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Streptococcus pyogenes secretes many toxins that facilitate human colonization, invasion, and
dissemination. NADase (SPN) and streptolysin O (SLO) are two toxins that play important roles in
pathogenesis. We previously showed that increased production of SPN and SLO in epidemic serotype M1
and M89 S. pyogenes strains is associated with rapid intercontinental spread and enhanced virulence.
The biological functions of SPN and SLO have been extensively studied using eukaryotic cell lines, but
the relative contribution of each of these two toxins to pathogenesis of epidemic M1 or M89 strains
remains unexplored. Herein, using a genetically representative epidemic M1 strain and a panel of
isogenic mutant derivative strains, we evaluated the relative contributions of SPN and SLO toxins to
virulence in mouse models of necrotizing myositis, bacteremia, and skin and soft tissue infection. We
found that isogenic mutants lacking SPN, SLO, and both toxins are equally impaired in ability to cause
necrotizing myositis. In addition, mutants lacking either SPN or SLO are significantly attenuated in the
bacteremia and soft tissue infection models, and the mutant strain lacking production of both toxins is
further attenuated. The mutant strain lacking both SPN and SLO production is severely attenuated in
ability to resist killing by human polymorphonuclear leukocytes. We conclude that both SPN and SLO
contribute significantly to S. pyogenes pathogenesis in these virulence assays. (Am J Pathol 2017, 187:
605e613; http://dx.doi.org/10.1016/j.ajpath.2016.11.003)
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Streptococcus pyogenes (alias group A Streptococcus) is a
major bacterial pathogen causing human morbidity and
mortality globally. Streptococcus pyogenes produces many
virulence factors that facilitate transmission, colonization,
invasion, and dissemination.1 NADase (SPN) and strepto-
lysin O (SLO) are two potent cytotoxins secreted by S.
pyogenes, and multiple roles in virulence have been
attributed to each protein. SPN is actively translocated into
the host cells, resulting in cell injury and death via
depletion of host cell NADþ.2e4 SLO is a cholesterol-
dependent cytolysin that forms pores in host cell mem-
branes. SPN and SLO inhibit phagocytosis,3 inhibit
maturation of autophagosomes,5,6 impair neutrophil
oxidative burst,7 and prevent the killing of S. pyogenes by
a variety of host immune cells.3,5e8
stigative Pathology. Published by Elsevier Inc
SPN and SLO are interconnected in many ways.
Several lines of evidence suggest that the SPN and SLO
proteins interact physically.4,9e11 Moreover, SPN and
SLO toxins are functionally related. For example, trans-
location of SPN into host cells requires SLO.2 In addition,
binding of SPN to the host cell membrane promotes SLO-
mediated pore formation.12 Furthermore, the NADase
activity of SPN augments the cytotoxic and hemolytic
activity of SLO.4
. All rights reserved.
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The chromosomal region encoding SPN and SLO
contains three contiguous genes organized as an operon:
nga, ifs, and slo. nga and slo encode SPN and SLO,
respectively.13 ifs encodes an endogenous inhibitor of SPN,
which inhibits the NADase activity before SPN secretion.14

nga, ifs, and slo are cotranscribed from a promoter located
upstream of nga.13 We recently showed that single-
nucleotide polymorphisms in the nga promoter region
confer increased nga promoter activity and thereby
increased production of SPN and SLO in contemporary
epidemic M1 and M89 strains.8,15 We also demonstrated
that increased toxin production is associated with enhanced
bacterial fitness during upper respiratory tract infections,
increased resistance to innate immunity, and increased tissue
destructions.8,15 These features contribute to rapid clonal
expansion and epidemics of severe streptococcal infections
caused by the epidemic M1 and M89 clones.8,15e17 Inves-
tigating the relative contributions of SPN and SLO to
streptococcal pathogenesis may provide useful information
to develop effective vaccines and therapeutic strategies to
blunt the virulence of S. pyogenes. In this study, by using a
genetically representative epidemic M1 strain MGAS2221,
and a panel of isogenic mutant strains deficient in SPN,
SLO, or both, we compared the abilities of the mutants and
the wild-type strain to cause invasive muscle infections,
bacteremia, and soft tissue infections in mice, and to resist
human neutrophil-mediated killing.
Materials and Methods

