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Streptococcus pyogenes is a pre-eminent human pathogen, and classified by the hypervariable sequence of the emm
gene encoding the cell surface M protein. Among a diversity of M/emm types, the prevalence of the M/emm87
strain has been steadily increasing in invasive S. pyogenes infections. Although M protein is the major virulence
factor for globally disseminated M/emma1 strain, it is unclear if or how the corresponding M protein of M/emm87

strain (M87 protein) functions as a virulence factor. Here, we use targeted mutagenesis to show that the M87
protein contributes to bacterial resistance to neutrophil and whole blood killing and promotes the release of
mature IL-1p from macrophages. While deletion of emm87 did not influence epithelial cell adherence and nasal
colonization, it significantly reduced S. pyogenes-induced mortality and bacterial loads in a murine systemic
infection model. Our data suggest that emm87 is involved in pathogenesis by modulating the interaction between
S. pyogenes and innate immune cells.

1. Background

Streptococcus pyogenes causes diverse diseases in humans, ranging
from common superficial throat and skin infections to invasive condi-
tions, including septicemia, cellulitis, puerperal fever, necrotizing fas-
ciitis, and streptococcal toxic shock syndrome [1,2]. According to
estimates, there are 111 million cases of streptococcal impetigo and 616
million cases of streptococcal pharyngitis annually worldwide, with
663,000 cases of invasive infection [3]. The careful characterization of
emerging S. pyogenes strains provides a critical knowledge base for
responding to future epidemics caused by this pathogen.

The M protein, encoded by the emm gene, allows classification of
S. pyogenes into at least 200 emm sequence types distributed throughout
the world [4-7]. M protein is the most abundant protein anchored to the
S. pyogenes cell surface, and it serves diverse functions in disease

pathogenesis [2,8-10]. Numerous studies have shown that various
S. pyogenes strains utilize their serotype-specific M proteins for adher-
ence to and internalization into pharyngeal epithelial cells or keratino-
cytes [11-14]. M protein can also play a key role in S. pyogenes survival
in human blood [15] by impairment of complement-mediated opsoni-
zation and avoidance of neutrophil and macrophage phagocytosis [16].
In severe invasive disease, M protein can also induces pathological
inflammation mediated by pathological coagulation [17], neutrophil
degranulation [18,19], and/or macrophage pyroptosis [20].

Several studies have established correlations between specific emm
types and disease manifestations [21-24]. Recently, isolates of
M/emm87 have been associated with familial and hospital clusters of
invasive S. pyogenes infections and thus proposed to be highly trans-
missible [25,26]. The prevalence of M/emm87 has been steadily
increasing among invasive S. pyogenes infections in Portugal [27], Spain
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[28], and France [29], and it now ranks fifth in Europe [30] and thir-
teenth in the United States [31] in recent invasive disease surveillance.
Furthermore, based on genomic analysis, M/emm87 strains are pre-
dicted to be capable of future global pandemic spread [32].

The unique sequence characteristics of each M protein/emm type can
determine its spectrum of phenotypic manifestations and overall
contribution to disease pathogenesis, but this information is not
currently available for M/emm87 strains. In this study, we used targeted
mutagenesis coupled with human tissue culture systems and murine
challenge models to characterize potential virulence role(s) the M87/
emm87 protein.

2. Methods
2.1. Bacterial strains and culture conditions

Streptococcus  pyogenes M87 20161436 (SRA  accession:
SAMNO07154152) is an invasive disease isolate from Minnesota that
possesses the hyaluronic acid capsule and exotoxin genes speC, speG,
speJ, ssa, and smeZ [31]. S. pyogenes were grown at 37 °C in screw-cap
centrifuge tubes (Falcon) filled with Todd-Hewitt broth supplemented
with 0.2% yeast extract (THY broth) (Hardy Diagnostics) in an ambient
atmosphere without shaking. For experiments, overnight cultures of
S. pyogenes were diluted 1:50 into fresh THY broth and colony forming
units (CFU) determined by dilution plating on THY agar. Escherichia coli
MC1061 was used as a host for derivatives of plasmids pHY304 [33] and
pDCerm [34], while E. coli BL-21 Gold (DE3) was used for derivatives of
modified pET28b vector (Novagen). E. coli were cultured in
Luria-Bertani (LB) medium (Hardy Diagnostics) at 37 °C with agitation.
For selection and maintenance of strains, antibiotics were added to the
medium at the following concentrations: erythromycin, 500 pg/mL for
E. coli and 2 pg/mL for S. pyogenes; chloramphenicol, 2 pg/mL for
S. pyogenes; kanamycin (30 pg/ml) for E. coli.

