—deficient mutant 241 by al-
lelic exchange in GAS strain 950771. To derive a cysteine pro-
tease—deficient mutant from the mouse-virulent GAS strain
950771, we used allelic exchange mutagenesis to insert the
QOKm-2 element (29) in the speB gene encoding the cysteine
protease (35). A schematic representation of the wild-type and
mutant chromosome is shown in Fig. 1. To confirm that the
mutant genotype resulted in a cysteine protease—deficient phe-
notype, we tested the ability of the parent and mutant strain
241 to generate an opaque precipitate surrounding the site of
bacterial inoculation in Columbia skim-milk medium (31). In
contrast to the wild-type strain, the cysteine protease—deficient
mutant showed no evidence of proteolysis. Growth curves of
the wild-type strain 950771 and the cysteine protease mutant
241 were superimposable.

The cysteine protease mutant 241 is fully virulent in murine
invasive soft-tissue infection. To investigate the role of the cys-
teine protease in the development of GAS invasive infection,
we tested the ability of the cysteine protease—deficient mutant
241 to cause tissue necrosis, bacteremia, and fatal infection in
the murine model (Table III). Animals challenged with strain
241 developed necrotic skin and soft-tissue lesions similar
in time course, gross appearance, and histopathology to those
in animals challenged with the wild-type strain. Intense acute
inflammation in the subcutaneous tissues was associated with
vessel thrombosis and infarction of the overlying skin. Tissue
gram-stain and immunofluorescence microscopy revealed GAS
disseminated in the subcutaneous tissue. There were no signif-
icant differences between animals challenged with either the
parent or the mutant strain with respect to the time to first pos-
itive blood culture (Fig. 3) or survival (Fig. 4). To confirm that
the virulence of the cysteine protease—deficient mutant was
not due to a population of bacteria that had reverted to the
wild-type phenotype and recovered the ability to express the

0.8 1.0

0.6

0.4

i

Proportion remaining culture negative

0.2

0.0

Figure 3. Analysis of time to first positive
blood culture in mice inoculated subcuta-
neously with GAS. In three animals chal-
lenged with mutant strain 188 and in two
animals challenged with mutant strain 296,
wild-type organisms were the sole isolates
recovered from the blood or spleen. For
the purpose of statistical analysis, these an-
imals were considered to be bacteremic
with the challenge (mutant) strain. Com-
pared with the wild-type strain 950771 (64
animals), the time to first positive culture
was significantly longer for the acapsular
mutant strains 188 (12 animals) and 326 (10
animals) (P < 0.001) and for the M pro-
tein—deficient mutant strains 296 (12 ani-
mals) and 355 (10 animals) (P < 0.001), but
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not significantly different for the cysteine
protease—deficient strain 241 (12 animals)
(P =0.19).
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protease, GAS isolated from the blood and spleen of animals
challenged with strain 241 were assayed for either cysteine
protease production (five animals in experiment 1) or kanamy-
cin resistance at 37°C on agar medium (six animals in experi-
ment 2). All of the 11 blood or spleen isolates retained the mu-
tant phenotype.

Derivation of the acapsular mutant strains 188 and 326 by
allelic exchange in GAS strain 950771. To derive the isogenic
acapsular mutant strains 188 and 326 from the mouse virulent
GAS strain 950771, we used allelic exchange mutagenesis in
two independent experiments to insert the interposon QKm-2

these animals are not shown.

(29) in the hasA gene encoding hyaluronic acid synthase (36,
37). A schematic representation of the wild-type and mutant
chromosome is shown in Fig. 1. To prove that the hasA muta-
tion in strains 188 and 326 inactivated the synthase and abro-
gated capsule expression, we measured cell-associated capsu-
lar polysaccharide. Production of hyaluronic acid in the
heavily encapsulated GAS M18 strain 87-282 was 116 fg/cfu.
By comparison, the mouse-virulent M3 strain 950771 produced
43 fg/cfu of hyaluronic acid and the hasA mutant strains 188
and 326 produced levels of hyaluronic acid below 10 fg/cfu, the
limit of detection in the assay. These results demonstrated
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moderate levels of capsule production in 950771 and the ab-
sence of capsule production in mutants 188 and 326. Growth
curves of the wild-type strain and the acapsular mutants were
superimposable.