Bacterial Strains and Growth Conditions

The S. pyogenes strains used in this study are listed in
Table 1. Strain MGAS2221 is genetically representative of
contemporary epidemic M1 strains.17,18 Four isogenic
mutant strains were derived from MGAS2221. SPN mutant
strains Dnga and Dnga-ifs and SLO mutant strain Dslo were
generated for the current study. SPN, SLO mutant strain
Dnga-ifs-slo was described previously.8 All S. pyogenes
Table 1 Streptococcus pyogenes Strains Used in this Study

Strains Description Reference

MGAS2221 Representative epidemic
serotype M1 isolate

8,17

Dnga MGAS2221 with a 1314-bp
deletion in nga

This article

Dnga-ifs MGAS2221 with a 1777-bp
deletion that includes
nga and ifs

This article

Dslo MGAS2221 with a 473-bp
deletion in slo

This article

Dnga-ifs-slo MGAS2221 with a deletion
that includes nga, ifs,
and slo

8
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strains were grown in Todd-Hewitt broth supplemented with
0.2% yeast extract (THY broth) at 37�C with 5% CO2.

Construction of Isogenic Mutant Strains

MGAS2221 was the wild-type parental strain used to
generate all isogenic deletion-mutant strains. MGAS2221 is
genetically representative of contemporary epidemic M1
strains and has wild-type virulence-related transcriptional
regulators, including CovR/CovS, Mga, RopB, and
RocA.8,17 SPN mutant strain Dnga was constructed by in-
frame deletion of a 1314-bp internal region of nga. In this
mutant, the nga promoter and nga ribosome binding site
were preserved to avoid potential polar effects on the
downstream genes ifs and slo. Briefly, using MGAS2221
genomic DNA as template, primer sets NGA-1/2 and NGA-
3/4 (Table 2) were used to amplify two 1184-bp fragments
upstream and downstream of the region of deletion,
respectively. The two PCR fragments were merged by
combinatory PCR and ligated into the BamHI site of suicide
vector pBBL740. The recombinant plasmid containing a
truncated nga gene (with a 1314-bp deletion) was trans-
formed into strain MGAS2221 to replace the native nga
gene via allelic exchange, as described previously.8 The
nga-ifs double-deletion mutant Dnga-ifs was constructed by
deleting a 1777-bp DNA sequence that includes the nga and
ifs genes. In this mutant, the nga promoter and the intergenic
region between ifs and slo were retained to avoid polar ef-
fects on slo. Briefly, primer sets NGA-IFS-1/2 and NGA-
IFS-3/4 were used for combinatory PCR to generate a
2094-bp fragment with a deletion that includes both nga and
ifs. The resulting PCR product was ligated into the BamHI
site of plasmid pBBL740 and transformed into strain
MGAS2221 to replace the native nga and ifs genes via
allelic exchange using the previously mentioned method.8

The SLO-negative mutant Dslo was constructed by delet-
ing a 473-bp 50 portion of the slo coding sequence using an
analogous strategy. Primer sets SLO-1/2 and SLO-3/4 were
used for recombinant PCR to generate a 2380-bp fragment
with an internal deletion in slo. Allelic exchange was per-
formed to replace the native slo gene. Whole genome
sequence analysis was performed on the four isogenic
mutant strains to confirm the absence of spurious mutations.