2.2. Construction of enm87 mutant, complemented strains, and GFP-
expressing strains

An in-frame M87 protein deletion mutant (Aemm87) in the
S. pyogenes strain 20161436 (WT) background was constructed using the
pHY304 temperature-sensitive shuttle knockout vector, using a previ-
ously described method [35]. Briefly, a fusion DNA fragment of se-
quences upstream of the emm87 gene, the chloramphenicol
acetyltransferase gene (cat), and sequences downstream of the emm87
gene were linked by overlapping PCR and used to construct the re-
combinant pHY304-M87KO plasmid, which was electroporated into the

Table 1
Primers used in this study.
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WT M87 parent strain and grown in the presence of erythromycin.
Plasmid integration into the chromosome was then selected as a single
crossover event at 37 °C, after which culture at 30 °C without antibiotics
was undertaken to allow the second crossover and allelic replacement.
The deletion of emm87 was confirmed by site-specific PCR using purified
genomic DNA. For construction of a complemented strain, an M87
protein-expressing vector (pM87) was constructed by cloning of the
emm87 gene into shuttle expression plasmid pDCerm [34]. Primers are
listed in Table 1. To construct GFP-expressing bacteria, the green fluo-
rescence protein (GFP) expression vector pDCermGFP [36] was trans-
formed into the WT or Aemm87 strains.

2.3. Cell culture

Human keratinocyte cell line HaCaT and the human pharyngeal
epithelial cell line Detroit 562 were cultured in Dulbecco’s Modified
Eagle Media (DMEM, Cat#: 10-013-CV, Corning) and Roswell Park
Memorial Institute 1640 media (RPMI, Cat# 11875093, Thermo Fisher
Scientific), respectively, supplemented in each case with 10% fetal
bovine serum (FBS, Cat# 97068-085, VWR International LLC). The
human THP-1 monocyte cell line was provided and authenticated by
ATCC and cultured in RPMI 1640 medium supplemented with 10% FBS,
0.05 mM 2-mercaptoethanol, 0.2% p-glucose, 10 mM HEPES and 1 mM
sodium pyruvate. Cell cultures were maintained in a humidified 5% CO4
atmosphere at 37 °C to around 70% confluence. To subculture cells,
adherent cells were rinsed with PBS without Ca?* or Mg?*, and detached
by using trypsin/EDTA solution for ~10 min. Fresh culture medium was
added to the cells, which were then centrifuged and resuspended in fresh
culture medium, and dispensed into new culture vessels.

2.4. S. pyogenes association and invasion assays

Bacterial association with, and invasion into, HaCaT or Detroit 562
cells were quantified as previously described, with minor modifications
[37,38]. Briefly, HaCaT or Detroit 562 cells were seeded at 2 x 10° cells
into 24-well plates 1 day prior to bacterial infection. Immediately prior
to the assay, the culture media of HaCaT and Detroit 562 were replaced
with DMEM +2% FBS and RPMI +2% FBS, respectively. Log-phase
bacteria were used to infect cells at a multiplicity of infection (MOI)
of 10 bacteria to 1 cell. Plates were centrifuged for 5 min at 500xg to
initiate bacterial contact and incubated for 30 min at 37 °C in 5% CO-
(adherence) or 2 h (invasion). At 30 min after infection, GFP-expressing
strains were imaged with an Axio Observer D1 microscope (Zeiss,
Gottingen, Germany). For invasion assays, cells were washed three times
with PBS, fresh medium containing 10 pg/ml penicillin plus 100 pg/ml

