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Many pathogenic bacteria produce extracellular DNase, but the
benefit of this enzymatic activity is not understood. For example,
all strains of the human bacterial pathogen group A Streptococcus
(GAS) produce at least one extracellular DNase, and most strains
make several distinct enzymes. Despite six decades of study, it is
not known whether production of DNase by GAS enhances viru-
lence. To test the hypothesis that extracellular DNase is required
for normal progression of GAS infection, we generated seven
isogenic mutant strains in which the three chromosomal- and
prophage-encoded DNases made by a contemporary serotype M1
GAS strain were inactivated. Compared to the wild-type parental
strain, the isogenic triple-mutant strain was significantly less vir-
ulent in two mouse models of invasive infection. The triple-mutant
strain was cleared from the skin injection site significantly faster
than the wild-type strain. Preferential clearance of the mutant
strain was related to the differential extracellular killing of the
mutant and wild-type strains, possibly through degradation of
neutrophil extracellular traps, innate immune structures composed
of chromatin and granule proteins. The triple-mutant strain was
also significantly compromised in its ability to cause experimental
pharyngeal disease in cynomolgus macaques. Comparative analy-
sis of the seven DNase mutant strains strongly suggested that the
prophage-encoded SdaD2 enzyme is the major DNase that con-
tributes to virulence in this clone. We conclude that extracellular
DNase activity made by GAS contributes to disease progression,
thereby resolving a long-standing question in bacterial pathogen-
esis research.

virulence factor � Streptococcus pyogenes � neutrophil extracellular traps

Many pathogenic bacteria produce extracellular DNase,
but the benefit of this enzymatic activity is not under-

stood. It has been hypothesized that secretion of DNase
provides a growth advantage by enlarging the pool of available
nucleotides by DNA hydrolysis (1). Extracellular DNase ac-
tivity also has been hypothesized to play a role in the dissem-
ination and spread of infecting bacteria by liquifying pus (2–6).
In addition, a recent study implied a role for extracellular
DNases in the evasion of the innate immune response by
degrading neutrophil extracellular traps (NETs). NETs trap
and kill bacteria extracellularly, are composed of chromatin
and granule proteins, and their structure is dissipated by
DNase activity (7). The extracellular bactericidal activity of
neutrophils directed against Shigella flexneri and Staphylococ-
cus aureus was reduced greatly when incubated with exog-
enously added DNase (7).

Group A Streptococcus (GAS) is a bacterial pathogen re-
sponsible for many serious human diseases (8, 9). The wide
diversity of disease manifestations caused by GAS infection is
thought to be due in part to the variable number of secreted
and cell-wall anchored virulence factors produced by this
pathogen. These factors include capsule, M protein, strepto-

coccal inhibitor of complement, streptococcal pyrogenic toxin
superantigens, hemolysins, and several DNases (8 –11).
DNases were among the first secreted GAS proteins to be
identified and extensively characterized (6, 12–17). However,
after almost 60 years of investigation, there is no direct
evidence that DNases are virulence factors (18–23). Many
indirect lines of evidence implicate DNases in GAS pathogen-
esis. First, all GAS strains produce at least one DNase, and
most strains make several distinct enzymes (13, 15–17). Sec-
ond, expression of DNase is up-regulated upon interaction of
GAS with human epithelial cells, polymorphonuclear leuko-
cytes (PMNs), and oropharynx (20, 21, 24, 25). Third, patients
with GAS infections seroconvert to DNases, indicating that
these proteins are produced in vivo and are immunogenic
(12, 14).