Western Immunoblot Analysis of SPN, SLO, and IFS in
the Midexponential Cultures

Western immunoblot analysis was done as described previ-
ously.8 Briefly, to detect SPN and SLO, cell-free supernatants
of S. pyogenes cultures grown to an OD600 of 0.5 were
collected by centrifugation at 4000 � g for 10 minutes and
filtered through a 0.2-mm filter. Culture supernatant proteins
were separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and probed with anti-SPN (Abcam, Cambridge,
MA) and anti-SLO antibodies (American Research Products,
Waltham, MA). To detect IFS, bacterial cell pellets were
ajp.amjpathol.org - The American Journal of Pathology
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Table 2 Primers Used for Constructing Isogenic Mutant Strains

Primers Sequences Remarks

NGA-1 50-GCGTGGATCCGCTCTGACACAAGACACTAAAAAAG-30 Underlined: BamHI site
NGA-2 50-TTACTTCCTATCTTGCATTCTATCTACTTTTTTGTTTCTCATGTAAAC-30

NGA-3 50-GTTTACATGAGAAACAAAAAAGTAGATAGAATGCAAGATAGGAAGTAA-30

NGA-4 50-GCGTGGATCCTCAACCGTTGCTTTGTCTCCCATAC-30 Underlined: BamHI site
NGAeIFS-1 50-GCGTGGATCCGATACGTTGACACCAGCCCTGTCTT-30 Underlined: BamHI site
NGAeIFS-2 50-TGTTTCTATTGTTCTTTCGACCATTGCGACAATATGAGCTAATGTTAC-30

NGAeIFS-3 50-GTAACATTAGCTCATATTGTCGCAATGGTCGAAAGAACAATAGAAACA-30

NGAeIFS-4 50-GCGTGGATCCTGCTGACACCTTTTCGTTGCAACTC-30 Underlined: BamHI site
SLO-1 50-GCGTGGATCCCGGATGTATGTTAGCCGCAAATACC-30 Underlined: BamHI site
SLO-2 50-CCTTTATCAGCCAGCTGAAGGGCTGGGTTAGTAGCCCAGCGACGCGACTGTA-30

SLO-3 50-TACAGTCGCGTCGCTGGGCTACTAACCCAGCCCTTCAGCTGGCTGATAAAGG-30

SLO-4 50-GCGTGGATCCCTACTTATAAGTAATCGAACCATAT-30 Underlined: BamHI site

Streptococcal NADase and Streptolysin O
collected from S. pyogenes cultures grown to OD600 of 0.5,
suspended in 1� Laemmli sample buffer, and boiled for
10 minutes. The resulting samples were used for Western
immunoblot analysis with anti-IFS antibody (B-Bridge In-
ternational, Inc., Santa Clara, CA).

NADase Activity Assay and SLO Activity Assay

NADase activity and SLO activity present in the culture
supernatant were measured as described previously.18

NADase activity was determined by measuring the highest
twofold dilution of the culture supernatant capable of
hydrolyzing 100 nmol of exogenous NADþ. SLO activity
was determined by measuring the hemolytic activity of
culture supernatants reduced by dithiothreitol.

Quantitative RT-PCR Analysis of slo Expression in S.
pyogenes Strains

Streptococcus pyogenes strains were grown in THY to
OD600 Z 0.5. RNA from S. pyogenes cultures was extracted
with an RNAeasy Mini Kit (Qiagen, Hilden, Germany) and
converted into cDNA using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA).
Quantitative PCR was performed with the TaqMan Fast
Table 3 Primers and Probes Used for TaqMan Quantitative RT-
PCR

Primers and
probes Sequences

slo
Forward 50-TGGATGATATGCTTAACTCTAACGA-30

Reverse 50-TCAGTGTGATCTTCTTCGCTCT-30

Probe 50FAM-AGCTTGCTCCCAAAGAAATG-
CCA-30TAMRA

rpsL
Forward 50-CGTGTTGGAACAATGACACCTAA-30

Reverse 50-CTTCGATAAGGTTGCTCAAACGT-30

Probe 50FAM-CCTAACTCAGCCCTTCGTAAA-
TTCGCTCGT-30TAMRA

The American Journal of Pathology - ajp.amjpathol.org
Universal PCRMasterMix (Applied Biosystems) and anABI
7500 Fast System (Life Technologies, Carlsbad, CA) instru-
ment. The sequences of the TaqMan primers and probes for
slo and rpsL are listed in Table 3. Each experiment was per-
formed in triplicate, with data expressed as means � SD.
Statistical differences between strains were determined using
one-way analysis of variance and Dunnett’s post test.
Virulence Studies Using Mouse Models of Necrotizing
Myositis, Bacteremia, and Skin and Soft Tissue
Infection

