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ABSTRACT Group A Streptococcus (GAS) commonly causes pharyngitis and skin in-
fections. Little is known why streptococcal pharyngitis usually does not lead to
pneumonia and why the skin is a favorite niche for GAS. To partially address these
questions, the effectiveness of neutrophils in clearing wild-type (wt) M1T1 GAS strain
MGAS2221 from the lung and from the skin was examined in murine models of in-
tratracheal pneumonia and subcutaneous infection. Ninety-nine point seven percent
of the MGAS2221 inoculum was cleared from the lungs of C57BL/6J mice at 24 h af-
ter inoculation, while there was no MGAS2221 clearance from skin infection sites.
The bronchial termini had robust neutrophil infiltration, and depletion of neutrophils
abolished MGAS2221 clearance from the lung. Phagocyte NADPH oxidase but not
myeloperoxidase was required for MGAS2221 clearance. Thus, wt M1T1 GAS can be
cleared by neutrophils using an NADPH oxidase-dependent mechanism in the lung.
MGAS2221 induced robust neutrophil infiltration at the edge of skin infection sites
and throughout infection sites at 24 h and 48 h after inoculation, respectively. Neu-
trophils within MGAS2221 infection sites had no nuclear staining. Skin infection sites
of streptolysin S-deficient MGAS2221 ΔsagA were full of neutrophils with nuclear
staining, whereas MGAS2221 ΔsagA infection was not cleared. Gp91phox knockout
(KO) and control mice had similar GAS numbers at skin infection sites and similar
abilities to select SpeB activity-negative (SpeBA�) variants. These results indicate that
phagocyte NADPH oxidase-mediated GAS killing is compromised in the skin. Our
findings support a model for GAS skin tropism in which GAS generates an anoxic
niche to evade phagocyte NADPH oxidase-mediated clearance.
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Group A Streptococcus (GAS) is a major human pathogen that commonly causes
pharyngitis and skin infections. It is estimated that there are 616 million cases of

strep throat and 111 million incidences of GAS skin infections each year globally (1).
GAS also occasionally causes severe invasive infections, such as necrotizing fasciitis,
pneumonia, and sepsis. There are about 10,000 cases of severe invasive GAS infections
each year in the United States that are most frequently associated with GAS of the M
protein serotypes M1, M12, M28, M89, and M3 (2). The currently circulating M1 GAS
type belongs to the pandemic M1T1 clone. The M1T1 clone has evolved by the
acquisition of DNase Sda1- and superantigen SpeA-encoding prophages and the
replacement of a 36-kb chromosomal region of pre-1980 M1 GAS with that of emm12
GAS, which contains the NAD� nucleosidase (NADase) and streptolysin O genes (3–5).
It is believed that M1T1 GAS is currently the most prevalent GAS pathogen in pharyn-
geal, skin, and invasive infections (2, 6, 7).
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Invasive GAS isolates frequently carry CovRS and RopB mutations that are associated
with hypervirulence of invasive GAS isolates (8, 9). CovRS (also known as CsrRS) is the
two-component regulatory system that negatively regulates multiple virulence factors
(10–13), and RopB is the transcription activator of the protease SpeB (14). GAS CovRS
and RopB mutants can cause pulmonary infection in an intratracheal murine pneumo-
nia model (15). However, CovRS and RopB mutants appear to be selected during
infection and are unable to transmit, and the majority of clinical isolates have wild-type
(wt) CovRS and RopB (16). Strep throat is highly contagious but usually does not
develop into pneumonia. Little is known about why GAS infections of the upper
respiratory tract usually do not lead to lower respiratory tract infections.

GAS isolates were first serologically typed based on the M protein and T antigen
(17). Genotyping based on the sequence of the M protein gene, emm, has been more
widely used to conveniently classify GAS isolates (18). Expanded genotyping has found
three emm pattern groups that display different tissue tropisms of infection at the skin
versus at the throat (19). However, little is known about why the skin is one of the
favorite niches for GAS.

GAS produces an abundance of extracellular virulence factors to mediate its patho-
genesis (20, 21). These virulence factors include the M protein (22), C5a peptidase ScpA
(23), the hyaluronic acid capsule synthesized by HasABC (24), CXC chemokine peptidase
SpyCEP (25), platelet-activating factor (PAF) acetylhydrolase Sse (26), streptolysin O (Slo)
(27), NADase Nga (28), opsonophagocytosis-inhibiting protein Mac (29), and streptoly-
sin S (SLS). SLS is a potent cytolytic toxin that confers the beta-hemolytic activity of
GAS, and this toxin is a nonimmunogenic peptide modified from the prepropeptide
that is encoded by the sagA gene (30). Most of these virulence factors are involved in
evasion of neutrophil responses, which supports the finding that neutrophil responses
have a critical role in the fight against GAS infections.

We are interested in two questions on GAS tissue tropism: why do upper respiratory
tract GAS infections not lead to lower respiratory tract infections, and why is the skin
a favorite niche for GAS? We hypothesize that neutrophils can effectively clear GAS with
functional CovRS and RopB or wt GAS from the lung but not from the skin. We tested
this hypothesis by examining the neutrophil-mediated clearance of wt M1T1 strain
MGAS2221 from lung and skin infections of mice. We found that wt M1T1 GAS can be
cleared from the lung by neutrophils with an NADPH oxidase-dependent mechanism
but that phagocyte NADPH oxidase-mediated GAS killing is compromised in the skin.
The findings support a model for GAS skin tropism in which GAS generates an anoxic
environment in the skin to evade phagocyte NADPH oxidase-mediated clearance.

RESULTS
Wild-type M1T1 GAS is effectively cleared from the lung but not from the skin.

