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Abstract Introduction: Group A Streptococcus (GAS) can produce streptococcal secreted
esterase (Sse), which inhibits neutrophil recruitment to the site of infection and is crucial
for GAS pathogenesis. As an effective esterase, Sse hydrolyzes the sn-2 ester bond of human
platelet-activating factor, inactivating it and abolishing its ability to recruit neutrophils.
Objectives: The purpose of this study was to investigate the effects of sse deletion on the viru-
lence of multiple serotypes of GAS.
Methods: Isogenic strains that lack the sse gene (Dsse) were derived from the parent strains
MGAS5005 (serotype M1, CovRS mutant), MGAS2221 (serotype M1, wild-type CovRS), MGAS315
(serotype M3, CovRS mutant) and MGAS6180 (serotype M28, wild-type CovRS) and were used to
study the differences in virulence and pathogenicity of GAS serotypes.
Results: In a subcutaneous infection model, mice infected with MGAS5005Dsse exhibited higher
survival rates but decreased dissemination to the organs compared with mice infected with
MGAS5005. When mice were infected with the four Dsse mutants, the MPO activity and IFN-g,
TNF-a, IL-2 and IL-6 levels increased, but the skin lesion sizes decreased. In an intraperitoneal
infection model, the absence of Sse significantly reduced the virulence of GAS, leading to
increased mouse survival rates and decreased GAS burdens in the organs in most of the chal-
lenge experiments. In addition, the numbers of the four Dsse mutants were greatly reduced 60
min after incubation with isolated rat neutrophils.
Conclusion: Our results suggest that Sse participates in the pathogenesis of multiple GAS sero-
types (MGAS5005, MGAS2221, MGAS315 and MGAS6180), particularly the hypervirulent CovS
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mutant strains MGAS5005 and MGAS315. These strain differences were positively correlated
with the virulence of the serotype.
Copyright ª 2021, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Table 1 The knock-out fragments in four strains.

The full
length of sse

The length of
the knock-out fragment

MGAS5005Dsse 1e987 bps 187e687 bps
MGAS2221Dsse 1e987 bps 169e784 bps
MGAS315Dsse 1e987 bps 169e787 bps
MGAS6180Dsse 1e1002 bps 188e784 bps
Introduction

Group A Streptococcus (GAS) is a human specific pathogen
that often causes pharyngitis and impetigo. However,
rheumatic heart disease and invasive GAS infections that
are related to the onset of mild infections lead to over
500,000 deaths every year worldwide.1e4 Although the
antibiotic drug penicillin can cure most GAS infections,
these infections are still considered to be life-threatening.
The virulence of GAS is closely related to secreted extra-
cellular virulence factors.5e8 The well-studied virulence
factors are the hemolysins SLO and SLS, which can form
hydrophilic pores to destroy erythrocytes, leukocytes and
other tissues.9,10 Another important virulence factor,
streptokinase, can activate plasminogen, which generates
the plasmin that activates metalloproteinases to dissolve
fibrin and degrade the extracellular matrix. Streptokinase
allows GAS to disseminate from the infection site to distant
locations within the host.11 Certainly, there are a variety of
other secreted virulence factors, such as cysteine protein-
ase SpeB, CAMP factor, DNases, inhibitors of complement,
Ig-binding proteins and esterase.12e15 Streptococcal
secreted esterase (Sse) is a carboxylic acid esterase that
can hydrolyze human platelet-activating factor (PAF).16,17

Produced by endothelial cells, neutrophils, macrophages
and granular eosinophils, PAF serves as a phospholipid
mediator that recruits immunocytes to the infection
site.18,19 Thus, Sse inhibits recruitment of neutrophils to
the infection site, which provides a mechanism by which for
GAS evades the innate immune system. Sse has been
demonstrated to participate in subcutaneous GAS infection
and dissemination from the skin.20e22 Our published results
have showed that Sse immunization has an immunopro-
tective effect against multiple serotypes of Group A
Streptococcus.23 However, the immune response and
toxicity with or without Sse are still need to be further
studied.