Mouse necrotizing myositis challenge studies were per-
formed as described previously.19 Briefly, immunocompe-
tent 6-week-old female CD1 mice (Envigo Laboratories,
Houston, TX) were randomly assigned to treatment groups
and inoculated in the right hind limb with 1 � 107 colony-
forming units (CFUs) of each S. pyogenes strain. For mouse
survival experiments (n Z 20 mice per bacterial strain),
infected mice were monitored for near mortality at least
once daily for 7 days. Near mortality was determined using
internationally recognized criteria.20 Results were expressed
as Kaplan-Meier curves, and differences between strain
treatment groups were determined with the log-rank test
(GraphPad Prism software version 6; GraphPad Software,
Inc., La Jolla, CA). For histopathology evaluation (n Z 3
mice per strain), lesions were excised, visually inspected,
and photographed. The tissue was fixed in 10% phosphate-
buffered formalin, decalcified, and embedded in paraffin
using standard automated instruments.

For the bacteremia model, immunocompetent 6-week-old
female CD1 mice (n Z 20 mice per strain) were inoculated
i.p. with 1 � 107 CFUs of each strain. Mice were monitored
at least once daily for near mortality for 7 days. The near-
mortality results were expressed as Kaplan-Meier curves,
and differences between treatment groups were determined
with the log-rank test.

The mouse model of skin and soft tissue infection
was performed as described previously.21 Briefly,
607
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Figure 1 Characteristics of serotype M1
parental strain MGAS2221 and isogenic mutant
derivatives with different deletions in the nga-ifs-
slo region. A: Schematic showing the nga-ifs-slo
region of MGAS2221 and the four isogenic mutant
derivatives. B: Growth curves of the five strains
cultured in Todd-Hewitt broth supplemented with
0.2% yeast extract (THY). C: Western immunoblot
of midexponential cultures showing production of
SPN, IFS, and SLO by wild-type strain MGAS2221
and isogenic mutant derivative strains. D and E:
NADase activity and SLO hemolytic activity of the
five strains studied. Data are expressed as means
� SD (D and E). n Z 4 (D); n Z 20 (E).
**P < 0.01 [versus the wild-type strain using one-
way analysis of variance and Dunnett’s post test
(D), and using one-way analysis of variance and
Dunnett’s post test (E)].

Zhu et al
immunocompetent 6-week-old female SKH1-hrBR hairless
mice (Charles River BRF, Houston, TX) were injected s.c.
on the neck with 1 � 107 CFUs of each S. pyogenes strain.
Lesion areas (n Z 20 mice per strain) were measured daily
for 7 days with a digital caliper. Lesion areas caused by each
strain were compared using two-way analysis of variance
(Prism6). For histopathology evaluation (n Z 3 mice per
strain), lesions were excised on day 3 after inoculation, fixed
in 10% phosphate-buffered formalin, and embedded in
paraffin using standard automated instruments. Animal
study protocols AUP-0416-0019, AUP-0615-0041, and
AUP-0716-0038 were approved by the Institutional Animal
Care and Use Committee, Houston Methodist Research
Institute (Houston, TX).

