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Summary

The innate immune response plays a crucial role in sat-
isfactory host resolution of bacterial infection. In re-
sponse to chemotactic signals, neutrophils are early
responding cells that migrate in large numbers to sites
of infection. The recent discovery of secreted neutro-
phil extracellular traps (NETs) composed of DNA and
histones opened a novel dimension in our understand-
ing of the microbial killing capacity of these specialized
leukocytes. M1 serotype strains of the pathogen Group
A Streptococcus (GAS) are associated with invasive
infections including necrotizing fasciitis (NF) and
express a potent DNase (Sda1). Here we apply a molec-
ular genetic approach of allelic replacement mutagen-
esis, single gene complementation, and heterologous
expression to demonstrate that DNase Sda1 is both
necessary and sufficient to promote GAS neutrophil
resistance and virulence in a murine model of NF.
Live fluorescent microscopic cell imaging and histo-
pathological analysis are used to establish for the first
time a direct linkage between NET degradation and
bacterial pathogenicity. Inhibition of GAS DNase
activity with G-actin enhanced neutrophil clearance
of the pathogen in vitro and reduced virulence in
vivo. The results demonstrate a significant role for
NETs in neutrophil-mediated innate immunity, and at
the same time identify a novel therapeutic target
against invasive GAS infection.

Results and Discussion

Mutagenesis, Complementation, and Heterologous
Expression of GAS sdat

Neutrophil extracellular traps (NETs) are composed of
DNA and contain chromatin and neutrophil granule com-
ponents, which act to capture and kill surrounding bac-
teria independent of phagocytic uptake [1]. The discov-
ery of NETs and their clear contribution to neutrophil
innate immune function raises an interesting question:
have certain bacterial pathogens evolved mechanisms
to escape NETs in order to enhance their survival within
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the host? We hypothesized that DNase activity contrib-
uted to virulence of invasive GAS strains by allowing
the organism to escape NET-mediated killing. A well-
recognized phenotype shared by all strains of GAS is
the elaboration of one or more extracellular deoxyribo-
nucleases (DNases) [2, 3]. Long enigmatic, an overall
contribution of DNase production to GAS virulence
was recently demonstrated in the studies of Sumby
et al. [4]. Allelic replacement mutagenesis of wt serotype
M1 GAS strain 5448 targeted the gene encoding Sdal
(see Figure S1 in the Supplemental Data available with
this article online). Sdal was originally discovered on
proteomic analysis of a globally disseminated invasive
M1T1 GAS clone [5] and encodes the principal extracel-
lular DNase activity [4]. By agarose gel assay, the
M1ASdal mutant demonstrated a clear decrease in
DNase activity (Figure 1A). DNase activity could be re-
stored to wt levels in the mutant by transformation with
a plasmid (pSdal) bearing the cloned sda? gene (Fig-
ure 1A), thus excluding polar effects of mutagenesis.
Moreover, the M1ASdal mutant was equivalent to wt
in expression of secreted cysteine protease SpeB and
surface bound M1 protein (Figure S2A). Wild-type and
ASdal mutant also possessed equal hemolytic activities
(Figure S2B). Together, these studies exclude pleiotro-
pic mutations on certain virulence factors that promote
GAS phagocyte resistance. Finally, clear increases in
extracellular DNase activity could be appreciated in
a noninvasive serotype M49 isolate of GAS as well as
the nonpathogenic gram-positive bacterium Lactococ-
cus lactis when each was transformed with pSdal
(Figure 1A). A panel of bacterial reagents was thus gen-
erated to test the role of DNase Sda1 in pathogenesis by
means of both loss- and gain-of-function analyses.