To understand the basis for the GAS tropism for the skin but not for the lung,
MGAS2221, a representative strain of the M1T1 GAS subclone with functional or
wild-type covRS and ropB genes, was used to compare bacterial clearances from lung
and skin infections of mice. The lung and skin infections were induced by intratracheal
and subcutaneous inoculations, respectively. In comparison with the number of viable
GAS bacteria at 1 h after inoculation, 99.7% of GAS bacteria in the lung were cleared at
24 h after intratracheal inoculation (P � 0.0007); however, the numbers of viable GAS
bacteria at skin infection sites were similar at 1 h and 24 h after subcutaneous inocu-
lation (P � 0.84) (Fig. 1A). As shown in a Gram stain of lung tissue at 30 min after
intratracheal MGAS2221 inoculation (Fig. 1B), GAS bacteria stained as blue spots and
scattered at bronchial termini and along the alveolar ducts. There were no significant
numbers of inflammatory cells at 30 min after inoculation. At 24 h after inoculation,
clusters of inflammatory cells were found at the bronchial termini and along the
alveolar ducts as shown in the hematoxylin and eosin (H&E) staining analysis of the
lung sections (Fig. 1C), in which hematoxylin stains the nuclei of inflammatory cells blue
and in which eosin stains their cytoplasm pink. The Gram stain analysis of lung sections
at 24 h after MGAS2221 inoculation did not reveal any blue GAS spots, confirming the
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efficient clearance of GAS from lung infections (Fig. 1D). Thus, MGAS2221 induced
robust inflammatory cell infiltration and was efficiently cleared from the lungs of mice.
In contrast, MGAS2221 was not cleared from subcutaneous infection sites in mice.

Wild-type M1T1 GAS is cleared from the lung by neutrophils. To determine
whether neutrophils play a critical role in the MGAS2221 clearance from the lung,
neutrophils were depleted through treatment with anti-Ly6G monoclonal antibody
RB6-8C5 (31, 32), and the effect of the neutrophil depletion on GAS clearance from the
lung was examined. Bronchoalveolar lavage fluids (BALF) were collected from the
neutropenic and control mice at 24 h after intratracheal MGAS2221 inoculation. Two
aliquots of each BALF sample were used in cytospin analysis for differential cell
counting of neutrophils and macrophages. In this analysis, inflammatory cells and
bacteria in one aliquot of each BALF sample were deposited on a cytospin slide using
a cytospin centrifuge and stained for calculating the percentages of neutrophils and
macrophages among inflammatory cells, and another BALF aliquot was used to deter-
mine the total number of viable cells by trypan blue exclusion counting. A third BALF
aliquot was used to quantify GAS bacteria by plating. BALF samples from control mice
that were treated with control antibody LTF-2 had numerous neutrophils and few
bacteria (Fig. 2A), whereas BALF from RB6-8C5-treated mice contained fewer neutro-
phils and numerous free bacteria (Fig. 2B). Differential cell counting in the cytospin
analysis found that BALF from control mice contained (2.7 � 1.8) � 106 neutrophils and
(1.5 � 0.5) � 105 macrophages, while BALF from mice treated with RB6-8C5 had
(6.8 � 2.6) � 104 neutrophils and (1.6 � 0.9) � 105 macrophages, representing a 97%
reduction of egressed neutrophils but no significant change in numbers of macro-
phages in the RB6-8C5-treated mice in comparison with that in control mice (Fig. 2C).
The numbers of viable GAS bacteria in the BALF samples from RB6-8C5-treated mice

FIG 1 MGAS2221 is effectively cleared from pulmonary infections but not from subcutaneous infections
of C57BL/6J mice. In total, 1.2 � 108 and 0.8 � 108 CFU of MGAS2221 were inoculated into mice
intratracheally (I.T.) and subcutaneously (Subcut), respectively. (A) GAS loads in the lung or in skin
infection sites at 1 h and 24 h after inoculation. (B and D) Representative Gram stain images of lung
sections at 30 min (�20 magnification) (B) and 24 h (�4 magnification) (D) after inoculation. AD and BT,
alveolar duct and bronchial terminus, respectively. Panel B shows GAS bacteria as blue spots at bronchial
termini and along alveolar ducts, while panel D shows the absence of stained GAS bacteria. (C)
Representative H&E-stained image of a lung section at 24 h after inoculation. The arrowheads indicate
the clumps of recruited neutrophils at the bronchial termini or along alveolar ducts.
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were 140-fold higher than those from control mice (Fig. 2D). Thus, RB6-8C5 treatment
reduced neutrophil infiltration and compromised GAS clearance from the pulmonary
infection.

RB6-8C5 can deplete both neutrophils and a subset of inflammatory monocytes that
turn into recruited macrophages at infection sites (31). However, RB6-8C5 treatment did
not alter the numbers of macrophages in the BALF samples, suggesting that lungs with
MGAS2221 infection do not have significant numbers of recruited macrophages by 24 h
after inoculation or that the RB6-8C5 treatment did not affect the numbers of macro-
phages recruited. To determine whether the inflammatory cells at the bronchial termini
in Fig. 1C were primarily neutrophils, sections of the lung samples were examined by
immunohistochemical staining using anti-F4/80 and anti-MPO antibodies. F4/80, an
epidermal growth factor (EGF)-like module-containing mucin-like hormone receptor-
like 1, is a macrophage marker. Myeloperoxidase (MPO) is a major constituent of the
azurophilic cytoplasmic granules (33). A few F4/80-positive cells or macrophages (Fig.
3A) but numerous MPO-positive cells or neutrophils (Fig. 3B) were detected at the
bronchial termini of the lung sections. These results indicate that inflammatory cells at
the bronchial termini were mainly neutrophils up to 24 h after GAS inoculation. To
further illustrate whether macrophages are important for GAS clearance in lung infec-
tions, the stained cytospin samples on slides for Fig. 2A and B were examined at �40
magnification. A majority of the macrophages in the BALF samples from RB6-8C5-
treated mice did not take up MGAS2221, even when numerous GAS bacteria were
present (Fig. 3C). For the BALF samples from control mice, a small portion of neutrophils
in BALF from infected control mice had associated GAS (Fig. 3D), which was apparently
due to efficient clearance. These results indicate that neutrophils play a dominant role
in the killing of MGAS2221 during lung infection.