Streptococcus pyogeneseHuman PMN Assays

Human polymorphonuclear leukocytes (PMNs) were purified
from heparinized blood of healthy human donors using a
608
standard method.22 All studies with human PMNs were per-
formed in accordance with a protocol (01-I-N055) approved by
the Institutional Review Board for human subjects, National
Institute of Allergy and Infectious Diseases (Hamilton, MT).
The studies conformed to the principles set forth in the Decla-
ration of Helsinki. Healthy volunteers gave written informed
consent before participation in the study. Parental strain
MGAS2221and four isogenicmutantderivativeswere cultured
to midexponential phase of growth (OD600 Z 0.170 to 0.250)
in THY broth, and washed once with phosphate-buffered sa-
line.A total of 106CFUsof each strainwere combinedwith 106

PMNs in a 1.7-mL tube containing 10% autologous human
serum in HEPES-buffered RPMI 1640 medium (600 mL total
volume). Assaymixtures were rotated gently at 37�C for 1 or 3
hours, at which time saponin (0.1% final concentration) was
added to eachassaymixture and the tubeswere placedon ice for
15minutes.Analiquot of eachwasdilutedandgrownovernight
on THY agar, and CFUs were counted. The percentage bac-
terial survivalwas determined by comparingCFUs fromassays
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Strain virulence in mouse infection
models and resistance to killing by poly-
morphonuclear leukocytes (PMNs). A: Ability of
wild-type and mutant strains to cause near mor-
tality in a mouse model of necrotizing fasciitis. B:
Ability of wild-type and mutant strains to cause
near mortality in a mouse model of bacteremia.
Near mortality is expressed as Kaplan-Meier survival
curves, and statistical differences are determined
using the log-rank test. C: Ability of wild-type and
mutant strains to cause skin lesions in a mouse
model of skin and soft tissue infection. Lesion areas
are expressed. P values were determined by
repeated measures of analysis of variance. D:
Resistance of the five strains to the bactericidal
activity of purified human PMNs. Bacterial survival
data are expressed as % GAS survival. Statistical
differences are determined using one-way analysis
of variance and Tukey’s post test. Data are
expressed as means � SEM (C and D). n Z 6 (D).
*P < 0.05, ****P < 0.0001; yP < 0.05 relative to
wild-type; zP < 0.05 relative to Dnga-ifs-slo.

Streptococcal NADase and Streptolysin O
with PMNs to data from control assays without PMNs. Data
were analyzed with a repeated-measures one-way analysis of
variance and Tukey’s post test to correct for multiple compar-
isons (GraphPad Prism software version 6.05; GraphPad
Software, Inc.).

Results

In Vitro Phenotypes of Strain MGAS2221 and Its
Isogenic Mutant Derivatives

Isogenic mutant strains with deletion of nga, slo, or both
genes were derived from wild-type serotype M1 strain
MGAS2221 (Figure 1A). Compared to parental strain
MGAS2221, none of the four isogenic mutant strains had a
growth defect when cultured in THY broth (Figure 1B).
Western immunoblot analysis was performed to determine
the SPN, IFS, and SLO production phenotypes of the
parental and mutant strains (Figure 1C). As expected, all
three proteins (SPN, IFS, and SLO) were made by wild-type
strain MGAS2221. Strain Dnga lacked SPN but produced
IFS and SLO, whereas strain Dnga-ifs was deficient in both
SPN and IFS, but produced SLO. Strain Dslo lacked SLO
production but produced SPN and IFS. Strain Dnga-ifs-slo
failed to produce all three proteins, as expected.

To quantitatively characterize the SPN and SLO
production phenotypes of the isogenic mutant strains, we
measured the NADase enzymatic activity and SLO hemo-
lytic activity present in midexponential culture supernatants
obtained from the parental and four mutant strains
(Figure 1D). As expected, strains Dnga, Dnga-ifs, and
Dnga-ifs-slo lacked NADase activity. Strain Dslo produced
a wild-type level of NADase activity, a result indicating that
The American Journal of Pathology - ajp.amjpathol.org
deletion of slo had no significant effect on the level of SPN
production. Of interest, compared to parental strain
MGAS2221, strain Dnga had significantly lower SLO
activity (Figure 1E). This result is consistent with a previous
report that SPN augments SLO-mediated hemolysis and
cytotoxicity.4 Unexpectedly, strain Dnga-ifs had a further
decrease in SLO activity compared to Dnga.
Virulence Features of MGAS2221 and Its Isogenic
Mutant Derivatives in Three Mouse Models of Invasive
Infection