GAS DNase Promotes Bacterial Survival

in Neutrophil- and Blood-Killing Assays

To test a potential role of DNase Sda1l in GAS resis-
tance to innate immune clearance, coincubation exper-
iments were performed with bacteria and freshly iso-
lated human neutrophils. The wt M1 GAS strain was
found to be significantly more resistant to neutrophil
killing than the isogenic M1ASdal mutant at a number
of different bacterial inocula and incubation times (Fig-
ures 1B and 1C). Focusing specifically on extracellular
bactericidal mechanisms including NETs, cytochalasin
D (CytD) was added to block phagocytotic uptake [1],
resulting in a further exaggeration of the survival deficit
of the M1ASdal mutant (Figure 1D). Expression of
Sdatl in a noninvasive serotype M49 GAS strain con-
ferred enhanced resistance to neutrophil extracellular
killing, a finding echoed in nonpathogenic Lactococcus
lactis transformed with pSdal (Figure 1D). Taken to-
gether, these data demonstrate that Sdal-mediated
DNase activity is both necessary and sufficient to pro-
mote bacterial resistance to neutrophil killing. Elimina-
tion of Sdal also rendered GAS more susceptible to
clearance in whole mouse blood (Figure 1E),
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(A) Activity of bacterial supernatants in de-
grading calf thymus DNA by agarose gel elec-
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plemented knockout mutant transformed
with pSdal (compl), GAS M49 wt, M49 +
pSda1l, Lactococus lactis wt, and L. lactis +
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suggesting that DNase expression could contribute to
phagocyte resistance in more complex host tissue
environments.

DNase Sda1 Promotes Virulence in a Mouse

Model of GAS NF

To examine the contribution of the Sdal DNase to viru-
lence in vivo, we employed a murine model of GAS NF.
Mice challenged subcutaneously with the wt M1 GAS
strain developed significantly larger lesions than those
challenged with an identical dose of the M1ASdal mu-
tant (Figures 2A and 2B). Upon sacrifice and skin biopsy
5 days postinfection, the lesions of animals infected with
the wt harbored approximately 100-fold greater concen-
trations of viable GAS (CFU/gm) than lesions from mice
infected with the M1ASda1 strain (Figure 2C). Corrobo-
rating findings were provided in challenge experiments
comparing the M49 GAS strain (low baseline DNase ex-
pression) to its counterpart transformed with pSda1l.
Overexpression of Sdal in the GAS M49 background
produced a significant increase in skin lesion size and
bacterial proliferation in vivo (Figures 2A-2C). Thus, ge-
netic manipulation of GAS DNase expression altered vir-
ulence potential in vivo in a fashion that mirrored the ob-
served effects on resistance to neutrophil extracellular
killing ex vivo.

GAS DNase Sdal Promotes Degradation of NETs

We hypothesized that degradation of the DNA frame-
work of NETs could represent the underlying mechanism
to explain the contribution of Sdal to GAS resistance to
neutrophil killing and virulence potential. To examine this
interaction, we developed assays for real-time visualiza-
tion of NET formation by freshly isolated human neutro-
phils via the Sytox family (Molecular Probes) of fluores-
cent DNA stains. Because these stains do not
penetrate cell membranes effectively, fluorescent DNA
staining is specific to secreted extracellular DNA (e.g.,
NETs) or to nuclear DNA of dead cells. By using this
live-cell imaging technique, we were able to observe dis-
tinct NET formation by isolated neutrophils within 10 min
of isolation. The rapid appearance of NETs supported
the conclusions of Brinkman et al. who concluded that
NET phenomenon is an active process independent of
necrosis or apoptosis by using differential staining of for-
malin-fixed cells [1]. Over the course of 15 min, the wt M1
GAS strain was able to effect a dose-dependent elimina-
tion of NETs, while significant quantities of NETs per-
sisted in companion assays by means of the M1ASda1
mutant. For gain-of-function analysis, we tested L. lactis,
which lacked the ability to eliminate NETs upon coincu-
bation with human neutrophils. Heterologous expres-
sion of GAS Sda1 in L. lactis allowed the transformed
bacteria to degrade NETSs (Figure 3A). These studies re-
vealed DNase Sdal to be necessary and sufficient for
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Figure 2. GAS DNase sda? Contributes to
Bacterial Virulence in a Mouse Model of Nec-
rotizing Fasciitis

(A) CD1 mice were injected subcutaneously in
the flank with 1 x 10° CFU wild-type (wt) GAS
M1 or M1ASda1 (n =15 per group), or with 1 x
10’ CFU wt GAS M49 (plasmid control) or
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effective bacterial degradation of NETs and correlated
directly with the respective ability of the various bacterial
strains to survive extracellular killing when coincubated
with neutrophils (Figure 1D).