FIG 2 Depletion of neutrophils by anti-Ly6G antibody abolishes MGAS2221 clearance from the lung.
RB6-8C5 MAb and control antibody LTF-2 were injected intraperitoneally into C57BL/6J mice, and 24 h
later, 2.8 � 107 CFU of MGAS2221 was inoculated into the trachea. (A and B) Representative images of
cytospin slides of BALF from control (A) and RB6-8C5-treated (B) mice. (C) Numbers of neutrophils and
macrophages in 1 ml BALF collected at 24 h after GAS inoculation, as determined by cytospin analysis.
PMN, polymorphonuclear macrophages. (D) Numbers of GAS bacteria in BALF from RB6-8C5-treated and
control mice. Statistical analysis for P values was carried out with the unpaired t test with Welch’s
correction.
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NADPH oxidase is critical for the clearance of MGAS2221 from the lung. The
NADPH oxidase in the membranes of neutrophil phagosomes catalyzes electron trans-
fer from NADPH to oxygen, generating superoxide, which is subsequently converted
into a range of other reactive oxygen species (34). Gp91phox is the beta chain of the
catalytic subunit of the NADPH oxidase and encoded by the X-linked CYBB gene. The
oxidative burst from the NADPH oxidase reaction is essential for the killing of a number
of microorganisms. To determine whether NADPH oxidase-mediated killing plays a
critical role in the clearance of MGAS2221 from the lung by neutrophils, we examined
whether MGAS2221 is cleared from gp91phox knockout (KO) mice (female gp91phox�/�

and male gp91phox� mice) (35). At 24 h after intratracheal MGAS2221 inoculation, the
means � standard deviations of the GAS loads in the lungs of gp91phox KO mice were
(5.2 � 3.7) � 108 CFU/g tissue, which was 1,000-fold higher than that in the lungs of
C57BL/6J mice [(5.1 � 6.0) � 105 CFU/g] (Fig. 4A). These data represent a 6-fold increase
in GAS numbers in gp91phox KO mice and a 171-fold decrease in GAS numbers in
C57BL/6J mice compared to numbers in the inoculum. In contrast, there was no
significant difference between the numbers of viable MGAS2221 bacteria at skin
infection sites between C57BL/6J and gp91phox KO mice (Fig. 4A). Unlike in Fig. 1D,
where lung sections of infected C57BL/6J mice were negative by GAS staining, lung
sections of infected gp91phox KO mice at 24 h after intratracheal GAS inoculation were
positive for GAS in Gram stains (Fig. 4B). There were numerous GAS-positive clumps in
Gram-stained slides like the one circled in Fig. 4B. There were many neutrophils like the
one indicated with the arrow in Fig. 4C, which exhibited nuclear staining in H&E stains
of the same lung infection samples. However, as with the one circled in Fig. 4B, the

FIG 3 Supporting evidence for MGAS2221 clearance by neutrophils in the lung. (A and B) Images of
anti-F4/80 and anti-myeloperoxidase (MPO) immunohistochemistry staining of lung sections showing a
few F4/80-positive macrophages (A) and numerous MPO-positive neutrophils (B) at the bronchial termini
at 24 h after intratracheal MGAS2221 inoculation for the pulmonary infection samples in Fig. 1. The
immunostaining had no hematoxylin counterstain. (C and D) Images of cytospin slides of BALF from
experiments whose results appear in Fig. 2. (C) Numerous free GAS bacteria and the inability of resident
macrophages (�) to phagocytose GAS in RB6-8C5-treated mice; (D) no free bacteria and GAS association
with a small portion of neutrophils (PMN) in control mice.
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location of the GAS clumps in Fig. 4C did not exhibit nuclear staining with H&E stain.
GAS bacteria in the lungs of gp91phox KO mice were associated mainly with necrotic
debris of inflammatory cells. These results indicate that the neutrophil NADPH oxidase
is required for GAS clearance in the murine pneumonia infection model. One mecha-

FIG 4 MGAS2221 clearance from the lung requires NADPH oxidase but is independent of myeloperox-
idase. (A to C) MGAS2221 was not cleared from the lungs of gp91phox�/� mice. C57BL/6J or gp91phox�/�

mice were inoculated intratracheally and subcutaneously with 1.1 � 108 CFU and 5.9 � 107 CFU of
MGAS2221, respectively, and euthanized at 24 h after inoculation. (A) Numbers of GAS CFU in the lung
or at the skin infection sites of C57BL/6J and gp91phox�/� mice at 24 h after inoculation. (B and C)
Representative images of Gram (B) and H&E (C) staining of lung sections of gp91phox�/� mice with
pulmonary infection. The circle in panel B indicates one of many GAS clumps. The circle in panel C shows
the lack of nuclear staining with hematoxylin of the location with the GAS clumps, and the arrow shows
neutrophils with nuclear staining with hematoxylin in H&E stains. Figure 1C and D can be used as a
comparison for panels C and B, respectively, for the effect of the gp91 knockout on the histopathology
of MGAS2221 lung infection. (D) MGAS2221 clearance is independent of myeloperoxidase. C57BL/6J or
MPO�/� mice were inoculated intratracheally with 8.7 � 106 CFU of MGAS2221. Presented are the
numbers of GAS CFU in the lungs at 1 or 24 h after inoculation. Statistical analysis for P values was
performed with the unpaired t test with Welch’s correction.
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nism of NADPH oxidase-mediated bacterial killing is MPO-catalyzed oxidation of chlo-
ride, which generates toxic hypochlorous acid (35). To determine whether NADPH
oxidase-mediated GAS clearance from the lung depends on myeloperoxidase,
MGAS2221 clearances from C57BL/6J and MPO KO (36) mice were compared. GAS
loads in the lungs of MPO�/� and C57BL/6J mice at 24 h after intratracheal inoculation
were similar (P � 0.1489) and were �1,500-fold lower that those at 1 h after inoculation
(Fig. 4D). Thus, myeloperoxidase is not essential for NADPH oxidase-mediated GAS
clearance from the lung.