For deletional mutagenesis

Primer Sequence (5'-3') Purpose

M87KOupF CCCAAGCTTGCATGAGTTGACCGACTTGC Construction of pHY304-M87KO
M87KOupR CCAGTGATTTTTTTCTCCATTATTTGCTCCTTATTTTTTC Construction of pHY304-M87KO
M87KOdownF GAGTGGCAGGGCGGGGCGTAAAATATAAAAGGGATCAATGATG Construction of pHY304-M87KO
M87KOdownR CCAATGCATTGGTTCTGCAGCCGTACCGGTTTTTAGTTTCCG Construction of pHY304-M87KO
M87KOcatF ATGGAGAAAAAAATCACTGGATATACC Construction of pHY304-M87KO
M87KOcatR TTACGCCCCGCCCTGCCACTCATCGCA Construction of pHY304-M87KO
MB87KOconfirmF GGCTATCAACGGATGACTCC Confirmation of emm87 deletion
M87KOconfirmR AGCATCAATGCCATCTTGTAA Confirmation of emm87 deletion

For construction of plasmid used for ectopic expression of M87 protein (pM87)

Primer Sequence (5'-3')

Purpose

MB87F + pDCerm
M87R + pDCerm
pDCermF + M87
pDCermR + M87
pDCermUinivF
pDCermUinivR

GAAGAAAAGAGCTTTGCTAGG
ATCTCCAATCATAAAAATAAC

CGGAATTCCTGGTCTTTACCTTTTACCGC
CGGGATCCATTGATCCCTTTTATATTTTAG
CGGGATCCAAGCTTAGCATGCGCTGAAGCG
CGGAATTCGGTACCGCATGCAACCTCTG

Construction of pM87
Construction of pM87
Construction of pM87
Construction of pM87
Confirmation of pM87
Confirmation of pM87
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gentamicin was added, and cells were incubated for an additional 2 h.
After incubation, cells were washed 5 times with PBS, trypsinized and
lysed with 0.025% Triton X-100, and plated on THY agar for CFU
enumeration.

2.5. Recombinant M87 protein purification

Coding sequences from mature M87 protein (residues 42-330) were
cloned into a modified pET28b vector that contained sequences encod-
ing an N-terminal Hisg-tag followed by a PreScission protease cleavage
site. E. coli BL-21 Gold (DE3) transformed with the M87-pET28b vector
were grown at 37 °C in LB supplemented with kanamycin, induced at
mid-log growth phase with 1 mM isopropyl $-p-1-thiogalactopyranoside,
and grown for a further 16 h at 20 °C. Bacteria were then pelleted by
centrifugation (2500x g, 10 min, RT), re-suspended in 300 mM NacCl, 20
mM sodium phosphate buffer, pH 7.5 (PS buffer) supplemented with 1
mM PMSF, and lysed with a C-5 Emulsiflex. The lysate was clarified by
centrifugation (20,000xg, 30 min, 4 °C) and loaded onto a column
containing Ni2"-NTA resin (Thermo fisher Scientific). Bound proteins
were eluted with PS buffer containing 150 mM imidazole, pH 8.0. The
eluate was exchanged by dialysis into 100 mM NaCl, 20 mM HEPES-
NaOH, pH 7.5 at 4 °C. The Hisg-tag was removed from M87 by over-
night digestion at 4 °C with PreScission protease. Flow through and
wash fractions, which contained the cleaved M87 protein, were pooled
together and concentrated with an Amicon centrifugal filter unit and a
10,000 kDa cut-off membrane. Concentrated M87 protein was purified
further by gel filtration chromatography using a Superdex 200 16/60
column that had been pre-equilibrated with and run in 100 mM NaCl,
20 mM HEPES pH 7.5.