Additional studies were performed to clarify whether
Sdal-mediated degradation of NETs per se represented
a key pathogenic phenotype in the early stages of GAS
infection in vivo. Biopsies from mice infected with the
wt M1 GAS or the M1ASdal mutant at 4 hr post subcu-
taneous injection revealed similar levels of neutrophil in-
filtration and early abscess formation (Figure S3A). The
number of recruited leukocytes stimulated by the wt
strain and M1ASdal mutant was also similar when the
bacteria were implanted into subcutaneous tissue cages
for accurate serial sampling over 72 hr (Figure S3B). Pu-
rulent exudates from the early stages of abscess forma-
tion in the subcutaneous challenge model (4 hr) were
collected for DNA staining to visualize NET formation
in vivo. In each of four mice infected with wt M1 GAS in
which clear exudates of intact neutrophils were col-
lected, no NETs could be visualized (Figure 3B). In con-
trast, NETs were common in the purulent exudates ob-
tained from a group of mice challenged with the
identical inoculum of the M1ASdal mutant (Figure 3B).
These findings support the mechanistic linkage of GAS
Sdal DNase-mediated enhancement of bacterial sur-
vival and NET degradation ex vivo (Figures 1B-1E and

3A) with enhanced bacterial virulence potential in vivo
(Figure 2).

A DNase Inhibitor Increases GAS Sensitivity

to Neutrophil Killing

The identification of GAS DNase Sdal degradation of
NETs as a critical element in the pathogen’s ability to re-
sist extracellular killing suggested that neutralization of
this virulence phenotype could render the organism
more susceptible to host neutrophil clearance. As
a proof of concept for pharmacological targeting of
GAS DNase production, we performed total and extra-
cellular (+ CytD) neutrophil killing assays with wt and
M1ASdal mutant GAS in the presence and absence of
G-actin, a known inhibitor of DNase | activity [6, 7]. Addi-
tion of the DNase inhibitor produced a marked decrease
in the ability of GAS wt M1 strain to resist neutrophil kill-
ing, rendering it equally susceptible to clearance as the
GAS M1ASdal mutant (Figure 4A). This finding rein-
forced the link between bacterial DNase activity and es-
cape from neutrophil extracellular killing. Further, we ob-
served that the effect of DNase inhibition could be
extended in vivo. Mice were challenged simultaneously
with an equal inoculum of GAS in each flank. In one injec-
tion site, the DNase inhibitor G-actin was simultaneously
introduced, while the opposite received vehicle alone,
allowing each animal to serve as its own control.
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We observed that necrotic lesions on the side treated
with G-actin were markedly smaller than the untreated
controls (Figure 4B).

Conclusions

Neutrophils effectively kill bacteria through a variety of
mechanisms involving phagocytosis and/or degranula-
tion, including proteolytic enzymes, antimicrobial pep-
tides, and reactive oxygen and nitrogen species [8].
The landmark study of Brinkmann et al. [1] describing
NETs revealed a novel mechanism by which host neu-
trophils extend their ability to defend against invading
microbes. The authors speculated that within NETSs,
antimicrobial peptides and proteases are concentrated
at high levels to effect bacterial killing. The present
work provides the first demonstration of a pathogenic
bacterium facilitating its escape from neutrophil killing
by degradation of NETs, providing complementation
and heterologous expression studies that establish
molecular Koch’s postulates for Sdal as a virulence
factor.

Over the last three decades, aresurgence of severe in-
vasive forms of GAS infection is well documented, in-
cluding the life-threatening syndromes of necrotizing
fasciitis (NF) and streptococcal toxic shock syndrome
(STSS) [9, 10]. All GAS strains express one or more
DNase genes [2, 3, 11], and it is likely that DNase contrib-
utes in concert with established virulence factors such

M1ASdat

as M protein, hyaluronic acid capsule, and streptolysin
S to the overall phagocyte resistance of the pathogen.
It is possible that the unusual potency of phage-en-
coded Sdal [4, 5] contributes in an important fashion
to the strong epidemiologic association of clonal sero-
type M1 strains with NF and other severe invasive forms
of GAS infections.