Inability of neutrophils to clear MGAS2221 at subcutaneous infection sites. To
understand why MGAS2221 was not efficiently cleared from the skin, we analyzed the
MGAS2221 infection sites on days 1, 2, and 4 after subcutaneous inoculation by
immunohistochemistry (IHC) staining using anti-MPO antibodies and hematoxylin
counterstain. We intended to determine whether there was inhibition of neutrophil
infiltration inside infection sites and/or cytotoxic killing of recruited neutrophils to
avoid GAS killing. The IHC staining method that we used stained MPO red, and
hematoxylin stained the nuclei of host cells blue. GAS can cause necrosis of neutrophils
to avoid killing (37). Necrosis of cells leads to the loss of nuclei, resulting in uniform
eosin staining without nuclear staining with hematoxylin in H&E stain (38). Thus,
necrotic neutrophils should have red MPO staining but do not have nuclear staining
with hematoxylin. MPO staining inside MGAS2221 infection sites at 24 h after inocula-
tion was not intense (Fig. 5A), indicating that neutrophil recruitment was not robust up
to 24 h after inoculation. Intense MPO staining was present inside infection sites on day
2 (Fig. 5C) and day 4 (Fig. 5E) after inoculation. A layer of neutrophils at the edges of
infection sites exhibited nuclear staining with hematoxylin, which is indicated by the
braces in Fig. 5A, C, and E. In contrast, the majority of cells inside infection sites that
were positive for MPO staining had no nuclear staining with hematoxylin. These results
indicate that recruited neutrophils inside infection sites had gone through necrosis and
lost the nucleus. To estimate the relative levels of neutrophils at skin infection sites, the
ImageJ software (https://imagej.nih.gov/ij/) was used to measure the relative average
intensities of MPO staining of uninfected skin or at infection sites for the blue channel
of the MPO IHC images (5 mice per group). The blue-channel images were used to
reduce the interference of the hematoxylin staining of some neutrophils. The red
staining of MPO leads to the absorbance of blue light. Thus, the relative blue-channel
intensities of MPO staining (the intensity of uninfected skin minus the intensity of
infection sites) represent the relative levels of recruited neutrophils at infection sites.
Fig. 5B shows the ImageJ analysis data and displays the average MPO staining values
of 37.6, 73.3, and 91.5 for infection sites at days 1, 2, and 4, respectively. From these
staining data, the levels of recruited neutrophils at infection sites on day 1 and day 2
were estimated to be 41% and 80% of that on day 4 after inoculation. These results
suggest that neutrophil recruitment at early stages of skin infection was less robust
than that on days 2 and 4. Gram staining shows numerous free bacteria inside infection
sites on day 1 after inoculation (data not shown). Figure 5D and F show parts of
infection sites (at days 2 and 4 after Gram staining) that correspond to the boxed areas
in Fig. 5C and E. Parts of infection sites are shown because higher magnification has to
be used to show stained GAS bacteria. Stained GAS bacteria were present throughout
infection sites that were surrounded by the layer of neutrophils with and without intact
nuclei. The layer that is indicated by the braces had no stained GAS bacteria. There were
many GAS clumps like the ones circled in Fig. 5D and F, and numerous individual GAS
bacteria or bacteria in chains are visible after zooming in by 400% (Fig. 5D and F). These
histological data are consistent with our previous finding that the numbers of
MGAS2221 bacteria at skin infection sites in C57BL/6J mice were similar from day 1
through day 4 (32). Thus, MGAS2221 was not cleared even with strong neutrophil
responses at later time points of infection. The insufficient neutrophil recruitment
within day 1 and cytotoxic necrosis of recruited neutrophils should reduce the GAS
clearance from the skin. However, we cannot conclude from these results that the
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necrosis of neutrophils critically contributes to the resistance of GAS to clearance from
the skin.

Streptolysin S (SLS) has been shown to eradicate neutrophils by inducing nonapo-
ptotic cell death and accelerating apoptosis (37). It is possible that SLS of GAS caused
the necrosis of neutrophils at the skin infection site to compromise GAS clearance from

FIG 5 Anti-MPO immunohistochemistry and Gram stainings of subcutaneous MGAS2221 infection sites
showing inhibition of neutrophil infiltration, neutrophil necrosis, and GAS persistence. C57BL/6J mice
were subcutaneously inoculated with 5.6 � 107 CFU of MGAS2221, and skin containing infection sites
were collected at days 1, 2, and 4 after inoculation. Sections of the skin infection sites were stained with
anti-MPO antibody and hematoxylin counterstain and examined by IHC. In these MPO IHC/hematoxylin
stains, the nucleus (if it was not lost) and MPO in neutrophils were blue and red, respectively. (A, C, and
E) Images of MPO IHC/hematoxylin stains for sections of infected lung at days 1 (A), 2 (C), and 4 (E). The
braces indicate the layers of neutrophils that surrounded the infection sites and exhibited nuclear
staining with hematoxylin. The boxes in panels C and E indicate the locations of the infection sites shown
in the Gram stain images in panels D and F, respectively. (B) Relative blue-channel intensities of MPO IHC
staining at skin infection sites as estimates of relative levels of recruited neutrophils. The data points are
differences in the average intensities of whole infection sites between uninfected and infected mice (5
mice per group). The panels also contain the MPO IHC intensities of MGAS2221 Δsse infection described
for Fig. 7. (D and F) Images of Gram staining of the lung sections showing parts of the infection sites
located at the places indicated by the boxes in panels C and E. The braces in panels D and F indicate the
layers of neutrophils that had intact nuclei, lacked stained GAS bacteria, and surrounded the GAS sites.
The circle indicates one of many stained GAS clumps, and numerous GAS organisms as individual
bacteria or in chains can be seen after zooming in by 400%. The rest of the infection sites that are not
shown exhibited stained GAS. Scale bars: 100 �m (A, C, and E) and 20 �m (D and F).
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the skin. To test this possibility, we first deleted the sagA gene of MGAS2221, which
encodes the SLS peptide (30), yielding SLS-deficient MGAS2221 ΔsagA. Then, we tested
the MGAS2221 ΔsagA mutant in a subcutaneous infection model. MGAS2221 ΔsagA
caused a small lesion in the subcutaneous infection, and the lesion was full of
inflammatory cells that were primarily neutrophils and whose nuclei stained with
hematoxylin (Fig. 6A and B). These results indicate that most of the recruited neutro-
phils had not gone through necrosis at day 1 after MGAS2221 ΔsagA inoculation. The
Gram stain image of sections of the ΔsagA infection sites had numerous dark-blue spots
(Fig. 6C), and these dark-blue spots at higher magnification were found to be clumps
of bacteria (Fig. 6D). These clumps of bacteria were always colocalized with neutrophils
that were stained red with Gram stain but were not present in places without neutro-
phils. GAS bacteria were apparently associated with neutrophils at ΔsagA infection sites.
Consistently with the Gram stain results, numbers of MGAS2221 ΔsagA bacteria at 24 h
after inoculation were 1.04-fold the numbers at 1 h after inoculation (Fig. 6E). Thus, the