2.6. Infection of macrophages with S. pyogenes, and LDH and IL-1
signaling assays

THP-1 monocytes were seeded at 5 x 10° cells in a 24-well plate and
differentiated into macrophages for 24 h with 25 nM phorbol myristate
acetate (PMA) (Thermo Fisher Scientific). Macrophages in assay media
(RPMI-2% FBS) were infected with S. pyogenes (exponential phase bac-
teria, MOI 10) or incubated with the indicated concentration of re-
combinant M87 protein. Plates were centrifuged at 500xg for 5 min to
facilitate bacterial contact with macrophages. After 1 h incubation at
37 °C, cells were washed 5 times with PBS, trypsinized and lysed with
0.025% Triton X-100, and plated on THY agar for CFU enumeration
(adherence). In addition, supernatants were collected, centrifuged, and
analyzed for both LDH release, using the Cytotox 96 Non-Radioactive
Cytotoxicity Assay kit (Promega), and IL-1p signaling, as follows: Sta-
bly transfected HEK-Blue IL-1 reporter cells (InvivoGen) (40,000 cells
per well in 96-well plates), were stimulated at 37 °C in 5% CO4 with 50
pL of supernatant from infected cells. After 18 h stimulation, superna-
tants from HEK-Blue cells were analyzed for secreted alkaline phos-
phatase activity (SEAP) by the addition of 50 pL of supernatant into 150
pL of Quanti-Blue reagent (InvivoGen) and monitoring the optical den-
sity at 620 nm via an EnSpire plate reader (PerkinElmer). Finally, for the
detection of intracellular bacteria, cells were washed, treated with an-
tibiotics, and incubated for 2 h. After incubation, cells were washed,
trypsinized, lysed, and plated for enumeration.

2.7. Bactericidal assays with human blood, serum, and neutrophils

Human whole blood and serum isolated was freshly collected from
healthy donors under a protocol approved by the University of Califor-
nia San Diego (UCSD) Human Research Protections Program. Neutro-
phils were isolated from fresh human blood by density gradient
centrifugation using Polymorphprep (Alere Technologies). For the blood
bactericidal assay, heparinized human blood (190 pL) and exponential
phase bacteria (1.5 x 10° CFU in 10 pL of PBS) were mixed. In serum
bactericidal assays, human serum (95 pL) and exponential phase
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bacteria (1.5 x 10* CFU in 5 L of PBS) were mixed. In neutrophil killing
assays, exponential phase bacteria (2 x 10° CFU/100 pL) were com-
bined with human neutrophils (2 X 10° cells/100 pL) in Hanks’
Balanced Salt Solution (HBSS, Thermo Fisher Scientific). The mixture
was incubated in 96-well plates at 37 °C with 5% CO5 for 1 h. Viable cell
counts were determined by plating diluted samples on THY agar.

2.8. Oxidative burst assay

Oxidative burst measurements were performed as previously
described [39]. Briefly, 2 x 10%/mL human neutrophils were loaded
with 20 pM 2,7-dichlorofluorescein diacetate (DCFH-DA; Sigma Aldrich)
in HBSS without Ca?t and Mg?" (Thermo Fisher Scientific) and incu-
bated at 37 °C for 20 min. Neutrophils were centrifuged, resuspended to
HBSS with Ca®t and Mg?', infected with MOI 1 bacteria/cell, and
incubated for 20 min at 37 °C in 5% COa. Assays were performed using
untreated control, and 25 nM PMA as positive control. Fluorescence
intensity was quantified on an Enspire Alpha plate reader (PerkinElmer)
at 485 nm excitation/530 nm emission. For the detection of fluorescence
intensities of DCFDA-loaded neutrophils, cells were washed with PBS
and subjected to FACSCalibur flow cytometry (BD Biosciences).

2.9. Murine nasal colonization and systemic infection studies

All mouse experiments were conducted in accordance with animal
protocols approved by University of California San Diego Institutional
Animal Care and Use Committee (IACUC). For nasal colonization
studies, 11-week-old female C57BL/6J mice (The Jackson Laboratories)
were inoculated intranasally with 16 pL volume of PBS containing 1.6 x
10 CFU of the WT M87 S. pyogenes strain, Aemm87 mutant, or
Aemm87+pM87 complemented strain. After 24 h, mice were sacrificed,
nasal tissue homogenized and vortexed with beads in 100 pL of PBS, and
CFU were enumerated on sheep blood agar after appropriate dilution.
Occasional contaminants were excluded during counting of the CFU by
morphology, state of hemolysis, or color of the bacterial colony.

Intraperitoneal infections were performed as reported with minor
modifications [40]. Eight-week-old male CD1 mice (Charles River Lab-
oratories) were intraperitoneally injected with 3 x 10® CFU in 200 pL of
PBS. Mouse survival was monitored for 14 days. To assess bacterial
burden, at 24 h after infection, mice were humanely euthanized with
CO-, followed by cervical dislocation, and blood, kidney, spleen, and
liver samples obtained for CFU enumeration. Bacterial counts in blood
and homogenates of tissues were determined after plating serial di-
lutions, with those in the tissues corrected for differences in blood vol-
ume or tissue mass.