To study the relative contribution of SPN and SLO toxins to
pathogenesis, we compared the virulence of strain
MGAS2221 and its isogenic mutant derivatives deficient in
SPN, SLO, and both, using three distinct mouse infection
models (Figure 2). In a mouse model of necrotizing
myositis, compared to the wild-type strain MGAS2221,
SPN-deficient strains (Dnga and Dnga-ifs), SLO-deficient
strain Dslo, and SPN-SLO double-deficient strain (Dnga-
ifs-slo) caused significantly less near mortality (Figure 2A).
The magnitude of virulence attenuation among the four
mutant strains was similar. We also compared the extent of
tissue damage caused by the five assayed strains. Visual
examination of infected limbs showed that the wild-type
strain MGAS2221 caused large lesions with massive tis-
sue destruction (Figure 3A). The four isogenic mutant
strains caused markedly smaller lesions (Figure 3A). In
addition, microscopic examination of the limb lesions
demonstrated that the wild-type strain caused a large area of
fascial and myocyte necrosis (Figure 3A). In comparison,
the four isogenic mutant strains caused a mild fascial
609
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Figure 3 Mutant strains lacking production of SPN, SLO, or both toxins are attenuated in ability to cause tissue destruction in mouse models of necrotizing
myositis and skin and soft tissue infection. A: Visual and microscopic examination of muscle lesions collected at 72 and 24 hours, respectively, after
inoculation. The wild-type parental strain MGAS2221 causes large lesions (white boxed region, top left panel) with extensive destruction of the fascial
tissues and myocytes (black boxed region, bottom left panel). Each isogenic mutant strain caused markedly smaller lesions (top panels) with less severe
tissue damage that is confined to the fascial planes (bottom panels, inward facing arrows). B: Microscopic examination of skin lesions collected 72 hours
after inoculation. The wild-type parental strain MGAS2221 caused large abscesses extending beyond the field of view (arrows) and ruptured through the skin
surface (boxed region, left panel). Each single-gene isogenic mutant strain caused markedly smaller abscesses confined to the underlying soft tissue (ar-
rows). The double-toxin deficient strain caused soft tissue infections without a discrete abscess. Hematoxylin and eosin staining was used. Original mag-
nifications: �4 (A); �2 (B).

Zhu et al
infection (Figure 3A) that did not breach the fascial plane to
cause myonecrosis. These results indicate that in this mouse
infection model, SPN and SLO contribute significantly to
the virulence of MGAS2221, and the consequence of
lacking production of one toxin (SPN or SLO) is closely
similar to the consequence of lacking production of both
toxins (SPN and SLO).
610
To test the hypothesis that SPN and SLO toxins contribute
to virulence in a second infection model, we compared the
same five strains in a mouse model of bacteremia. Similar to
the findings in the necrotizing myositis model, all four mutant
strains were significantly impaired in ability to cause near
mortality compared to the wild-type strain (Figure 2B).
Interestingly, we also discovered that the isogenic mutant
ajp.amjpathol.org - The American Journal of Pathology
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strain lacking ability to produce SPN and SLO (Dnga-ifs-slo)
was significantly less virulent than each single-toxin deficient
strain (Dnga, Dnga-ifs, and Dslo). That is, in this mouse
bacteremia model, we observed a hierarchy of virulence:
wild-type parental strain > single-toxin deficient
strains > double-toxin deficient strain. Thus, SPN and SLO
have an additive effect on virulence in this model.

We next compared the virulence of wild-type reference
strain MGAS2221 and the four isogenic mutants using a
well-described mouse model of skin and soft tissue infec-
tion. Compared to the wild-type parental strain, all four
isogenic mutant strains caused significantly smaller lesions
characterized by smaller abscesses and less soft tissue
destruction (Figure 2C and Figure 3B), indicating that SPN
and SLO also play important roles in virulence in this
model. Similar to our findings in the bacteremia model, the
double-toxin deficient strain (Dnga-ifs-slo) was significantly
attenuated in virulence relative to either of the single-toxin
deficient mutant strains.