FIG 6 MGAS2221 ΔsagA induces robust neutrophil recruitment but is not significantly cleared at skin
infection sites of C56BL/6J mice. (A) Representative H&E staining image of a whole ΔsagA mutant
infection site 24 h after inoculation of 4.1 � 107 CFU of MGAS2221 ΔsagA that was full of neutrophils with
purple stain. The boxed area in panel A is shown in panel B at higher magnification to demonstrate the
blue nuclear staining of neutrophils with hematoxylin. (C) Representative Gram stain image of the whole
ΔsagA mutant infection site 24 h after inoculation that shows numerous dark-blue spots. The box in
panel C is enlarged in panel D to show that the dark-blue spots were dark-blue GAS bacterial clumps. (E)
Numbers of GAS bacteria at skin infection sites of C57BL/6J mice at 1 h and 24 h after inoculation of
MGAS2221 (wt) and its ΔsagA, Δsse, and ΔspyCEP mutants. Scale bars: 200 �m (A and C) and 10 �m (B
and D).
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robust neutrophil response and elimination of cytotoxic streptolysin S did not lead to
MGAS2221 ΔsagA clearance from the skin. These results indicate that neutrophils, even
without necrosis, cannot effectively clear the MGAS2221 ΔsagA mutant from the skin.

Deletion of the sse and spyCEP genes promotes MGAS2221 proliferation at skin
infection sites. The sse gene encodes a PAF acetylhydrolase and plays a critical role in
inhibition of neutrophil recruitment by hypervirulent M1 and M3 CovRS mutants (26,
39, 40). Anti-MPO staining demonstrated that Δsse mutant infection sites were full of
neutrophils (Fig. 7A). Deletion of the sse gene enhanced MPO immunostaining at skin
infection sites at day 1 by 114% in comparison with that at wt MGAS2221 infection sites
at day 1 (Fig. 5B), indicating that the sse deletion in MGAS2221 enhanced neutrophil
recruitment during skin infection. However, the average number of bacteria at the skin
infection sites increased by 11.9-fold, from (5.4 � 1.0) � 107 CFU at 1 h to (6.4 � 0.6) �

108 CFU at 24 h postinoculation (Fig. 6E). There was significant growth of the Δsse
mutant at skin infection sites. Like the MPO-IHC/hematoxylin staining of MGAS2221
infection sites in C57BL/6 mice in Fig. 5A, neutrophils at the edge of Δsse mutant
infection sites exhibited nuclear staining with hematoxylin, which is indicated by the
brace, but neutrophils inside Δsse mutant infection sites did not exhibit nuclear staining
with hematoxylin in both MPO-IHC/hematoxylin (Fig. 7A) and H&E (Fig. 7B) stainings.
Thus, recruited neutrophils inside Δsse mutant infection sites had gone through
necrosis. Gram staining shows that there were numerous GAS bacteria throughout Δsse
mutant infection sites (Fig. 7C). The spyCEP genes encode the peptidase of CXC
chemokines, including interleukin-8, and SpyCEP is also involved in the inhibition of
neutrophil recruitment (25). Deletion of the spyCEP gene also increased GAS numbers
at the skin infection sites by 5.7-fold from 1 h to 24 h after inoculation. These results
suggest that enhanced neutrophil recruitment at skin infection sites may benefit GAS
for growth in the skin.

The phagocyte NADPH oxidase is not required for selection of MGAS2221
SpeBA� variants. GAS with functional CovRS and RopB secretes large quantities of the
protease SpeB in Todd-Hewitt broth supplemented with 0.2% yeast extract (THY) at
stationary growth phase. The SpeB activity to hydrolyze casein is not detected in the
supernatants of stationary cultures of GAS CovRS mutants (41). This phenotype of GAS
CovRS mutants is referred as the SpeB activity-negative (SpeBA�) phenotype. SpeBA�

variants of MGAS2221 are readily selected during skin infection of mice and account for
about 40% of GAS bacteria recovered from infection sites on day 4 after MGAS2221
inoculation (32). Neutrophils play a critical role in the in vivo selection of MGAS2221
SpeBA� variants (32). To determine whether the phagocyte NADPH oxidase plays a role
in the selection of MGAS2221 SpeBA� variants in skin infection, GAS isolates were
recovered from skin infection sites at day 4 after subcutaneous inoculation of
MGAS2221 in C57BL/6J and gp91phox�/� mice, and percentages of SpeBA� variants
among the recovered isolates from C57BL/6J and gp91phox�/� mice were determined
to be 35% and 34%, respectively (P � 0.8471) (Fig. 8). Thus, the phagocyte NADPH
oxidase is not involved in the selection of SpeBA� variants. This result further supports
an insignificant role of the NADPH oxidase in MGAS2221 killing in skin infection,
suggesting that GAS can be killed in the skin by NADPH oxidase-independent mech-
anisms. The numbers of viable GAS bacteria at skin sites were the net results of growth
minus killing. Because the numbers of GAS bacteria at MGAS2221 infection sites remain
about the same with time, the accumulation of MGAS2221 SpeBA� variants at skin
infection sites indicates that there was killing of MGAS2221 at skin infection sites, even
though the killing was not sufficient to lead to clearance.

DISCUSSION

This study compared the levels of effectiveness of neutrophils in the clearance of wt
M1T1 GAS from the lung and from skin using mouse models of pulmonary and
subcutaneous infections to understand the basis for GAS tissue tropism. We report the
following major findings: MGAS2221 is effectively cleared from the lung by neutrophils
using an NADPH oxidase-dependent mechanism, and neutrophils cannot effectively
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clear MGAS2221 and its ΔsagA, ΔspyCEP, and Δsse mutants in the subcutis. We conclude
that wt M1T1 GAS can be sensitive or resistant to clearance by neutrophils depending
on whether phagocytic NADPH oxidase-mediated killing is effective or not. The findings
are significant in understanding the tissue tropism of GAS.