We have provided evidence that the marked virulence
attenuation of GAS sda7 mutants can be correlated to
degradation of NETs in vitro and in vivo. As a corollary
to this observation, the phenomenon of NET formation
demonstrated in vitro by Brinkman et al. [1] can now
be appreciated to represent an essential component of
host innate immunity in vivo. As elaboration of DNases
has been documented in several other bacterial species
of clinical significance [2, 12, 13], future studies can be
directed to establish whether degradation and escape
from NETs can represent a more broadly generalized
mechanism of bacterial virulence. In the case of GAS,
our studies indicate that drugs designed to neutralize
DNase activity and preserve host NET integrity could
represent a novel adjunctive therapy to antibiotic and
surgical management.

Supplemental Data

Supplemental Data include three figures and Supplemental Experi-
mental Procedures and are available with this article online at
http://www.current-biology.com/cgi/content/full/16/4/396/DC1/.
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Figure 4. GAS Sda1 Promotion of GAS Sur-
vival Can Be Reversed by a DNase Inhibitor

(A) The DNase inhibitor G-actin (100 pg/ml)
reduces wt M1 GAS survival in coculture
with human neutrophils to levels seen with
the isogenic M1Asdal mutant, both with
and without 10 ug/ml of cytochalasin D to in-
hibit phagocytosis (moi = 0.01, 2 hr). Values
reported are mean + SEM. Results shown
are representative of at least three experi-
ments with similar results.
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Supplemental Experimental Procedures

Bacterial Strains and Reagents

Wild-type GAS M1 strain 5448, a well-characterized M1T1 clinical
isolate from a patient with NF and STSS [S1], GAS M49 strain
NZ131 [S2], and L. lactis strain NZ9000 [S3] were propagated via
Todd-Hewitt broth (THB) or agar (THA) (Hardy Diagnostics). Escher-
ichia coli TOP10 (Invitrogen) were grown on Luria-Bertani media
(LB). For selection, erythromycin was used at 5 pg/ml (GAS and
L. lactis) or 500 pg/ml (E. coli) and chloramphenicol at 2.5 ug/ml
(GAS and L. lactis) and 20 pg/ml (E. coli). Genomic DNA preparation
was performed with the MoBio Genomic DNA kit. GAS and L. lactis
were made competent for transformation by electroporation by
growth in THB + 0.6% glycine as described [S4]. Unless indicated,
bacteria were grown to logarithmic phase (ODggo = 0.4) and resus-
pended in PBS or tissue culture media to the desired concentration.

Targeted Mutagenesis and Expression Cloning

Via precise, in-frame allelic replacement, the sda? gene from GAS
M1 strain 5448 was removed and replaced with the chloramphenicol
acetyltransferase (cat) gene from plasmid pACYC [S5], yielding mu-
tant M1ASdal. PCR-based methods were used as described [S6]
with minor modifications by primers designed from the published
sdatl sequence [S7]. PCR was used to amplify ~400 bp GAS chro-
mosomal DNA fragments directly upstream and downstream of
sdat, with primers adjacent to sda7 constructed to possess 25 bp
5'-extensions corresponding to the 5 and 3’ ends of cat, respec-
tively. The upstream and downstream PCR products were then
combined with a 650 bp amplicon of the complete cat gene by fusion
PCR [S8]. The resultant PCR amplicon, containing an in-frame sub-
stitution of sda7 with cat, was subcloned into temperature-sensitive
vector pHY304 [S9] to generate the knockout plasmid pSda1KO. The
pSdal1KO contruct was introduced into wt M1 GAS strain by elec-
troporation, transformants were identified at 30°C by erythromycin
selection and shifted to the nonpermissive temperature for plasmid
replication (37°C), and differential antibiotic selection was used to
identify candidate allelic exchange mutants. Targeted in-frame re-
placement of sda?1 was confirmed unambiguously by PCR reactions
documenting the desired insertion of cat and absence of sda? se-
quence in chromosomal DNA isolated from the final mutant,
M1ASda1. For complementation and heterologous expression stud-
ies, the sda1 gene was amplified by PCR from the M1 GAS chromo-
some and directionally cloned into the E. coli-streptococcal expres-
sion vector pDCerm [S10] to create plasmid pSdal. Electroporation
was used to introduce pSdal into GAS M1ASdal, GAS M49, and
L. lactis; each strain was similarly transformed with empty vector
pDCerm to serve as controls.