All GAS genomes sequenced contain several genes pre-
sumed to encode extracellular DNases (26–30; unpublished
data). An important weakness of previous studies probing the
pathogenesis role of secreted GAS DNases was the lack of
knowledge regarding the number of genes encoding these
enzymes present in the strain being used. We recently se-
quenced the genome of the contemporary serotype M1 GAS
strain MGAS5005 (unpublished data). This strain, which is
genetically representative of serotype M1 strains causing con-
temporary infections (unpublished data), has three genes that
encode putative secreted DNases. Two of these genes are
encoded by prophages (spd3 by prophage �5005.2 and sdaD2
by prophage �5005.3), and one is chromosomally encoded
(spd). Here we studied seven isogenic mutant strains and found
that extracellular DNase activity is required for normal pro-
gression of GAS infection in several animal models, in part by
enhancing evasion of the innate immune system. The results
resolve a longstanding issue in bacterial pathogenesis research.

Materials and Methods
Detailed protocols are provided as Supporting Materials and
Methods, which is published as supporting information on the
PNAS web site.

Quantitative PCR Analysis. TaqMan primer and probe sets (Table
2, which is published as supporting information on the PNAS
web site) specific for proS, spd, spd3, and sdaD2 were used to
perform quantitative PCR analysis. RNA was isolated by using
a modified RNeasy (Qiagen, Valencia, CA) protocol. The results
are presented as fold change relative to proS, a gene that is
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transcribed at a constant level throughout the GAS growth
cycle (31).

Construction of Isogenic Mutant Derivative Strains. Single-, double-,
and triple-isogenic mutants in the DNase genes were created
from strain MGAS5005 by gene replacement with kanamycin,
spectinomycin, and erythromycin resistance cassettes (32)
(Table 1). A schematic outlining of the strategy used to
construct the seven mutant strains is in Fig. 5, which is
published as supporting information on the PNAS web site.
The mutant strains were confirmed to be the correct molecular
constructs by PCR, DNA sequence, Western immunoblot, and
Southern blot analysis (see Fig. 7 and data not shown).

Western Immunoblot Analysis of Culture Supernatant Proteins. West-
ern blots were probed with rabbit polyclonal antibodies raised
against each of the four classical GAS DNases (DNase A–D).

DNase Assays. DNase activity present in filtered culture super-
natants obtained from the wild-type and mutant strains was
assayed by incubating a PCR-generated fragment of GAS DNA
in 1� New England Biolabs buffer 2 for 20 min at 37°C. The
samples were analyzed by agarose gel electrophoresis and ex-
amined visually. Supporting Materials and Methods describes the
quantitative DNase assay protocol.

Mouse Infection Assays. All mouse infection assays were per-
formed in triplicate on separate occasions by using bacteria
grown to mid-logarithmic phase (32). For the i.p. injection
model, 16 female CD-1 mice were used per GAS strain (48
total mice per strain). The animals were injected with 250 �l
of a 1 � 108�ml suspension of GAS in PBS, monitored every
2 h for 30 h, and three times daily thereafter. Kaplan-Meier
survival curves were generated and analyzed for statistical
significance by using the log-rank test. For the s.c. inoculation
model, 16 female Crl:SKH10hrBR mice were given 100 �l of
a 1 � 108�ml suspension of GAS in PBS. The lesion volume was
determined daily for up to 3 weeks by using the formula for a
spherical ellipsoid (32). A mixed-model repeated-measures
analysis was used to test for significant differences in lesion
volumes. The repeated measures model was used with one
within-subjects and one between-subjects factor. Statistical
calculations were performed with PROC mixed software (SAS
Institute, Cary, NC).

Histopathology Studies. Mice inoculated s.c. with strain
MGAS5005, strain NAK (triple DNase mutant), or PBS were
killed after injection. Histopathology studies were performed
on tissue obtained at 8, 24, 32, 48, and 56 h from five mice each
infected with wild-type strain MGAS5005 and mutant strain
NAK, and two control mice were killed at each time point. The
control animals were injected with PBS only.