Intratracheally inoculated wild-type M1T1 GAS bacteria scattered around the bron-
chial termini, where massive inflammatory cells were recruited, and GAS bacteria were
largely cleared by 24 h after inoculation. The recruited inflammatory cells were primarily

FIG 7 MGAS2221 Δsse skin infection sites are full of necrotic neutrophils that are associated with
extensive GAS stains. C57BL/6J mice were subcutaneously inoculated with 5.4 � 107 CFU MGAS2221
Δsse, and skin infection sites were collected at 24 h after inoculation and subjected to histological
analyses. (A) Representative MPO IHC/hematoxylin staining image that shows that the Δsse mutant
infection site was full of necrotic neutrophils. The brace indicates the layer of neutrophils with nuclear
staining with hematoxylin at the edge of the infection site. The MPO staining intensities from the ImageJ
analysis are presented in Fig. 5B. (B) Representative H&E staining image for the inside Δsse mutant
infection site that shows the lack of nuclear staining with hematoxylin. (C) Representative Gram staining
image that shows numerous GAS bacteria with dark-blue stain inside the infection site. The rest of the
infection site that is not shown also had numerous stained GAS bacteria. Scale bars: 200 �m (A) and
10 �m (B and C).
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neutrophils in C57BL/6 mice. GAS was not cleared from neutropenic mice, and mac-
rophages in BALF from mice with lung infections did not take up M1T1 GAS efficiently.
These findings indicate that wt M1T1 GAS is effectively cleared by neutrophils in the
lung in the murine intratracheal pneumonia infection model.

Another novel finding is that the skin is a niche where neutrophils are incompetent
in the clearance of wt M1T1 GAS. Hypervirulent M1T1 and M3 GAS CovRS mutants
inhibit neutrophil infiltration into skin infections, mainly through the function of
streptolysin S and the platelet-activating factor (PAF) acetylhydrolase (26, 39–41).
MGAS2221 induces robust neutrophil infiltration to the edge of skin infection sites but
not inside infection sites at 24 h after inoculation. The inhibition of neutrophil infiltra-
tion likely contributes to the resistance of wt M1T1 GAS to clearance at early stages of
skin infection but not at later infection stages, since the neutrophil response is present
throughout infection sites at days 2 and 4 after inoculation. In contrast, MGAS2221 is
persistent at least up to 4 days after inoculation (32). Neutrophils at MGAS2221 infec-
tion sites exhibited no nuclear staining with hematoxylin (Fig. 5), indicating that
neutrophils were necrotic at these sites. Streptolysin S and the PAF acetylhydrolase play
a critical role in the inhibition of neutrophil infiltration and the loss of the nuclear
staining during skin infection with a hypervirulent M3 GAS CovS mutant (40). Indeed,
skin infection sites with MGAS2221 ΔsagA are full of neutrophils with nuclear staining
(Fig. 6), demonstrating a critical role of streptolysin S in neutrophil necrosis in wt M1T1
GAS skin infection. Furthermore, streptolysin S reduces or inhibits GAS killing by
neutrophils in the intraperitoneal cavities of mice (37). The cytotoxicity of streptolysin
S to neutrophils likely contributes to the incompetence of neutrophils to kill GAS in the
skin. However, MGAS2221 ΔsagA is not effectively cleared from the skin, even though
infection sites are full of neutrophils that have intact nuclei. Thus, streptolysin S is not
essential for GAS resistance to neutrophil killing during skin infection. These results
indicate that the environment in the skin plays a critical role in M1T1 GAS resistance to
neutrophil killing. It should be pointed out that we used the subcutaneous infection
model for the skin infection. The subcutaneous infection model more closely resembles
human necrotizing fasciitis than impetigo or cellulitis skin infections. The histopatho-
logical feature described in Fig. 5 is similar to the histopathological feature of the
impetigo, the layer of more intense inflammatory cells surrounding infection sites (42).
It is most likely that the inefficiency of neutrophils to clear GAS in subcutaneous
infections is applicable to GAS-caused impetigo or cellulitis infections.

To cause infection in a particular niche, a pathogen has to be able to survive against
immune responses in that niche. The effectiveness and incompetence of neutrophils in
GAS clearance from the lung and skin, respectively, are apparently critical factors for the
tissue tropism of GAS infections. GAS is the most common bacterial cause of acute
pharyngitis, causing approximately 3 and 616 million cases of strep throat annually in
the United States and in the world, respectively (1, 43). In contrast, there are about
1,500 cases of pneumonia that are caused by GAS annually in the United States (2).

FIG 8 Selection of MGAS2221 SpeBA� variants in C57BL/6J and gp91phox KO mice. Shown are percent-
ages of SpeBA� cells among GAS bacteria recovered from skin infection sites of mice at day 4 after
subcutaneous inoculation with 4.4 � 107 CFU of MGAS2221.
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Thus, GAS infections of the upper respiratory tract rarely lead to infections of the lower
respiratory tract. There are 111 million cases of GAS skin infections each year in the
world and about 700 cases of necrotizing fasciitis each year in the United States (1, 2).
Common GAS skin infections rarely progress into necrotizing fasciitis. Rare necrotizing
fasciitis infections are commonly associated with diabetes mellitus on the host side (44),
and severe invasive infections are frequently associated with mutations of the virulence
regulators CovRS and RopB on the pathogen side (8, 9). The upper respiratory tract and
skin are the favorite niches for GAS to cause infections in healthy people. The throat
and skin tropisms of GAS have correlations with emm types and surface adhesins (19).
However, why the skin and throat, but not lung, are the favorite infection sites in
healthy people is not well understood. wt M1T1 GAS is effectively cleared from the lung
but cannot be effectively cleared by neutrophils from the skin, indicating that neutro-
phil effectiveness in GAS clearance is correlated with GAS tropism. This notion is further
supported by the pathogenesis of hypervirulent GAS mutants. GAS produces an
abundance of extracellular virulence factors to mediate pathogenesis, including the M
protein, C5a peptidase ScpA, the hyaluronic acid capsule, CXC chemokine peptidase
SpyCEP, PAF acetylhydrolase Sse, streptolysin O (Slo), NADase Nga, and the
opsonophagocytosis-inhibiting protein Mac. Most of these virulence factors are
involved in evasion of neutrophil responses. Natural mutations of CovRS and RopB
enhance expression of these virulence genes and evasion of neutrophil responses,
enabling GAS infections in the lungs of nonhuman primates and mouse infection
models (15, 45).