2.10. Sequence comparison among M proteins

The BLASTP (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and ClustalW
(https://www.genome.jp/tools-bin/clustalw) algorithms were used to
compare the sequences of the hypervariable region (HVR) or C-repeat
region of M proteins. The sequences of the HVR were extracted as the
first 50 amino acids of the mature form of the protein, after the signal
peptide sequence. Since the C-repeat domain is highly conserved among
M proteins [41], C-repeat region in S. pyogenes M1 SF370 strain (Gen-
Bank: AE004092.2) was used to identify the C-repeats regions of M87,
M5 (Manfredo) (GenBank: AM295007.1), and M6 (GenBank:
AP012335.1) strains.

2.11. Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism version 7.0
(GraphPad Software Inc). Kruskal-Wallis test with Dunn’s post hoc test
was used for multiple comparisons. Differences between groups were
analyzed using a Mann-Whitney U test. Mouse survival was analyzed
with a log-rank test. Sample sizes and p values are indicated in figure
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Fig. 1. M87 protein is not a major determinant of epithelial cell adherence and colonization. Efficiency of adherence to and intracellular invasion into HaCaT
cells (A) and Detroit 562 cells (B) by S. pyogenes WT, Aemm87, and Aemm87+pM87 strains. Total cell association efficiencies were calculated by dividing the CFU
value obtained at 30 min after infection by the value of the original inoculum. Invasion efficiencies were calculated by dividing the CFU value obtained at 2 h after
antibiotic addition to kill extracellular bacteria by the value of the original inoculum. Vertical lines represent the mean + S.D. Values are presented as the mean of 6
wells from one of 3 independent experiments. (C) Microscopic image of GFP-expressing strains in the association assay using Detroit 562 cells. At 30 min after
infection, wells were washed and imaged. (D) Murine nasal cocolonization after 24 h post infection (n = 4, or 5). Vertical lines represent the mean + geometric S.D.
Statistical differences between groups were analyzed using a Mann-Whitney’s U test.
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legends.
3. Results

3.1. M87 protein is not a major determinant of epithelial cell adherence
and colonization

To explore potential roles of the M87 protein in S. pyogenes patho-
genesis, we constructed an isogenic emm87 deletion mutant strain
(Aemm87), and complemented this mutant through transformation with
plasmid pM87 (Aemm87+pM87). The M protein is anchored to the
S. pyogenes cell wall peptidoglycan through a C-terminal LPXxTG motif
[42,43], and has been reported to function as an epithelial cell adhesin
and invasin in certain serotype strains [2]. We performed assays for
S. pyogenes adherence to and invasion into immortalized lines of human
keratinocytes (HaCaT) and human pharyngeal epithelial cells (Detroit
562). Levels of S. pyogenes adherence (total cell associated bacteria) and
invasion (intracellular CFU protected from gentamicin killing) in HaCaT
and Detroit 562 cells were comparable among the WT, Aemm87, and
Aemm87+pM87 strains (Fig. 1A and B). Negative control wells that were
not seeded with cells showed ~10-fold lower association rates compared
to wells that were seeded with cells. In addition, green fluorescent
protein (GFP)-expressing strains provided a microscopic image that
correlated with results from the Detroit 562 cell association assay
(Fig. 1C). Likewise in vivo, nasal colonization with GAS was similar at 24
h for WT, mutant, and complemented strains in the mouse intranasal
challenge model (Fig. 1D). These data suggest that the M87 protein is
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not an essential contributor to epithelial cell adherence and colonization
by the pathogen.