It is known that some virulence factors can vary among
GAS serotypes and strains, since some genomes do not
contain the genes encoding those virulence factors, or the
genes have mutations that do not allow for normal tran-
scription or translation.12,24e26 Therefore, it is crucial to
investigate whether Sse participates in the pathogenesis
of GAS and influences the virulence of different serotypes.
Sse is relatively conserved among serotypes and has two
distinct variants, complexes I and II.20 Complex I includes
Sse proteins secreted by the serotypes M1, M2, M3, M5, M6,
M12 and M18, whereas complex II contains those secreted
by the serotypes M4, M28, and M49. In previous study, we
found that the sse knockout led to the reduced virulence
in serotypes M1 (MGAS5005 and MGAS2221).16,17,21 These
results encouraged us to speculate whether the sse
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knockout can also attenuate the virulence of other sero-
types, including hypervirulent epidemic M3 strain in
Europe and America (MGAS315) and hypovirulent M28
strain producing Sse of complex II (MGAS6180). The aim of
our study was to investigate whether the sse knockout
could reduce the virulence of different virulent serotypes
of GAS and besides the mechanism of hydrolyzing PAF to
impede neutrophil recruitment, whether the sse knockout
could influence phagocytosis by neutrophils and the
amounts of released cytokines. In this study, we compared
isogenic strains lacking the sse gene (Dsse) with the parent
serotypes M1, M3, and M28 to determine the effect of Sse
on the virulence of multiple GAS serotypes. Understanding
the role of Sse in the disease process can provide valuable
information for the development of new therapeutic
agents that target Sse.
Methods

Bacterial strains and growth conditions

The hypervirulent M1 CovRS mutant strain MGAS5005, the
wild-type M1 strain MGAS2221, the hypervirulent M3 CovRS
mutant strain MGAS315, and the wild-type M28 strain
MGAS6180 were considered the wild-type strains in this
study. These wild-type strains and their Dsse mutants were
propagated in Todd-Hewitt broth (BD Bioscience) supple-
mented with 0.2% (w/v) yeast extract (Amresco) at 37 �C
and 5% CO2. The bacteria were grown to logarithmic phase
in THY (OD600 z 0.8), pelleted, washed and resuspended in
phosphate-buffered saline (PBS). When recording the
growth curves, all these strains were cultured from the
same initial quantity (OD600 Z 0.05).

Construction of the Dsse strains

Strains carrying an in-frame allelic replacement of sse were
generated from the wild-type strains as previously
described.17 The knock-out fragments are shown in the
Table 1. The Dsse strains were verified by polymerase chain
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reactions and sequencing (Life Technologies, Shanghai).
The deletion of sse did not disrupt the open reading frame.

Mouse infection experiments

CD1 mice (18e22 g) were purchased from the Department
of Experimental Animals of Harbin Medical University. In
the subcutaneous infection model (SC), the mice were
subcutaneously inoculated with 0.2 ml (z2.0 � 108 CFU) of
a bacterial suspension in PBS. The mice (10 mice/group,
eight total groups) were monitored daily for 10 days to
determine the survival rates. The remaining mice in each
group were euthanized at 24 h post inoculation to measure
skin lesion sizes (6 mice/group), GAS burdens in the spleen,
liver, and kidney (6 mice/group), myeloperoxidase (MPO)
activity (5 mice/group) and cytokine levels (4 mice/group)
at the infection sites. In the intraperitoneal infection model
(IP), the mice were intraperitoneally injected with 0.2 ml
(z2.0 � 108 CFU) of bacterial suspension for each GAS
strain. The mice (10 mice/group, eight groups in total)
were monitored to determine the survival rates. The other
mice (6 mice/group) in each group were euthanized at 24 h
after inoculation, or within 24 h if they were moribund, to
collect the spleen, liver, and kidney to measure the GAS
burdens. All the protocols were approved by the Institu-
tional Research Board of Harbin Medical University.

Detection of myeloperoxidase (MPO) activity

The entire skin lesions were excised from the mice infected
with all the Dsse mutants and their wild-type strains and
homogenized. The level of MPO activity (U/total) was
determined using an MPO assay kit (Nanjing Jiancheng
Bioengineering Institute) with the aid of a microplate
reader (SpectraMax).