DNase Activity Assays

Supernatants were collected from overnight cultures of bacterial
strains grown in THB. Calf thymus DNA (1.0 ug/ul) was combined
with bacterial supernatant (2.5 ul for GAS, 12.0 pl for L. lactis) in final
volume of 50 pl buffer (300 mM Tris, 3 mM CaCl,, 3 mM MgCl,) for 15
(GAS) or 30 (L. /lactis) min. To halt DNase activity, 12.5 pl of 0.33 M
EDTA was added to the reaction. Visualization of relative DNA deg-
radation was done by comparing wt to mutant or transformed strains
side by side in 1% agarose gel electrophoresis.

Assessment of Additional GAS Virulence Phenotypes

Dot blot for cysteine protease SpeB was performed on supernatants
from overnight cultures and probed with monoclonal antibodies
against SpeB (1:2500, courtesy J. Musser, Baylor University),
HRP-labeled goat anti-mouse secondary antibodies (1:10,000),
and detection by the ECL reagent (Amersham). M protein dot blot

analysis on whole GAS cells was performed with antibodies to the
N-terminal domain of M protein as described [S1]. Hemolytic activity
of GAS was assessed in a microtiter plate dilution assay with 1%
sheep RBC in THB as previously described, with measurement of
hemoglobin release into the supernatant by absorbance at 590 nm.

Neutrophil Killing Assays

Human neutrophils were isolated and purified from venous blood by
the PolyMorphPrep kit (Axis-Shield, Norway) per manufacturer’s in-
structions and seeded into 96-well plates at 2 x 10° cells/well. Log-
arithmic phase bacteria grown in THB were diluted to the desired
concentration in RPMI media + 2% heat-inactivated autologous
human plasma, then added to the neutrophils at the specified multi-
plicity of infection (moi = bacteria:cells). Plates were centrifuged at
500 x g for 10 min, then incubated at 37°C in 5% CO,. In some as-
says, cytochalasin D (Sigma) was added to final concentration 10
ng/ml to inhibit phagocytotic uptake [S11], or G-actin (Worthington)
was added to a final concentration of 100 pug/ml to inhibit DNase
activity [S12, S13]. After incubation for the specified time, neutro-
phils were lysed with 0.02% Triton X-100, and the contents of the
well were serially diluted and plated on THA for overnight incubation
and enumeration of colony forming units (CFU). Internal control wells
without neutrophils were used to determine baseline bacterial
counts at the assay endpoints. Percent survival of the bacteria
was calculated as [(CFU/mL experimental well)/(CFU/mL control
well)] x 100%.

Mouse Whole Blood Killing Assays

Mouse blood was freshly isolated from 12-week-old male CD-1 mice
by cardiac puncture. Bacteria were diluted to the desired concentra-
tionin PBS, and 20 L of bacterial suspension were added to 60 uL of
mouse blood in 1.5 ml siliconized tubes. The tubes were placed in
arotating rack and incubated at 37°C for 1, 2, and 4 hr. After incuba-
tion, tube contents were serially diluted and plated for CFU deter-
mination and calculation of percent survival versus input inoculum.

Murine Tissue Cage Model

Teflon-FEP tissue cages (Fisher Scientific), measuring 20 x 10 mm
and perforated by 110 equally spaced 1 mm diameter holes, were
subcutaneously implanted into male CD-1 mice as described
[S14]. Sterile chambers were then infected with 100 ul pyrogen-
free PBS containing 1 x 107 CFU GAS. Serial samples of 100 ul tissue
cage fluid were collected daily in heparinized tubes by percutaneous
aspiration from mice anesthetized by isofluorane, and viable leuko-
cytes were quantified by means of a Neubauer counting chamber
and Trypan blue exclusion.