SPN and SLO Contribute to Evasion of Killing by Human
PMNs

PMNs are an essential part of innate immunity against
bacterial infections.23 We previously showed that increased
production of SPN and SLO renders group A Streptococcus
more resistant to clearance by PMNs.8 Herein, we evaluated
the relative contribution of SPN and SLO to circumvent the
bactericidal effects of human PMNs. The results demon-
strated that compared to the parental strain, the SPN-
deficient strains (Dnga and Dnga-ifs) are significantly
impaired in ability to resist PMN-mediated killing
(P Z 0.01 and P Z 0.023, respectively) (Figure 2D). The
attenuation of SLO-deficient strain (Dslo) did not reach
statistical significance (P Z 0.077). The mutant strain
lacking production of both SPN and SLO (Dnga-ifs-slo) was
severely attenuated (P < 0.0001) (Figure 2D). These results
are consistent with our findings using mouse models of
bacteremia as well as skin and soft tissue infection
(Figure 2, B and C) that the mutant lacking production of
both toxins is the most attenuated in virulence.
Discussion

SPN and SLO were among the earliest investigated group A
Streptococcus virulence factors. In 1956, Bernheimer et al24

reported that the partially purified streptococcal fraction
containing SLO inhibits the oxidative metabolism of mito-
chondria via affecting coenzyme NADþ. The responsible
agent was subsequently identified to be an extracellular
NADase (SPN).25 In 1957, by studying multiple strepto-
coccal strains with and without NADase activity, Bern-
heimer et al26 proposed a possible association between
NADase production and streptococcal leukotoxicity. SLO,
an oxygen-sensitive hemolysin, was first described by Neil
The American Journal of Pathology - ajp.amjpathol.org
and Mallory in 1928 and subsequently confirmed by Herbert
and Todd in 1941.27 Multiple roles in virulence have been
attributed to SLO. Van Epps and Andersen28 showed that
SLO inhibits neutrophil chemotaxis and mobility. Studies in
the recent decade demonstrate SPN and SLO play important
roles in circumventing the host immune system via i)
inhibiting group A Streptococcus internalization by host
cells,3 ii) promoting apoptosis of macrophages,29 iii) pre-
venting the bactericidal effects of neutrophils,7,8 iv) dis-
rupting maturation of the phagosome, and v) promoting
intracellular bacterial survival.5,6,30 Recent advances in S.
pyogenes population genomics and pathogenesis further
underlined the important roles of SPN and SLO in viru-
lence. We previously showed that polymorphisms in the nga
upstream region result in enhanced production of SPN and
SLO, which is strongly associated with increased trans-
mission and virulence of epidemic M1 and M89
clones.8,15e17 In the present work, we performed a sys-
tematic deletion study on the nga-ifs-slo operon to evaluate
the relative contribution of SPN and SLO toxins to the
virulence of an epidemic M1 strain.

In vitro features of the mutant strains demonstrate that
when grown in THY, deleting slo has no major effect on
SPN production or NADase activity (Figure 1, C and D).
However, deleting nga results in a significant reduction of
SLO hemolytic activity (Figure 1E). This observation is
consistent with a previous report that NADase activity
augments the hemolytic activity and cytotoxicity of SLO.3

We unexpectedly found that deleting both the nga and ifs
genes leads to a further reduction of SLO hemolytic activity
(Figure 1E). Although this further reduction in SLO activity
is modest and does not have significant consequence in
bacterial virulence in the animal infection models used
(Figures 2 and 3), it is significant and reproducible in THY
(Figure 1E). There are multiple potential explanations for
this observation. First, although slo is transcribed primarily
from the nga promoter,13 it has been demonstrated that a
weak second slo promoter is located in the ifs coding re-
gion.31 Deletion of the ifs gene removes this weak promoter,
which may result in slightly decreased slo expression.
However, our quantitative RT-PCR studies failed to
demonstrate that deleting ifs results in significant decrease
of slo expression (Supplemental Figure S1). Because of the
resolution of this assay, a modest change in gene expression
may not be precisely determined by quantitative RT-PCR.
Another possibility is that IFS plays a role in post-
transcriptional regulation, or the secretion of SLO.