3.2. S. pyogenes M87 protein promotes the release of mature IL-1f from
macrophages

Various S. pyogenes M proteins including M1 protein elicit macro-
phage pyroptosis and IL-1p release [20]. We infected THP-1 macro-
phages with the WT S. pyogenes, Aemm87 mutant, and complemented
strains. At 1 h after infection, levels of S. pyogenes adherence (total cell
associated bacteria) to THP-1 macrophages were comparable among the
WT, Aemm87, and Aemm87+pM87 strains (Fig. 2A). However, release
of intracellular LDH in the macrophages at 1 h post-infection was lower
for the Aemm87 strain in a cytotoxicity assay (Fig. 2B). To investigate
whether M87 protein induces cell death in THP-1 macrophages directly,
we purified mature recombinant M87 protein (residues 42-330). In an
LDH release assay, M87 protein yielded a dose-dependent increase in
macrophage cytotoxicity (Fig. 2B). Pyroptotic macrophage cell death is
accompanied by inflammasome activation and mature IL-1p release
[44]. To allow functional discrimination between mature IL-1p and
pro-IL-18, which is not possible by ELISA, we assessed functional
signaling activity using HEK-Blue IL-1f reporter cells. Release of mature
(signaling competent) IL-1p from THP-1 macrophages cells was
decreased in Aemm87 strain compared to the WT and Aemm87+pM87
complemented strains (Fig. 2C), a finding corroborated by
dose-dependent mature IL-1f induction by recombinant M87 protein
(Fig. 2C). Together, these results indicate that the S. pyogenes M87
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Fig. 2. M87 protein contributes to the release of mature IL-1f from THP-1 macrophage. THP-1 macrophages were infected with S. pyogenes (MOI 10) or
incubated with the indicated concentration of recombinant M87 protein (rM87 ptotein). At 1 h post-infection or incubation, levels of S. pyogenes adherence to THP-1
macrophages were detected, and supernatants were collected for assessing LDH release and IL-1p signaling. For detection of intracellular bacteria, cells were treated
with antibiotics for an additional 2 h. (A) Efficiency of adherence to THP-1 macrophages by S. pyogenes strains. Total cell association efficiencies were calculated by
dividing the CFU value obtained at 1 h after infection by the value of the original inoculum. (B) Detection of LDH in culture supernatants. The control, 100% release
of LDH from THP-1 macrophage, were induced by using lysis buffer. (C) Quantification of mature IL-1p in culture supernatants. Secreted alkaline phosphatase
activity (SEAP) from HEK-Blue IL-1f reporter cells were quantified. (D) Efficiency of intracellular S. pyogenes survival after treatment of the well with extracellular
antibiotic. Vertical lines represent the mean + S.D. Values are presented as the mean of 6 wells from one of 3 independent experiments. Statistical differences
between groups were analyzed using a Kruskal-Wallis test with Dunn’s post hoc test. **p < 0.01. *p < 0.05. Bovine serum albumin (BSA): Negative control.
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protein, in a manner like the M1 protein, can trigger the release of
mature IL-1p from macrophages.

In addition, we also observed that the absence of emm87 led to
decreased recovery of intracellular CFU in the gentamicin protection
assay (Fig. 2D), suggesting that emm87 contributes to bacterial survival
in THP-1 macrophages.

3.3. M87 protein contributes to S. pyogenes resistance to whole blood and
neutrophil killing

Increasing epidemiologic association with invasive infection denotes
a capacity for M87 S. pyogenes strains to enter the bloodstream and
disseminate to deeper tissues. This in turn implies a relative resistance to
antimicrobial properties of human blood, such as the opsonophagocytic
clearance of bacteria by neutrophils, the most abundant circulating
leukocyte. To investigate the contribution of M87 protein to resistance
to immune clearance, we measured bacterial survival upon incubation
with human neutrophils, blood, and serum. Loss of the emm87 gene
reduced S. pyogenes survival in whole blood and neutrophil killing as-
says, but it did not sensitize the bacterium to killing by serum, to which
it is intrinsically resistant (Fig. 3A). The neutrophil bactericidal assay
was performed in HBSS without serum as assay medium. In addition,
serum humoral factors did not seem to affect the result of the whole
blood bactericidal assay. These results suggest that an interaction with
humoral immunity and/or complement is not required for M87 protein
to provide resistance to neutrophil bactericidal activity. Of note,

A

Neutrophil survival

Whole blood survival
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infection with the emm87 deletion mutant resulted in higher neutrophil
oxidative burst as compared to S. pyogenes WT and Aemm87+pM87
strains (Fig. 3B and C), likely contributing to the enhanced bactericidal
activity; however, recombinant M87 protein itself was insufficient to
suppress the PMA-induced neutrophil oxidative burst (Fig. 3D).