Mouse Model of Infection

An established model of GAS necrotizing subcutaneous infection
was employed [S15]. Briefly, logarithmic phase bacteria were pel-
leted, resuspended in PBS, diluted 1:1 with sterile Cytodex beads
(Sigma), and injected subcutaneously in 100 pl into the shaved flank
of 12-week-old male CD-1 mice. The developing lesion sizes were
measured daily. At the end of the experiment, mice were sacrificed
and the lesion or injection site was removed by excisional biopsy,
homogenized, and serially diluted in PBS for plating on THA and
enumeration of CFU/lesion. For histology studies, individual mice
were sacrificed 22 hr postinjection, and the injection site was ex-
cised and fixed in 10% buffered formalin, then embedded in paraffin
for routine sectioning and examination by hematoxylin and eosin
(H&E) staining. In inhibition studies, bacteria were prepared as
above, but mice were infected with dual inocula in both flanks,
with 165 pg G-actin or PBS control added to the 100 pl volume.
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Figure S1. Scheme for Mutagenesis for GAS DNase Sda1

Precise, in-frame, allelic replacement of the wild-type (wt) M1 GAS sda? gene with a chloramphenicol acetyltransferase (cat) gene to create iso-

genic sda1 knockout mutant M1ASda1l.

Live Cell Imaging for Visualization of NETs

Neutrophils were seeded at 2 x 10° per well in 96-well plates in
RPMI + 2% heat-inactivated autologous plasma without phenol red
(Invitrogen). GAS or L. lactis were added to the wells at varying con-
centrations (moi from 1:100 to 10:1) and Styox Orange (Molecular
Probes) added to a final concentration of 0.1 uM to stain extracellular
DNA. Cells were visualized without fixation or washes by means of
a Nikon TE200 inverted microscope with appropriate fluorescent fil-
ters, and images were captured with a CCD camera. To image
NETs in abscess exudates, mice were injected with 1 x 107 CFU
GAS, and after 22 hr, abscesses were excised en bloc and gently
compressed on a glass microscope slide. Approximately 20 pl of
0.1 pM Sytox Orange + 0.5% paraformaldehyde in PBS was added,
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a coverslip was applied, and NETs were visualized with a Zeiss
Axiovert 100 inverted microscope with appropriate fluorescent filters
and CCD camera capture.

Statistical Analysis

Bacterial CFU counts from in vivo mouse challenges were evaluated
by unpaired Student’s t test. Repeated measures ANOVA were used
to evaluate differences in necrotic lesion size or leukocyte recruit-
ment over time. ANOVA was used to compare bacterial survival in
neutrophil and blood killing assays. Bonferroni posttests were
used after ANOVA where appropriate. Statistics were calculated
with the Prism software (GraphPad). p value < 0.05 was considered
significant.
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Figure S2. Lack of Pleiotropic Effects on Key GAS Virulence Phenotypes in Knockout Mutant M1ASdal
(A) Comparison of cysteine protease SpeB and M protein expression of wt M1 GAS and isogenic ASda1 mutant by specific antibody dot blot.

BioRad Quantity One software was used to quantitate the spots.

(B) Total hemolytic activity of wt M1 GAS and isogenic ASdal mutant against sheep red blood cells as measured by hemoglobin release. Values
reported are means + SEM. Each study was repeated twice with similar results.
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Figure S3. Elimination of Sdal Does Not Affect Leukocyte Recruitment to the Site of Infection

(A) Representative histological sections from the site of injection 4 hr after bacterial injection with wt GAS M1 or M1ASda1 show equivalent acute
neutrophil influx (representative of n = 4 comparisons showing similar results).

(B) No difference in leukocyte recruitment to implanted tissue cages infected with wt M1 GAS or M1ASda1 mutant. Values are mean number of
leukocytes + SEM.

Assurances

All animal experiments were approved by the UCSD Committee on
the Use and Care of Animals and performed by accepted veterinary
standards. Experimentations with human blood were approved by
the UCSD Human Research Protection Program. Prior informed
consents were obtained from the human subjects.
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