Phagocytosis assay

Rat neutrophils were isolated from 3 ml of circulating blood
by using an isolation solution of mononuclear cells (HISTO-
PAQUE-1083, Sigma) for the in vitro measurements of GAS
resistance to neutrophil-mediated killing. Overnight cul-
tures of GAS (eight strains in total, n Z 6 cultures/strain)
were diluted and mixed with 2 � 104 neutrophils in 1 ml PBS
[multiplicity of infection (MOI) Z 10:1]. The samples were
incubated at 37 �C for 3 h. The mixed samples were spread
onto THY plates, and the numbers of bacteria were calcu-
lated at 0, 30, 60, 120, 180 min after incubation.

Cytokine measurement by ELISA

Twenty-four hours post infection, the skin lesions of the
mice were excised and homogenized. The homogenates
were centrifuged to obtain the supernatant. The levels of
TNF-a, IL-2, IL-6, and IFN-g in the supernatants were
quantified using enzyme-linked immunosorbent assay
(ELISA) kits (Elabscience Biotechnology Co., Ltd.).
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Statistical analysis

The log-rank test was used to analyze the survival rate of
the mice. The data were analyzed by Student’s t-test or
two-way ANOVA with Fisher’s LSD multiple comparisons
test. All the figures were generated using GraphPad Prism
version 6.0. A P value < 0.05 was considered statistically
significant.

Results

The deletion of sse does not impair growth in
culture medium

First, it was necessary to compare the growth of the four
Dsse mutants with the growth of their wild-type strains in
THY medium. All the Dsse mutants could proliferate nor-
mally in vitro. There were obvious lag phases, logarithmic
phases, and stationary phases in each bacterial growth
curve (Fig. 1). Thus, the Dsse mutants exhibit no growth
defects in vitro.

The deletion of sse significantly reduces the
virulence of MGAS5005 in the subcutaneous
infection model

To examine whether the deletion of sse can attenuate the
virulence of GAS and whether such attenuation can vary
among strains, mice were infected with four Dsse mutant
strains and their parent strains M1, M3, and M28. Ten days
after subcutaneous challenge, the survival rate of the
mice infected with MGAS5005Dsse was 80.0%, whereas the
survival rate of the mice infected with MGAS5005 was 0%
(P < 0.0001, Fig. 2A). Similarly, the mice infected with
MGAS315Dsse had a higher survival rate than the mice
infected with MGAS315 (P Z 0.0204, Fig. 2C). However,
only one mouse died when infected with MGAS2221 or
MGAS2221Dsse and all the mice were still alive after
infection with MGAS6180 or MGAS6180Dsse after 10 days
(Fig. 2B, D). The difference in the survival rate was not
significant for these two groups. These results indicate
that the deletion of sse probably affects the virulence of
different GAS serotypes in the subcutaneous infection
model to varing degrees.

The deletion of sse enhances the recruitment of
neutrophils and reduces skin lesions

It was necessary to determine the number of neutrophils
recruited after infection based on MPO activity. As shown in
Fig. 3A, the MPO activity of the mice infected with the four
Dsse mutants was higher than that of the mice infected
with the wild-type strains, and the differences were sig-
nificant except for that between the mice infected with
MGAS315 or MGAS315Dsse. The number of neutrophils is
proportional to the MPO activity. This result indicated that
once sse was deleted, more neutrophils were recruited to



Figure 2. The survival rate curves of mice subcutaneously infected with group A Streptococcus. CD1 mice were inoculated in the
back with 2.0 � 108 CFU of the bacterial suspension. Then, the mice were observed over 10 days. Statistical significance was
determined by the log-rank test. (A) Mice infected with MGAS5005 and MGAS5005Dsse; (B) Mice infected with MGAS2221 and
MGAS2221Dsse; (C) Mice infected with MGAS315 and MGAS315Dsse; (D) Mice infected with MGAS6180 and MGAS6180Dsse.