wt M1T1 GAS is not effectively cleared from the lungs of gp91phox KO mice (Fig. 4).
An M23 GAS strain had significantly higher numbers of CFU in blood from p47phox�/�

mice than from control mice in an intravascular infection model (46). These findings
indicate that NADPH oxidase-dependent killing is a critical mechanism for GAS clear-
ance. The neutrophil NADPH oxidase reduces oxygen to generate superoxide, which
dismutes to form H2O2. Myeloperoxidase catalyzes the oxidation of Cl� by H2O2 to form
bactericidal hypochlorous acid (HOCl). M1T1 GAS is still effectively cleared from the
lungs of MPO�/� mice, suggesting that myeloperoxidase is not essential for NADPH
oxidase-dependent GAS clearance. However, the GAS clearance data in MPO�/� mice
does not rule out the involvement of myeloperoxidase in NADPH oxidase-mediated
GAS clearance. It is possible that H2O2 generated by the NADPH oxidase-catalyzed
reaction kills GAS in MPO�/� mice, since GAS is sensitive to H2O2 in vitro (47). The lung
and blood are oxic environments, which is apparently required for NADPH oxidase-
mediated GAS clearance. Hyperbaric oxygen therapy (HBOT) has been used as an
adjunctive treatment for streptococcal toxic shock syndrome and necrotizing fasciitis at
some medical centers that have HBOT facilities. HBOT for severe GAS infections is
controversial but appears to reduce mortality rates (48). NADPH oxidase-mediated
killing of GAS by neutrophils is likely the basis for the benefit of HBOT to patients with
severe GAS infections.

M1T1 GAS is not effectively cleared at the skin infection site, and there is no
significant difference in GAS loads at skin infection sites between gp91phox KO and
control mice. These results suggest that NADPH oxidase-mediated killing of GAS is
compromised. One possible mechanism for this compromise is that GAS generates an
anoxic environment within skin infection sites. GAS causes the occlusion of blood
vessels at the skin infection sites by 24 h after GAS inoculation, and blood cannot flow
through the infection site (49), which should result in an anoxic environment. GAS does
not have catalase, a tricarboxylic acid (TCA) cycle, or oxidative phosphorylation. There-
fore, GAS relies completely on the fermentation of sugars for growth and energy
production. GAS has lactate oxidase and NADH oxidase (50, 51) and is a facultative
anaerobe. An anoxic environment in the skin is thus a favorable niche for allowing
anaerobic GAS growth and avoiding NADPH oxidase-mediated killing.

Despite the critical role of the phagocyte NADPH oxidase in GAS clearance from oxic
niches, such as the lung and blood, GAS is not associated with chronic granulomatous
disease (CGD), which leads to recurrent bacterial infections due to defective phagocyte
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NADPH oxidase activity (52). The most common organisms that cause CGD in patients
are catalase-positive bacteria, which are usually part of the normal flora or exist in the
environment, such as in soil. In contrast, GAS is a catalase-negative human pathogen.
Thus, CGD patients are less susceptible to GAS infections, and GAS thrives better in
suboxic and anoxic niches. In the murine intratracheal-pneumonia infection model,
hypervirulent GAS CovRS and RopB mutants infected the alveolar region but not the
bronchial epithelium (15), indicating that there are additional immune killing mecha-
nisms that prevent GAS infections at certain niches and may also prevent the associ-
ation of GAS with CGD.

There is a considerable increase in numbers of viable GAS bacteria associated with
MGAS2221 Δsse but not MGAS2221 and MGAS2221 ΔsagA skin infection sites after
inoculation (Fig. 6E). These results indicate that there are NADPH oxidase-independent
killing mechanisms of GAS to prevent increases in GAS numbers at skin infection sites,
although they are not sufficient to lead to clearance. MGAS2221 SpeBA� variants can
be selected by neutrophils at skin infection sites of C57BL/6J mice (32). There was no
difference in selection of MGAS2221 SpeBA� variants in C57BL/6J and gp91phox KO
mice (Fig. 8), further supporting the existence of NADPH oxidase-independent killing of
GAS by neutrophils at skin infection sites. Deletion of the sse gene in GAS enhances
neutrophil infiltration and reduces skin invasion and systemic dissemination (26, 53).
Necrotic neutrophils are associated with extensive staining of GAS bacteria after Gram
staining. Apparently, enhanced neutrophil infiltration prevents skin invasion and sys-
temic dissemination but may provide nutrients for MGAS2221 Δsse growth at skin
infection sites.

In summary, we have demonstrated that M1T1 GAS is effectively cleared from the
lung by neutrophils using an NADPH oxidase-dependent mechanism and that the
NADPH oxidase-dependent killing mechanism is compromised in the skin. Thus, our
results support a model to explain the skin tropism of GAS. In this model (Fig. 9),
phagocyte NADPH oxidase-dependent killing is a critical mechanism for effective
clearance of GAS; GAS can generate an anoxic niche in the skin for evading NADPH
oxidase-dependent killing by neutrophils and conferring resistance to clearance; in an
oxic environment, such as the lung, wt GAS cannot establish infection because of
NADPH oxidase-mediated killing.

MATERIALS AND METHODS
Declaration of ethical approval. All animal experimental procedures were carried out in strict

accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (54). The protocols for mouse experiments were approved by the Institu-
tional Animal Care and Use Committee at MSU (protocol numbers 2014-45 and 2017-42).

Bacterial strains and growth. Serotype M1 strain MGAS2221 and its sagA, sse, and spyCEP gene
deletion mutants have been described (41, 55). These strains were grown in THY.