Acapsular mutants 188 and 326 are attenuated in murine in-
vasive soft-tissue infection. In contrast to the spreading ne-
crotic lesion that developed in animals challenged with the
wild-type strain, animals challenged with the acapsular mutant
strains 188 and 326 developed a small (5.0-10.0 mm) area of
focal swelling and erythema (Table III and Fig. 2 B). The le-
sions reached maximum size on days 3-4, remained stable
through day 7, and then regressed such that by day 14 there
was little or no swelling or erythema at the site of inoculation.
Histopathology of the mature (day 3) local lesion demon-
strated a well-formed subcutaneous abscess surrounded by
clearly defined fibrin margins (Fig. 2 D). There was no evi-
dence of vessel thrombosis or significant necrosis outside of
the abscess cavity. Tissue gram stain and immunofluorescence
microscopy revealed bacteria confined within the abscess and
not in the adjacent subcutaneous tissue.

The ability of local host defenses to contain the acapsular
mutants in an abscess was associated with the absence of bac-
teremia or fatal infection (Table III and Fig. 3). None of 12 an-
imals challenged with the acapsular mutant 188 and none of 10
animals challenged with the independently derived acapsular
mutant 326 had bacteria isolated from the blood. In three ani-
mals challenged with strain 188, small numbers of bacteria
(3 cfu) were cultured from the splenic homogenates of mice
that appeared well and were killed at day 10. PCR amplifica-
tion of the hasA gene from the chromosome of the 188 splenic
isolates generated an amplicon of similar size to the PCR
product using wild-type DNA as a template. None of the 12
animals challenged with strain 188 and none of the 10 animals
challenged with strain 326 died.

Derivation of the M protein—deficient mutant strains 296
and 355 by allelic exchange in GAS strain 950771. To derive
the isogenic M protein—deficient mutants 296 and 355 from the
mouse virulent strain 950771, we used allelic exchange mu-
tagenesis in independent experiments to delete a 767-bp inter-
nal segment of the emm3 gene encoding the M3 protein (38).
A schematic representation of the wild-type and mutant chro-
mosome is shown in Fig. 1. To demonstrate that the internal
deletion in the emm3 gene resulted in the loss of surface M
protein in strains 296 and 355, we prepared M protein extracts
from the parent strain 950771 and the emm3 deletion mutants
and analyzed the extracts by Western immunoblot using M
protein antiserum. There were two prominent bands of ~ 65
and 50 kD in the wild-type strain but no immunoreactive
bands in either of the M3 deletion mutants (data not shown).
These results confirmed loss of cell surface M protein in the
emm3 deletion mutants 296 and 355. Growth curves of the
wild-type strain and the M protein—deficient mutants were su-
perimposable.

The M protein—deficient mutants 296 and 355 are attenuated
in murine invasive soft-tissue infection. Animals challenged
with the M protein—deficient mutants 296 and 355 developed a
small (= 10.0 mm diameter) area of swelling and erythema
with no necrosis or with a small area of necrosis limited to the
apex of the swelling (Table III). The lesions developed over
the first 3-4 d, remained unchanged through days 4-7, and
then regressed. Histopathology of the skin lesion demon-
strated a well-formed subcutaneous abscess. There was no evi-
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dence of vessel thrombosis or significant tissue necrosis, al-
though in some animals a small area of necrosis was seen
overlying the apex of the abscess. Immunofluorescence mi-
croscopy revealed bacteria completely confined within the ab-
scess cavity (Fig. 2 F).

As in animals challenged with the acapsular GAS strains,
the ability of local host defenses to contain the M protein—defi-
cient mutants within an abscess was associated with the ab-
sence of bacteremia or fatal infection (Table III and Fig. 3). 2
of 12 animals challenged with strain 296 and none of 10 ani-
mals challenged with strain 355 had positive blood cultures.
The two animals that developed bacteremia after challenge
with strain 296 did so early in infection, the animals appeared
well, and subsequently the bacteremia cleared. PCR amplifica-
tion of the emm3 gene from the chromosomal DNA of GAS
recovered from the blood of the two bacteremic animals gen-
erated an amplicon similar in size to the wild-type PCR prod-
uct. None of the 12 animals challenged with strain 296 and
none of the 10 animals challenged with strain 355 died.