PMN Bactericidal Activity Assays. Human PMNs were isolated
from venous blood of healthy donors in accordance with a
protocol approved by the Institutional Review Board for
Human Subjects at the National Institute of Allergy and
Infectious Diseases. Killing of GAS strains by human PMNs
was determined as described in ref. 24 with several modifica-
tions. About 107 cells from an overnight culture of strain
MGAS5005 or the triple DNase mutant strain NAK were
incubated with human PMNs (106) for 1 h at 37°C in a
humidified CO2 incubator. In some assays, PMNs were pre-
incubated with 10 �g�ml dihydrocytochalasin B (dHCB) to
block phagocytosis, and�or 100 nM IL-8 to enhance degran-
ulation and formation of neutrophil extracellular traps (7).
Serial dilutions of each killing assay were made, the bacteria
plated onto Todd-Hewitt yeast agar, and colony-forming units
(cfus) counted after overnight growth. Percent killing by
PMNs was determined with the equation 1 �
(cfuPMN(�dHCB�IL-8)�cfuno treatment) � 100.

Non-Human Primate Model of GAS Pharyngitis. A non-human
primate model of GAS pharyngitis was used with slight
modifications (25). Brief ly, two groups of four cynomolgus
macaques were anesthetized before administration of 1 ml of
an �2 � 107�ml suspension of MGAS5005 or NAK into the
nares of each animal. All animals were treated in an identical
manner to minimize possible variation in dosage. Throat
swabs, nasal washes, peripheral blood samples, and scoring of
clinical symptoms of pharyngitis were conducted on days 0, 7,
14, and 21. Throat swabs and clinical scoring only were
performed on days 2, 4, 10, and 17. Clinical scoring was
conducted by one trained veterinarian who was blinded to the
test and control animal categories. To test for significance,
generalized estimating equations were used to analyze the
repeated binary outcomes in the data by using SAS PROC
GENMOD software. SLO titers were measured by ELISA as
described in ref. 25.

Results
Growth-Phase-Dependent Expression of Genes Encoding Secreted
DNases. The genome of strain MGAS5005 has three genes
predicted to encode extracellular DNases, but it is not known
whether these genes are transcribed. This issue was studied by
using TaqMan quantitative PCR. We found that all three DNase
genes were transcribed and the transcript level of each gene
increased upon entry of the bacteria into the stationary phase of
cell growth (Fig. 1A).

In Vitro Phenotypes of GAS Isogenic DNase Mutant Strains. To
facilitate testing the hypothesis that extracellular DNase con-
tributes to host–pathogen interaction, a series of seven iso-
genic mutant strains was constructed (Table 1). These strains
represent all permutations of mutant strains possible by
inactivation of the three DNase genes. The growth curves of
the wild-type and seven mutant strains were identical over 9 h
in Todd-Hewitt yeast media (Fig. 6, which is published as
supporting information on the PNAS web site). To ensure the
integrity of the DNase mutations, and also correlate the
previously used DNase classification (DNase A–D) with
the DNases in this study, Western immunoblots by using
culture supernatant proteins and antibody to each of the four
DNases (DNase A–D) were performed (Fig. 7, which is
published as supporting information on the PNAS web site).
The observed patterns of reactivity confirmed the integrity of
the DNase mutants, and identified reactivity of anti-DNase B,
C, and D antibodies with Spd, Spd3, and SdaD2, respectively
(Fig. 7).

DNase activity was present in the culture supernatants of all
strains, with the exception of the triple-mutant strain NAK (Fig.

Table 1. GAS strains used in this study

Strain Genotype

MGAS5005 WT
NKO spd3::KanR

AKO sdaD2::SpecR

KKO spd::SpecR

NK spd3::KanR, spd::SpecR

NA spd3::KanR, sdaD2::SpecR

AK sdaD2::SpecR, spd::ErmR

NAK spd3::KanR, sdaD2::SpecR, spd::ErmR

All DNase mutant strains are derivatives of MGAS5005. KanR, kanamycin
resistance cassette; SpecR, spectinomycin resistance cassette; ErmR, erythro-
mycin resistance cassette.
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1B and Fig. 8, which is published as supporting information on
the PNAS web site). As expected, the culture supernatant of this
strain lacked DNase activity, consistent with genetic inactivation
of the three DNases genes present in strain MGAS5005. Impor-
tantly, DNase activity associated with SdaD2 was evident after
only 2 h of growth (Figs. 1B and 8).