Mouse infections. C57BL/6J and gp91phox knockout (female gp91phox�/� and male gp91phox�) mice
were bred at the Animal Resource Center at Montana State University (ARC) using breeding pairs of mice
from the Jackson Laboratory (Bar Harbor, ME). Myeloperoxidase knockout (MPO KO) mice were pur-
chased from the Jackson Laboratory. To deplete neutrophils in C57BL/6J mice, 250 �g RB6-8C5 (Bio X
Cell) in 0.5 ml Dulbecco’s phosphate-buffered saline (DPBS) was injected into the intraperitoneal cavity

FIG 9 Model of the contribution of the lack of NADPH oxidase-mediated killing to the skin tropism of
group A Streptococcus. Phagocyte NADPH oxidase-dependent killing plays a critical role in the clearance
of GAS. GAS can generate an anoxic niche in the skin to avoid NADPH oxidase-mediated killing,
conferring resistance to clearance by neutrophils. In an oxic environment, such as the lung, wt GAS
cannot establish infection because of effective NADPH oxidase-mediated killing.
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of each mouse at 24 h prior to GAS inoculation. Control mice were treated similarly with rat IgG2b isotype
control monoclonal antibody (MAb) LTF-2. Eight-week-old female (50%) and male (50%) mice were used
in pulmonary and skin infections. Because no difference in analyzed data was found between female and
male mice, the gender is not indicated for particular data points. GAS bacteria at the exponential growth
phase were harvested by centrifugation and washed three times with pyrogen-free DPBS and resus-
pended in DPBS. Inocula were determined by plating, and the CFU numbers are indicated in the figure
legends.

Pulmonary infection was performed, as previously described (15). Mice were anesthetized by 5%
isoflurane inhalation and placed in the supine position on an angled platform with the mouth being
gently held open. A GAS suspension at an optical density at 600 nm (OD600) of 3 (100 �l) was
inoculated through a syringe with a blunt-end needle into the tracheas of mice. At 1 h or 24 h after
GAS inoculation, mice were euthanized with a gradual fill method at a displacement rate of 30% CO2

of the chamber volume per minute, as recommended in the 2013 guidelines of the American
Veterinary Medical Association (56). The lung was then lavaged or collected for cytospin and
histological analyses or measurements of GAS loads. For skin infection, 0.2 ml of GAS in DPBS at an
OD600 of 1.0 was inoculated subcutaneously into mice. Mice were then euthanized at 1 h or 24 h after
inoculation, and skin infection sites were collected for histological analyses and quantification of
viable GAS bacteria.

Quantification of GAS numbers in lung and skin infection sites. Parts of the lungs were collected
and weighed for the pulmonary infection, and a piece of skin containing the whole infection site was
collected for the skin infection. The lung and skin samples were homogenized in DPBS using a Kontes
pestle and plated at appropriate dilutions.

Cytospin analysis. The lungs of euthanized mice were lavaged with 1 ml of DPBS to collect BALF. An
aliquot of the recovered lavage fluid was used to determine the total number of viable cells by trypan
blue exclusion counting. A second aliquot of the recovered lavage fluid at an appropriate dilution was
used to prepare cytospin slides using a Shandon cytospin cytocentrifuge. The slides were stained using
the Diff-Quik stain kit from Fisher Scientific. Neutrophils and macrophages among 150 host cells on each
cytospin slide were counted to determine the percentages of neutrophils and macrophages, and the
total numbers of neutrophils and macrophages were calculated from the percentage data and the total
counts of viable cells in the lavage samples. A third aliquot of the BALF samples was plated at an
appropriate dilution to count numbers of GAS bacteria.

Histological analyses. The lungs of euthanized mice were perfused with 10% formalin and fixed in
10% formalin for 24 h. Skin samples containing GAS infection sites were also fixed in 10% formalin for
24 h. The fixed samples were dehydrated with ethanol, cleared with xylene, and infiltrated with paraffin
using a tissue-embedding console system (Sakura Finetek, Inc.). The paraffin blocks were cut to obtain
4-�m sections, which were stained with hematoxylin and eosin (H&E) or with a Gram stain kit from
Becton, Dickinson and Company. For immunostaining, deparaffinized tissue sections were treated in
boiling citrate, pH 6.0, for 25 min for antigen retrieval, washed with DPBS, blocked with Biocare rodent
block M (item no. RBM961H), and incubated with rabbit anti-myeloperoxidase antibody from Abcam
(item no. ab139748) or rat anti-mouse F4/80 antibody from Bio-Rad (item no. MCA497R). The slides were
washed with Tris-buffered saline– 0.5% Tween 20 (TBS-T), incubated with Biocare’s Rabbit-on-Rodent
AP-Polymer for myeloperoxidase staining or Rat-on-Mouse AP-Polymer for F4/80 staining, washed with
TBS-T, and developed with a Biocare Vulcan Red fast-stain kit. Immunostained slides were mounted with
ProLong Gold antifade mountant with DAPI (4=,6-diamidino-2-phenolindole) from Invitrogen. Stained
slides were examined using a Nikon Eclipse 80i microscope.

The ImageJ software (https://imagej.nih.gov/ij/) was used to measure the average intensities of MPO
IHC staining for the IHC/hematoxylin staining images of subcutaneous infection sites and uninfected skin.
Images were first split into images of red, green, and blue channels. The whole infection site of the
blue-channel image was selected, and the average intensity was measured. Blue-channel images were
used to reduce the interference of hematoxylin staining of some neutrophils. The relative MPO staining
intensities are the differences in the average intensities between uninfected and infected samples (the
intensities of the uninfected skin minus the intensities of infection sites).

Selection of SpeBA� variants in mice. Analysis of an in vivo selection of SpeBA� variants of clinical
GAS isolates was performed, as described previously (32). Briefly, female C57BL/6J and gp91phox KO mice
were inoculated with 4.4 � 107 CFU of MGAS2221 and euthanized on day 4 after inoculation. Skin
infection sites were collected and homogenized in 1.0 ml DPBS using a Kontes pestle. The samples were
then plated at appropriate dilutions, and 48 colonies for each mouse were randomly picked, inoculated
in 200 �l THY in 96-well plates, and cultured overnight at 37°C in 5% CO2. Three microliters of 10%
�-mercaptoethanol was added into each well, and 15 �l of the supernatant was loaded into wells of
casein gel plates and incubated at 37°C for 5 h. The lack of the cloudy ring indicated a lack of SpeB
activity in the samples (SpeBA�). The number of SpeBA� colonies among 48 colonies from a mouse was
counted to calculate the percentage of SpeBA� variants among GAS bacteria recovered from each
mouse.

Statistical analyses. The statistical analyses were performed using the unpaired t test with Welch’s
correction of the GraphPad Prism software (version 7.03).
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