Discussion

To investigate the molecular events leading to invasive GAS
disease, we characterized the host response to bacterial chal-
lenge in a murine model of human invasive soft-tissue infec-
tion. The majority of animals challenged with wild-type GAS
M3 strain 950771 developed spreading skin and soft-tissue ne-
crosis, became bacteremic, and subsequently died, all features
common to human infection (5, 6). Histopathology of the local
lesion demonstrated GAS disseminated in the intensely in-
flamed subcutaneous tissue. Vessels in the area of inflamma-
tion were thrombosed, and the surrounding subcutaneous tis-
sue and overlying skin was infarcted. Failure to contain the
infection within an abscess and the presence of vessel throm-
bosis with soft-tissue infarction are characteristic pathologic
findings in human necrotizing fasciitis (39). These observations
suggest that the mouse model reproduces important features
of human disease and that the model will be useful in investi-
gating the pathogenesis of GAS invasive soft-tissue infection.
To determine the role of the cysteine protease, the hyal-
uronic acid capsule, and M protein in the pathogenesis of inva-
sive infection, we derived isogenic speB, hasA, and emm3 gene
replacement mutants from the M3 clinical isolate and tested
their ability to cause invasive disease in the murine model.
Loss of cysteine protease production had no apparent effect
on the ability of GAS to cause local tissue injury and invasive
infection. Animals challenged with the cysteine protease—defi-
cient strain developed spreading necrotic skin lesions, bactere-
mia, and fatal infection in similar numbers and at similar rates
to animals challenged with the wild-type strain. Histopathol-
ogy of the local lesion also was similar to the lesions in animals
infected with the parent strain, demonstrating spreading local
infection in association with acute inflammation, vessel throm-
bosis, and tissue infarction. Analysis of the organisms isolated
from the blood or spleen of infected animals confirmed the
mutant phenotype, indicating that bacterial virulence in the
model was not due to GAS that had reverted to the wild-type
genotype and recovered the ability to produce the protease.
Recently, Lukomski et al. reported that a cysteine pro-
tease—deficient M3 strain and to a lesser extent a protease-
deficient M49 strain were less virulent in mice after intraperi-
toneal challenge than the protease-producing wild-type strains



from which they were derived (11). The diminished virulence
of the M3 strain was associated with more efficient phagocytic
clearance of the organism from the peritoneum (12). Although
our results do not exclude the possibility that the GAS cys-
teine protease contributes to the pathogenesis of other types of
invasive infection, they indicate that the protease is not re-
quired for invasive soft-tissue infection. In addition, these find-
ings suggest that if the cysteine protease inhibits bacterial
clearance either by impairing neutrophil recruitment via re-
lease of C5a peptidase from the bacterial surface or by limiting
phagocytic killing via release of antiphagocytic fragments from
surface bound M protein (24), the effect is minimal in the soft-
tissue infection model.

In contrast to the wild-type and cysteine protease—deficient
strains, both the acapsular and M protein—deficient mutants
were avirulent in mice after subcutaneous inoculation. Ani-
mals challenged with these mutants developed a small area of
swelling and erythema at the site of inoculation that typically
did not progress to necrosis, although rarely there was a small
area of necrosis confined to the apex of the lesion. The histo-
pathologic findings were notable for GAS contained in a well-
formed abscess without evidence of vessel thrombosis or in-
farction of adjacent tissues. Animals challenged with either the
acapsular or the M protein—deficient mutants rarely had bacte-
rial dissemination from the local lesion, and there were no fa-
tal infections.