Of interest, the triple-mutant strain (NAK) had a striking
phenotype in overnight cultures that was characterized by
clumped aggregates readily visible with the unaided eye. Light
and electron microscopy examination revealed these clumps to
be large aggregates of GAS chains (Fig. 9A, which is published
as supporting information on the PNAS web site). The aggre-

gates formed by the triple-mutant strain NAK were many-fold
larger and occurred at a much higher frequency than clumps
present in the overnight cultures of the wild-type parental
strain and the other mutant strains. To test the hypothesis that
the lack of extracellular DNase activity contributed to forma-
tion of these structures, exogenous DNase was added to an
overnight culture of the strain NAK. The aggregates dissipated
rapidly after 1 h of incubation (data not shown). Similarly,
addition of the supernatant from an overnight culture of strain
MGAS5005 to an overnight culture of strain NAK also resulted
in the dissipation of aggregates (data not shown). These results
imply that accumulation of extracellular DNA contributed to
the clumping phenotype. To further test this hypothesis,
TaqMan PCR analysis was used to assess the relative amount
of extracellular DNA that accumulated in the cultures of
mutant strain NAK and strain MGAS5005. The overnight
culture of the mutant strain had 5 orders of magnitude more
DNA compared with the wild-type parental strain MGAS5005
(Fig. 9B). Taken together, the data strongly suggest that lack
of extracellular DNase activity was a key factor contributing to
formation of the bacterial aggregates.

DNase Production and Mouse Infection Pathogenesis. As a first test
of the hypothesis that DNase production contributes to GAS
pathogenesis, the virulence of wild-type strain MGAS5005 was
compared with the triple DNase mutant strain NAK by i.p.
injection into outbred mice (32). Experiments done in tripli-
cate revealed that the NAK mutant strain was significantly less
virulent (Fig. 2A; P � 0.001).

We next assessed whether genetic inactivation of the genes
encoding secreted DNases detrimentally affected the ability to
cause disease in a mouse model of soft-tissue infection (33).
s.c. injection of immunocompetent hairless mice was per-
formed with strain MGAS5005, the three double DNase
mutant strains, and the triple-mutant strain NAK. Compared
with the wild-type strain, the NAK mutant strain had a marked
reduction in the frequency and severity of skin lesions (Fig. 2
B and C). Three different lesion profiles were identified,
corresponding to strains causing high (MGAS5005, NK),
moderate (NA, AK), or low (NAK) pathology. These data
show that possession of an intact sdaD2 gene alone (but not spd
or spd3) is sufficient to produce wild-type levels of lesion
formation. The lesion volumes of mice infected with strains
AK and NAK also differed significantly from the wild-type
(Fig. 2D; P � 0.001 and P � 0.0001, respectively).

DNase Activity Contributes to Evasion of the Innate Immune Response.
The difference in lesion character observed after s.c. infection
with strains MGAS5005 and NAK was investigated by per-
forming histopathologic analysis of the infection site (Fig. 3A).
Mice infected with wild-type strain MGAS5005 formed ab-
scesses as early as 8 h after injection. These abscesses had a
central area of necrosis consisting of lysed PMNs and appar-
ently viable bacteria (Fig. 3A Upper). In striking contrast,
animals receiving the triple-mutant strain NAK had a solid
sheet of viable PMNs at all five time points assayed (Fig. 3A).
Strain MGAS5005 cells were present in high numbers in
lesions throughout the experiment, whereas strain NAK bac-
teria were not obvious after the initial time point (8 h). The
increased clearance from the injection site of strain NAK
relative to strain MGAS5005 ref lects the reduced frequency
and severity of soft-tissue pathology observed in mice inocu-
lated with the mutant bacteria.