We used three mouse invasive infection models to
systematically evaluate the contribution of SPN and SLO to
the virulence of epidemic M1 strain MGAS2221. The
results clearly show that mutant strains lacking either SPN
or SLO are severely impaired in ability to cause necrotizing
myositis, bacteremia, and soft tissue infections (Figure 2).
SPN-deficient mutants and SLO-deficient mutants are
attenuated to similar levels (Figure 2). Interestingly, a pre-
vious study showed that although a SPN-deficient mutant is
611
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severely attenuated, SLO-deficient strains are either
modestly attenuated or not attenuated.32e34 The difference
between our finding and the previous observation suggests
that the relative significance of SPN and SLO in patho-
genesis might be strain dependent. However, it has been
established that SPN and SLO are functionally associated.
Translocation of SPN into the host cells requires SLO.2 SPN
binding to the host cell membrane promotes SLO-mediated
membrane pore formation.12 Furthermore, the NADase
activity of SPN augments the cytotoxicity and the hemolytic
activity of SLO.4 These findings suggest the virulence
function of SPN is (at least partially) dependent on SLO,
and vice versa. We therefore are more inclined to believe
that in epidemic M1 strains, the SPN-deficient mutant and
the SLO-deficient mutants are attenuated to similar levels in
animal models of invasive infection.

If the virulence function of SPN is entirely dependent on
SLO, and vice versa, one would expect that inactivating
SPN, or SLO, or both toxins would have the same conse-
quence in virulence. It has been demonstrated that SPN
mutant, SLO mutant, and SPN-SLO double mutant are
attenuated to similar levels in cytotoxicity on keratinocytes.3

Our virulence results also show that mutant strains lacking
SPN, SLO, or both toxins are equally impaired in ability to
cause near mortality in the mouse model of necrotizing
myositis (Figure 2A). These results confirmed the intimate
functional association between SPN and SLO. However, our
results also showed that the mutant lacking both SPN and
SLO is more attenuated compared to strains lacking SPN, or
SLO, in ability to cause bacteremia or soft tissue infections,
and to resist the bactericidal effects of human PMNs
(Figure 2, BeD). These observations suggest the virulence
function of SPN is not entirely dependent on SLO, and vice
versa. We speculate that SPN may retain a function in
virulence in the absence of SLO. This hypothesis is sup-
ported by a previous observation that the translocation of
SPN into the host cell by a SLO-deficient mutant is reduced,
but not abolished.6 Similarly, SLO might have the potential
to confer virulence without the assistance of SPN, presum-
ably because of its ability to destroy host cell membranes
and cause cell injuries. Many SLO-like cholesterol-depen-
dent cytolysins made by other streptococcal pathogens
(eg, pneumolysin in Streptococcus pneumoniae and suilysin
in Streptococcus suis) are known virulence factors,35,36 but
they are not coupled with NADase. In summary, our mouse
virulence data confirmed the functional association between
SPN and SLO. More important, our results suggest viru-
lence function of SPN is not entirely dependent on SLO, and
vice versa.

In summary, using a genetically representative epidemic
M1 strain, and a set of isogenic mutant strains deficient in
SPN, SLO, and both, we evaluated the relative contribution
of SPN and SLO to cause invasive infections in mice, and to
resist the bactericidal effects of human PMNs. We conclude
that both SPN and SLO contribute significantly to S.
pyogenes pathogenesis. Our findings improve understanding
612
of the pathogenesis of the epidemic M1 clone, and have
implications for translational research on a pathogen that has
affected millions of people.
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