Figure 1. Bacterial growth curves of all Dsse mutants and their wild type strains. (A) MGAS5005 and MGAS5005Dsse; (B) MGAS2221
and MGAS2221Dsse; (C) MGAS315 and MGAS315Dsse; (D) MGAS6180 and MGAS6180Dsse.
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the infection sites. Furthermore, we measured the area of
the skin lesions to compare the level of skin invasion. The
mean lesion sizes of the mice infected with the four Dsse
mutants were smaller than those of the mice infected with
the wild-type strains, and the differences were significant
except for that between the mice infected with MGAS6180
and MGAS6180Dsse (Fig. 3B). The reduced lesion size was
proportional to the reduced level of skin invasion, which
was limited by the increased recruitment of neutrophils.
These data suggest that the deletion of sse enhances the
recruitment of neutrophils and reduces the size of skin le-
sions in mice infected with multiple GAS serotypes.

Furthermore, the numbers of bacteria in the organs
were calculated to compare the dissemination of the
different GAS serotypes. As shown in Fig. 4, there was a
significant reduction in the bacterial loads in the mice
subcutaneously infected with MGAS5005Dsse. However,
there was no obvious difference when the mice were
infected with hypovirulent MGAS2221Dsse or MGAS6180Dsse,
which was in accordance with the rates of survival after
subcutaneous challenge.
The deletion of sse significantly reduces the
virulence of multiple serotypes in the
intraperitoneal infection model

We used another infection route to observe the virulence of
GAS in vivo. After peritoneal inoculation with MGAS5005,
the majority of the mice died within the first day, whereas
the survival rate of the mice infected with the same
amount of MGAS5005Dsse was as high as 90% (P Z 0.0003,
Fig. 5A). All the mice infected with MGAS315 died within
the first day, but the survival rate of the mice infected with
MGAS315Dsse was 60% (P Z 0.0236, Fig. 5C). Furthermore,
the survival rate of the mice infected with MGAS2221Dsse

was sixfold higher than that of the mice infected with
MGAS2221 (P Z 0.0165, Fig. 5B), and the survival rate of
the mice infected with MGAS6180Dsse was fourfold higher
than that of the mice infected with MGAS6180 (P Z 0.0039,
Fig. 5D). The absence of Sse greatly attenuates the viru-
lence of multiple GAS serotypes in the intraperitoneal
infection model. Moreover, there were obvious decreases in
bacterial CFUs in the mice infected with the Dsse mutants
compared with the mice infected with the wild-type strains
(Fig. 6). These results demonstrate that the deletion of sse
reduces the systemic dissemination of GAS to other organs,
Figure 3. Skin invasion caused by multiple GAS serotypes at 24
nZ 5. (B) Skin lesion size of mice infected with MGAS5005, MGAS222
as the mean � SD. These data were represented as the mean � S
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which contributes to the enhanced the survival rate of
mice.

The deletion of sse reduces the ability of GAS to
resist phagocytosis

Further investigation was performed to compare the
neutrophil-mediated killing of the different GAS strains.
Neutrophils were extracted from fresh rat blood and coin-
cubated with four Dsse mutants and their wild-type strains.
The numbers of all the strains decreased after coincubation
with neutrophils over time, but this was particularly
obvious for the Dsse mutants (Fig. 7). After 60 min of in-
cubation, a significant difference between numbers of the
Dsse mutants and the wild-type strains was observed. The
survival percentage of MGAS5005 was 64.4%, which was
higher than the 50.6% survival percentage of MGAS5005Dsse

at 60 min. Similarly, the survival percentage of MGAS315
was 75.6%, which was higher than the 58.7% survival per-
centage of MGAS5005Dsse 60 min post incubation. For
MGAS2221 and MGAS6180, the survival percentages at
60 min decreased greatly to 42.0% and 32.3%, but were still
higher than the 20.7% and 15.5% survival percentages of
MGAS2221Dsse and MGAS6180Dsse. Therefore, the Dsse mu-
tants were less able to resist being killed by neutrophils.
These results illustrate that Sse contributes to resisting
phagocytosis by neutrophils at the early stage of GAS
infection.