To test the hypothesis that the preferential clearance of
mutant strain NAK from the site of infection was related to
differential extracellular killing by neutrophils, we performed
in vitro GAS killing assays by using human PMNs (Fig. 3B).
PMNs were pretreated with dihydrocytochalasin B to block

Fig. 1. Characterization of DNases made by serotype M1 strain MGAS5005.
(A) Transcription profiles of sdaD2, spd3, and spd. TaqMan analysis was
performed on RNA purified from strain MGAS5005 grown in Todd-Hewitt
yeast broth. Data are displayed as the mean (based on triplicate readings of
triplicate cultures) fold change in transcription of the DNase-encoding genes
relative to the control gene proS (y axis, left). The curve shows the mean OD600

of the cultures used for RNA extraction (y axis, right). All error bars are �
standard deviation. (B) DNase activity present in the culture supernatant of
GAS strains used in this study. Filtered supernatants obtained from indicated
strains were incubated with DNA. DNase activity was present at varying times
in the supernatant of all strains except the triple DNase mutant strain NAK.
The text at the top of the figure denotes presence (�) or absence (�) of intact
sdaD2, spd3, and spd genes.
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phagocytosis and facilitate measurement of extracellular GAS
killing. There was significantly less killing of strain MGAS5005
by dHCB-treated PMNs compared with triple-mutant strain

NAK (P � 0.001), whereas the levels of killing by untreated
PMNs were similar with the two strains. We propose that the
lack of a requirement for IL-8 stimulation of extracellular
killing is attributed to the stimulatory effects of GAS. These
data demonstrate that one function of secreted GAS DNases
is to protect against extracellular killing by PMNs, presumably
through the degradation of NETs.

Extracellular DNases and GAS Pharyngitis. The results of the mouse
infection studies and human PMN experiments supported the
hypothesis that extracellular DNase contributes to disease
progression. Although GAS is a common cause of invasive
infections, the most common manifestation of disease is
pharyngitis. Thus, it is important to understand the role of
extracellular DNases in this type of infection. To address this
issue, we used a recently developed non-human primate model
of GAS pharyngitis (25). Importantly, only animals infected
with strain MGAS5005 developed pharyngeal erythema to a
level warranting a severity score (Fig. 4). All four animals
infected with strain MGAS5005 had a score of 1 on at least one
occasion during the experiment, a finding that was of statistical
significance (P � 0.001). Although only animals infected with
strain MGAS5005 developed erythema, all eight monkeys had
bona fide GAS infections, as assessed by culture positivity and
increased SLO antibody titers (Fig. 10, which is published
as supporting information the PNAS web site). Tonsil size
also trended toward higher values in animals infected
with strain MGAS5005 (data not shown). However, the dif-
ferences observed did not reach statistical significance, pos-
sibly as a consequence of the small number of animals in each
group. Comparison of the number of cfus isolated from throat
swabs of the two groups of animals identified no obvious
differences.

Discussion
A long-standing question in bacterial pathogenesis research
has been what benefit, if any, is gained by elaboration of
extracellular DNase. This question has been an especially
important issue in GAS research because all strains produce
one or more DNases. Although the presence of extracellular
DNase in the culture supernatants of GAS strains was de-
scribed almost 60 years ago (2, 6), after decades of study it was
not known whether GAS DNase contributes to pathogenesis.
Our studies of isogenic mutant strains in three animal models
of infection, and in vitro studies with human PMNs, show that
DNase contributes to normal GAS disease progression. It is
possible that the inability to demonstrate a detrimental effect
on virulence of DNase gene inactivation in previous studies
was due to mutagenesis of only one of several DNase genes
present in the strains used (18, 19).