3.4. M87 protein contributes to S. pyogenes virulence in systemic infection

To assess the role of M87 protein in systemic infection, mice were
infected intraperitoneally with the S. pyogenes strains. In this infection
model, the emm87 deletion mutant produced significantly reduced
mortality compared to the WT or Aemm87-+pM87 strains (Fig. 4A).
These results were corroborated upon examination of bacterial burden
in blood, kidney, spleen, and liver samples obtained 24 h after intra-
peritoneal infection (Fig. 4B). In all these tissues, the numbers of CFUs
obtained from the WT strain-infected and Aemm87+pM87 strain-
infected mice were significantly higher compared to the CFU counts
seen in the emm87 deletion mutant-infected mice. These results suggest
that M87 protein functions as a virulence factor by resisting innate im-
mune bacterial clearance during systemic infection.

3.5. Sequence homology among M proteins
It has been reported that not only the hypervariable region (HVR) of

M proteins but also the C-repeat region of M proteins contributes to
adherence of S. pyogenes of the M6 serotype [45], and M1 and M5

Serum survival
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Fig. 3. M87 protein contributes to S. pyogenes resistance to whole blood and neutrophil killing. Bacteria were incubated with human neutrophils, in hep-
arinized blood, or in serum at 37 C° for 1 h in a 5% CO, atmosphere. (A) Bactericidal activity of neutrophils, blood, and serum. Survival rate was calculated by
dividing the CFU value after the period of incubation by the CFU value of the original inoculum. (B) Neutrophil oxidative burst, as measured by the fluorescence
intensity of DCFDA-loaded neutrophils. (C) Representative flowcytometric analysis of DCFDA-loaded neutrophils. (D) Relationship between PMA-induced neutrophil
oxidative burst and concentration of rM87 protein. Vertical lines represent the mean + S.D. Values are presented as the mean of 6 wells from one of 3 independent
experiments. Statistical differences between groups were analyzed using a Kruskal-Wallis test with Dunn’s post hoc test. **p < 0.01. *p < 0.05.
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Table 2
Sequence comparison among M proteins in hypervariable region (HVR).

Blastp (protein-protein BLAST)

Clustalw

Aligned. Score

Description Max Score Total Score Query Cover E value Per. ident Acc. Len
M87_HVR vs M1_HVR 23.1 23.1 78% 2.00E-05 32.56 50 22
M87_HVR vs M5_HVR No significant similarity found. 18
M87_HVR vs M6_HVR No significant similarity found. 14
Table 3
Sequence comparison among M proteins in C-repeat region.
Blastp (protein-protein BLAST) Clustalw
Description Max Score Total Score Query Cover E value Per. ident Acc. Len Aligned. Score
M87_C_repeat vs M1_C_repeat 103 155 94% 3.00E-36 73.42% 84 69.05
M87_C_repeat vs M5_C_repeat 90.9 167 96% 1.00E-30 67.90% 111 63.10
M87_C_repeat vs M6_C_repeat 107 193 98% 9.00E-38 76.54% 84 73.81
M1_C_repeat vs M6_C_repeat 119 190 100% 2.00E-42 81.25% 84 77.38
M1_C_repeat vs M5_C_repeat 83.6 163 94% 1.00E-27 62.50% 84 57.14
M5_C _repeat vs M6_C_repeat 112 112 69% 5.00E-39 77.38% 84 73.81

serotypes [46]. Therefore, we compared the sequence of the HVR
(Table 2) and C-repeat region (Table 3) among M87, M1, M5, and M6
proteins. With BLASTP search, the similarity to the HVR of M87 protein
was detected only within the HVR of M1 protein. On the other hand,
high homologies of the C-repeat region among M87, M1, M5, and M6
proteins were observed.