The amounts of released cytokines increased in
MGAS5005Dsse -infected skin

To eliminate pathogens, immunocytes use different stra-
tegies, including engulfing invaders or releasing enzymes
and cytokines, at inflammatory sites. These cytokines play
numerous crucial functions. After 24 h of infection, the
levels of IFN-g, TNF-a, IL-2, and IL-6 at the skin infection
sites were much higher in the mice infected with the Dsse
mutants (Fig. 8). There was an obvious difference between
the mice infected with M1 type MGAS5005 and
MGAS5005Dsse, but there was no significant difference in the
production of IFN-g or IL-2 between the mice infected with
MGAS2221 and MGAS2221Dsse, another M1 type of GAS. This
demonstrates that different virulent serotypes elicit im-
mune responses to varying degrees and in different pat-
terns, and these increased cytokines help to establish
h post inoculation. (A) MPO activity in the skin infection site,
1, MGAS315 and MGAS6180, nZ 6. All the data are represented
D, n Z 6. *P < 0.05, **P < 0.01.



Figure 4. Bacterial CFU numbers in the spleen, liver and kidneys 24 h after subcutaneous challenge. The organ homogenates
were serially diluted in PBS and plated on THY agar plates for the enumeration of bacterial CFUs (n Z 6) from (A) spleen, (B) liver,
and (C) kidneys. All the data are represented as the mean � SD, *P < 0.05, **P < 0.01.
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immunological recognition and resist GAS infection, which
probably more effectively eliminates the Dsse mutants at
the local site of infections.
Discussion

Sse has been demonstrated in previous studies to partici-
pate in subcutaneous infection and in dissemination from
the skin to other organs.16,17,20e22 However, it is unknown
whether the attenuation of virulence in the absence of Sse
can vary from strain to strain. There are two variant Sse
complexes: complex I and complex II. Complex I includes
the serotypes M1, M2, M3, M5, M6, M12, and M18, whereas
complex II includes the serotypes M4, M28, and M49. In this
study, we compared isogenic strains lacking the sse gene
(Dsse) with their parent strains M1, M3, and M28 to deter-
mine the difference in the attenuation of virulence.
Figure 5. The survival rate curves of mice intraperitoneally infe
2.0 � 108 CFU of the bacterial suspension. The survival of mice w
determined by the log-rank test. (A) Mice infected with MGAS50
MGAS2221Dsse; (C) Mice infected with MGAS315 and MGAS315Dsse; (
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First, it was necessary to compare the growth of the
strains in the medium to exclude the effects of growth
defects after the deletion of sse. All four Dsse mutants can
grow normally in vitro. Then, we observed the 10-day sur-
vival of mice infected with different GAS strains and found
that compared with the mice infected with the wild-type
strains, the mice infected with the Dsse mutants
(MGAS5005Dsse and MGAS315Dsse) had higher survival rates,
but there was no significant change in the survival rates of
the mice infected with the hypovirulent serotypes
(MGAS2221Dsse or MGAS6180Dsse). Furthermore, we calcu-
lated the bacterial loads to compare dissemination in the
organs. The mice subcutaneously infected with hyperviru-
lent MGAS5005Dsse and MGAS315Dsse had fewer bacteria, but
similar results were not observed in the mice infected with
MGAS2221Dsse or MGAS6180Dsse. These results were in
accordance with the survival rates of the subcutaneous
infection model. Next, we used another challenge route,
cted with group A Streptococcus. CD1 mice were injected with
as observed within 24 h or 10 days. Statistical significance was
05 and MGAS5005Dsse; (B) Mice infected with MGAS2221 and
D) Mice infected with MGAS6180 and MGAS6180Dsse.



Figure 6. Bacterial CFUs in the spleen, liver and kidneys 24 h after intraperitoneal challenge. The organ homogenates were
serially diluted in PBS and plated on THY agar plates for the enumeration of bacterial CFUs (n Z 6) in (A) spleen, (B) liver, and (C)
kidneys. All the data are represented as the mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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intraperitoneal injection, to observe virulence. In this
model, the mortality of the mice was much higher than that
of the mice infected subcutaneously on the skin. The
intraperitoneally infected mice died more quickly, and
there were significant differences between the mice
infected with the four Dsse mutants and the wild-type
strains. These results demonstrate that Sse participates in
the pathogenesis of multiple GAS serotypes to varying
degrees.