Our studies do not resolve the important question of why
most GAS strains produce two or more distinct extracellular
DNases. We believe there are at least four possible explana-
tions. Production of multiple antigenically distinct DNases
would preserve the ability to degrade DNA when GAS infects
a host with enzyme-inhibiting antibodies to one DNase. It is
also possible that production of multiple DNases with different
substrate cleavage specificities or other characteristics (e.g.,
pH profile, cation requirement, RNase activity, etc.) would
provide a survival advantage by enhancing the range of
conditions across which the enzymatic activity functions. A
third possibility is that possession of multiple DNase genes,
including chromosomally encoded and prophage-encoded
variants, enhances the likelihood that DNase activity will be
made at distinct phases of the infection cycle. Differential
regulation of expression would increase the probability that
DNase activity is made at all times that GAS encounters innate
immune functions. Inasmuch as many of the GAS DNases are

Fig. 2. Extracellular DNase activity contributes to infection pathogenesis in
two mouse models of GAS disease. (A) Inactivation of DNase genes signifi-
cantly decreases lethality after i.p. injection. Female CD-1 mice were injected
with 2.5 � 107 cfu of strain MGAS5005 (wild-type) or strain NAK (triple DNase
mutant), and survival was monitored. Forty-eight mice per GAS strain were
used. (B) Lack of DNase production results in significantly decreased soft-tissue
disease. Female Crl:SKH1-hrBR mice were injected s.c. with 1 � 107 CFU of GAS
strain MGAS5005 (wild-type), NAK (triple DNase mutant), and NA, NK, and AK
(double DNase mutants) and monitored for formation of skin lesions. Inacti-
vation of DNase genes resulted in delayed and reduced formation of skin
lesions. Shown are images of representative mice infected with strain
MGAS5005 and strain NAK on day 3 postinfection. (C) SdaD2 is necessary and
sufficient to produce wild-type levels of skin lesions. Data points labeled with
an asterisk indicate significant differences between strain MGAS5005 (wild-
type) and mutant strains by using Fisher’s exact test (**, P � 0.0001; *, P � 0.01;
§, P � 0.05). (D) Spd3 is insufficient to produce wild-type lesion volumes.
Shown are the mean lesion volumes (� standard error of the mean) over time,
displaying significant differences between MGAS5005 (wild-type) and the
DNase mutant strains AK (sdaD2::SpecR and spd::ErmR, spd3�; P � 0.001) and
NAK (spd3::KanR, sdaD2::SpecR, and spd::ErmR; P � 0.0001).
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encoded by prophages, a fourth possibility is that some of these
enzymes contribute to the bacteriophage life cycle. For exam-
ple, it is possible that degradation of GAS DNA released
during the lytic cycle assists phage particles to disseminate and
infect a new GAS host cell. Regardless, it will be important in
future studies to investigate the contributions of each DNase
to the biology of GAS by using the seven isogenic mutant
strains described herein.

Genome sequencing, DNA-DNA microarray, PCR profil-
ing, single-nucleotide polymorphism analysis, and several
other genetic analysis techniques have found that strain
MGAS5005 is genetically representative of a clone that is
responsible for most contemporary episodes of infections
caused by serotype M1 GAS strains (refs. 34 and 35; unpub-
lished data). This clone evolved recently from a less virulent
ancestor through a series of recombination events, including
one involving acquisition of prophage �5005.3-encoding
SdaD2 (unpublished data). Several lines of evidence suggest
that SdaD2 is the most important of the three DNases made
by strain MGAS5005 in host–pathogen interactions. The
sdaD2 gene is transcribed early in growth, a time that may be
important for initial host–pathogen interactions, and contin-

ues at a high level throughout the growth cycle (Fig. 1).
Consistent with early transcription, SdaD2 extracellular
DNase activity was detected early in the GAS growth cycle
(Fig. 1B). Moreover, under the conditions assayed, SdaD2 was
responsible for most of the extracellular DNase activity (Figs.
1B and 8). Importantly, inactivation of the sdaD2 gene had a
more pronounced detrimental effect on virulence than did
mutation of spd or spd3 (Fig. 2C). Taken together, the data
suggest that acquisition of sdaD2 was important in the evolu-
tion of the clone now responsible for virtually all contemporary
episodes of serotype M1 infections.