4. Discussion

S. pyogenes strains are commonly typed based on the N-terminal
hypervariable region of the emm gene (https://www.cdc.gov/streplab/
groupa-strep/emm-background.html). M proteins can assume a variety
of virulence functions depending on the specific M type [2], but whether
and how the M87 protein might function as a virulence factor had not
been studied. Here, we show that the S. pyogenes M87 protein contrib-
utes to resistance to neutrophil and whole blood killing, and to the
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release of mature IL-1p from macrophages. In vivo, loss of the emm87
gene decreases bacterial virulence in systemic infection, supporting a
model in which S. pyogenes M87 protein promotes pathogenesis by
influencing the interaction between S. pyogenes and innate immune cells.

In contrast, we found that S. pyogenes M87 protein does not
contribute to microbial colonization, neither in vitro nor in vivo. This
result contrasts with reports in which various M proteins protein can
function as an epithelial adhesin and invasin [2]. This further contrasts
with the reduction in pharyngeal cell adherence and colonization phe-
notypes observed in a wild-type S. pyogenes M1T1 strain compared to its
isogenic M1 protein deletion mutant [47]. These variations suggest that
strain-specific differences in the emm gene, along with the full comple-
ment of other potential surface adhesins expressed by an individual
S. pyogenes strain, influence the particular role of a given M protein to
bacterial binding to host skin and mucosal epithelium.

M87 protein, like M1 protein, induced the release of mature IL-1p
from macrophages in a dose-dependent manner [20], and the emm87
deletion mutant was significantly more susceptible in a neutrophil
killing assay as compared to WT and Aemm87-+pM87 strains. The host’s
initial barrier against S. pyogenes infection is the physical integrity of
mucosal or skin epithelium and the beneficial antagonism of commensal
members of the microbiome. However, once S. pyogenes has gained a
deeper foothold in the host, the innate immune system, including
macrophages and neutrophils, becomes central to defense against
invasive infection. In our results, at 24 h after intraperitoneal infection
in mice, WT- and Aemm87+pM87-strain infected mice showed higher
bacterial burden in blood, kidney, spleen, and liver samples compared to
emm87 deletion mutant-infected mice, showing that the M87 protein
impedes systemic clearance of bacteria by innate immunity.

M87 contributed to S. pyogenes resistance to whole blood and
neutrophil killing independent of the efficiency of phagocytic uptake. In
blood, opsonophagocytosis involves interaction between S. pyogenes and
proteins present in plasma such as complement and IgG [15]. On the
other hand, S. pyogenes is not killed by serum alone since the comple-
ment membrane attack complex is not effective in killing Gram-positive
bacterial species due to their thick cell walls [48]. In this study,
S. pyogenes M87 protein did not affect bacterial viability in serum alone,
but rather contributed to neutrophil bactericidal activity without
plasma-mediated opsonization. We also found that the emm87 deletion
mutant was associated with significantly increased neutrophil ROS
production compared to WT and Aemm87+pM87 strains. This contrasts
with previous findings showing the lack of influence by emm1 on neu-
trophils oxidative burst [39]. Considering the result that recombinant
M87 protein did not suppress the PMA-induced neutrophil oxidative
burst, the emm87 deletion may affect cell surface morphology or dis-
tribution of surface molecules, possibly decreasing the interaction be-
tween the neutrophils and streptolysin O [39].

M/emm87 have been proposed to be highly transmissible and asso-
ciated with familial and hospital clusters of invasive S. pyogenes in-
fections [25,26]. In this study, despite the high homology of the C-repeat
regions that contributes to the adherence to epithelial cells [45,46], M87
protein is not a major determinant of epithelial cell adherence and
colonization. This discrepancy suggests that M/emm87 strains possess
other surface determinants that contribute more strongly to host colo-
nization. The pathogenicity exerted by the M87 protein may be derived
from the HVR. The HVR sequence of M87 protein more similar to that of
M1 protein than to those of M5 and M6 proteins. The M1/emm1 strain is
the most prevalent worldwide [7], and the HVR of M1 protein is
important for its virulence [49,50]. Further verification is needed to
clarify the region(s) of M87 protein that contributes to its pathogenicity.

In summary, our findings suggest that S. pyogenes emm87 is a viru-
lence factor necessary for resistance to innate immune cells, including
macrophages and neutrophils. M/emm87 strains are increasingly asso-
ciated with invasive infections and expected to expand their prominence
soon based on epidemiologic and genetic studies. Our findings provide a
first step in devising preventive strategies against S. pyogenes emm87
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strains.
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