Previous studies had showed the strong hydrolysis ca-
pacity of SseM1 but relatively weak SseM28.17 Sse hydrolyzes
PAF to impede neutrophil recruitment by the host and
promotes the innate immune evasion of GAS.16e19 Thus, we
detected the release of MPO in the skin lesions, which is
proportional to the number of recruited neutrophils.27,28

The MPO activity of the mice infected with the Dsse mu-
tants was higher than that of the mice infected with the
wild-type strains. This result indicated that more
Figure 7. The level of antiphagocytosis activity when incubated
fresh blood and then coincubated with GAS strains (MOI Z 10:1)
MGAS2221Dsse. (C) MGAS315 and MGAS315Dsse. (D) MGAS6180 and
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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neutrophils were recruited to the infection sites when mice
were infected with Dsse mutants. The reduced virulence
was further confirmed by the size of the skin lesions. The
average skin lesion sizes of mice infected with the Dsse
mutants were smaller than those of mice infected with the
wild-type strains. These results illustrated that the deletion
of sse mitigated skin inflammation and impeded the
dissemination of GAS in the skin. There were also differ-
ences in subcutaneous GAS infection and dissemination
from the skin among serotypes M1, M3 and M28, which
indicated the varying activity of Sse in hydrolyzing PAF to
inhibit neutrophil recruitment.

Further experiments were conducted to compare the
neutrophil-mediated killing of GAS. After 60 min of coin-
cubation with neutrophils, significant differences in the
numbers of the Dsse mutants and the wild-type strains
were observed, particularly for the hypovirulent serotypes
MGAS2221 or MGAS6180. The Dssemutants were less able to
with rat neutrophils in vitro. Rat neutrophils were isolated from
(n Z 6). (A) MGAS5005 and MGAS5005Dsse. (B) MGAS2221 and
MGAS6180Dsse. These data are represented as the mean � SD,



Figure 8. The amounts of cytokines released in the skin infection sites. (A) IFN-g, (B) TNF-a, (C) IL-2, (D) IL-6. All the data are
represented as the mean � SD (n Z 4), *P < 0.05, **P < 0.01, ***P < 0.001.
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resist being killed by neutrophils, which showed that Sse
contributed to resisting phagocytosis by neutrophils in the
first hours of infection. It had differences in resisting the
neutrophil-mediated killing among serotypes, which is also
an important mechanism in the pathogenesis of GAS.
MGAS315 had stronger anti-phagocytosis ability when
coincubation with isolated neutrophils than MGAS5005, and
MGAS6180 showed the weakest anti-phagocytosis ability.
The absence of Sse attenuates the virulence and pathoge-
nicity of different serotypes of GAS to varying degrees,
which is also impacted by the infection route. We also
examined the immune response mediated by immunocytes
other than neutrophils at skin infection sites. These cyto-
kines work together to mediate innate and adaptive im-
mune responses to eliminate GAS in the skin. The amount of
cytokines at the skin infection sites was much greater in the
mice infected with the Dsse mutants. Both IFN-g and TNF-
a, which are mainly released by macrophages, participate
in immune defense and inhibit bacterial proliferation. We
found that the amounts of these two cytokines were much
more than IL-2 and IL-6, which reflected the activation of
macrophages. MGAS2221 elicited more IFN-g and TNF-a
than MGAS315 or MGAS6180. IL-2 plays a key role in regu-
lating T cells and enhances cell-mediated immunity. But no
obvious difference of IL-2 was found in M1, M3 and M28,
which probably indicated less and unimportant cell-
mediated immunity in GAS infection. IL-6 is an interleukin
that has both proinflammatory and anti-inflammatory ef-
fects. The amounts of IL-6 in hypovirulent MGAS2221 and
MGAS6180 were much more than those of hypervirulent
MGAS5005 and MGAS315. These results demonstrate that
different virulent serotypes elicit immune responses in
different patterns, and it is necessary to add more sero-
types for accurate conclusions. This study indicates that
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the sse knockout could reduce the virulence of M1, M3 and
M28 of GAS and besides the mechanism of hydrolyzing PAF
to impede neutrophil recruitment, the sse knockout could
influence phagocytosis by neutrophils and the immune
response to varying degrees among serotypes. As virulence
factors do not work in isolation, it will be valuable to
determine additional roles of Sse together with other
virulence factors in the disease process.
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