We reported that spd was the mostly highly transcribed of 18
proven or putative virulence genes studied during human acute
GAS pharyngitis, a result supporting the idea that DNase is
important in pharyngeal infection (25). The results of our
non-human primate experiment confirmed that extracellular
DNase is required for normal GAS pharyngitis progression.
Several possibilities may account for the significant difference
in severity scores between MGAS5005- and NAK-infected
animals. One possibility is that digestion of DNA in mucus
enhances access of strain MGAS5005 and its secreted inf lam-
matory factors to the host cells in the posterior pharynx. It is
also possible that DNase is directly responsible for the increase
in the severity score observed in the animals infected with the
wild-type strain. Although thus far there is no evidence that
GAS DNase is directly cytotoxic or proinf lammatory, we note
that several DNases made by bacterial pathogens are cytole-
thal (36, 37). Regardless of the exact mechanism, our results
provide the impetus for future investigations into the processes
whereby extracellular DNase contributes to upper respiratory
tract disease.

A key discovery arising from our studies was that extracel-
lular DNase protects GAS from extracellular killing by PMNs.
We believe the protective activity of DNases is through
degradation of NETs, although we have not proven this
conclusion directly. Whatever the process, DNase production
represents a heretofore uncharacterized mechanism used by
pathogenic bacteria to evade innate immune function. Puru-
lent exudates form at the site of bacterial infections and are
characterized by high concentrations of PMNs and DNA,
much of it released from dead and dying host cells. Studies
conducted �50 years ago showed that GAS DNase depoly-
merized DNA present in exudates, both in vitro and in humans,
resulting in greatly decreased viscosity of the exudates (3). We

Fig. 3. Secreted DNases contribute to the evasion of host innate immunity. (A) Histopathologic analysis of the skin lesions of mice infected s.c. with strain
MGAS5005 (wild-type) or NAK (triple DNase mutant). Strain MGAS5005 formed necrotic lesions containing GAS and lysed PMNs at all time points. Lesions formed
by strain NAK lacked necrosis and had sheets of viable PMNs with bacteria not obvious after the initial (8 h) time point. Shown are representative images from
the 32-h time point. (B) Secreted GAS DNases protect against extracellular killing by human PMNs. Extracellular killing of the wild-type GAS strain MGAS5005
by human PMNs occurred at significantly lower levels than the triple DNase mutant strain NAK (**, P � 0.001; *, P � 0.05, ANOVA with Bonferroni’s posttest
for multiple comparisons). Human PMNs were preincubated with 10 �g�ml of dHCB to inhibit phagocytosis and�or 100 nM IL-8 to enhance degranulation. Results
are the mean � SEM of three experiments.

Fig. 4. Extracellular DNase contributes to GAS pharyngitis in a non-human
primate model. Two groups of four cynomolgus macaques were infected with
strain MGAS5005 or triple-mutant strain NAK by dribbling into the nares.
Shown are the percent of animals within each group that had a severity score
of �0, indicating pharyngeal erythema, on the indicated days. Asterisks
highlight that no NAK-infected animals received severity scores, whereas
MGAS5005 animals did.
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hypothesize that this reduction in viscosity enhances GAS
dissemination from the site of infection not only by degrading
nucleic acids released from cells destroyed by other host and
pathogen factors (6), but also by reducing aggregation of
bacteria (Fig. 9A). It is very possible that GAS extracellular
DNases have additional functions yet to be discovered. How-
ever, our discovery that DNase assists escape from PMN
extracellular killing documents a previously uncharacterized

strategy used by a human bacterial pathogen to thwart innate
immunity, proliferate, and cause disease.

This article is dedicated to the memory of Dr. Maclyn McCarty, a pioneer
in streptococcal DNase research. We thank Patricia Ferrieri (University of
Minnesota) for providing antisera to the four GAS DNases (DNase A–D)
and D. Dorwood, S. M. Ricklefs, and R. Ireland for important contributions
to the success of this study.
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