Several lines of evidence support the conclusion that the at-
tenuated virulence of the acapsular and M protein—deficient
mutants was due to the targeted gene replacement. First, in
broth culture, growth rates of the wild-type and mutant strains
were similar, which suggests that the diminished virulence of
the mutants was not due to impaired growth in vivo. Second,
independently derived acapsular and M protein—deficient mu-
tant strains demonstrated the same attenuated phenotype in
the murine model, which would be unlikely if unexpected ran-
dom mutations were responsible for the decrease in virulence.
Third, the cysteine protease mutant, which was derived by the
same methods as the acapsular and M protein—deficient mu-
tants, was fully virulent in mice, thus suggesting that in vitro
passage did not nonspecifically diminish the virulence of the
acapsular or M protein—deficient strains. Finally, polar effects,
although likely in the hasA mutants, would almost certainly be
limited to the two downstream genes in the has operon,
hasBC, and not affect transcription of distal genes beyond the
has operon transcriptional terminator (40, 41). Polar effects
from the emm3 deletion are not expected. Together these ob-
servations strongly suggest that the attenuated virulence of the
188/326 and 296/355 mutant pairs was due to the loss of the hy-
aluronic capsule and M protein, respectively.

These results indicate that the hyaluronic acid capsule and
M protein profoundly affect the ability of GAS to cause both
spreading tissue necrosis and fatal invasive infection. Exami-
nation of the local lesion by immunofluorescence microscopy
revealed the spread of the GAS wild-type strain throughout
the subcutaneous tissue, whereas the acapsular or M protein—
deficient mutants remained confined within an abscess cavity.
Because both the capsule and M protein inhibit complement-
mediated opsonophagocytosis (13, 17, 18), it is probable that
increased susceptibility to phagocytic killing contributes to the
inability of either the acapsular or M protein—deficient mu-
tants to escape local containment by abscess formation.

The critical requirement for the hyaluronic acid capsule in

the development of invasive skin infection in mice challenged
with the moderately encapsulated M3 strain used in this study
is similar to our previous findings using a heavily encapsulated
M24 strain (16). Full virulence of the M3 strain suggests that
even the moderate amount of capsule produced by this strain
enhances virulence, or that GAS may increase capsule expres-
sion in response to the in vivo environment. Favoring the pos-
sibility that production of capsule increases in vivo is the ob-
servation by us and others that the colony morphology of GAS
strains may become more mucoid after animal passage.

In the few animals challenged with either the acapsular or
M protein—deficient mutant in which bacteria were recovered
from the blood or the spleen, the organisms had the wild-type
genotype. Either contamination of the mutant inoculum with
the wild-type strain, or reversion of the mutants to the wild-
type strain during infection could account for the recovery of
wild-type organisms from these animals. We favor the possibil-
ity that the mutants reverted to the wild-type strain during the
course of infection for several reasons. First, the freezer stock
of the mutants was prepared from a single bacterial colony
making contamination with other bacteria unlikely. Second, in
the case of the hasA mutant, the inoculum containing the acap-
sular strain was grown in the presence of kanamycin before
challenge. Wild-type bacteria should not grow under these
conditions because they lack the kanamycin resistance deter-
minant used to make the acapsular mutant. Third, again with
respect to the acapsular mutant, we never observed mucoid or
encapsulated colonies when the inoculum was plated to deter-
mine the challenge dose suggesting that wild-type contami-
nants were not present. Reversion, although infrequent, is
likely due to a second cycle of allelic exchange in small num-
bers of bacteria that were not cured of the plasmid during the
initial gene replacement. Because the mutant phenotype was
stable in vitro, these findings suggest that during the develop-
ment of the local infection there are strong selective pressures
for the expression of the capsule and M protein, an observa-
tion that has been made previously with respect to the capsule,
but which is novel to M protein (15, 42, 43).

In the present investigation, we have characterized a mu-
rine model of invasive soft-tissue infection with GAS that re-
produces many of the clinical and histopathologic features of
human disease. Development of such a model and of tech-
niques for construction of isogenic mutants of GAS deficient
in putative virulence factors made it possible to evaluate the
contribution of three of these factors to the pathogenesis of in-
vasive infection. Results of these studies demonstrate that ex-
pression of both the hyaluronic acid capsule and M protein are
critical for the development of spreading tissue necrosis, sec-
ondary bacteremia, and lethal systemic infection. In contrast,
expression of the cysteine protease encoded by speB was not
necessary either for spreading local infection or for bacterial
invasion. We conclude that the hyaluronic acid capsule and M
protein are essential virulence factors in invasive GAS soft-tis-
sue infection, while the importance of cysteine protease re-
mains to be established.
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