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Streptococcus pyogenes is a major cause of pharyngitis in humans and encodes several fibronectin-binding
proteins. M protein and protein F1 (PrtF1/Sfbl) are differentially regulated by CO, and O,, respectively, and
both mediate the invasion of epithelial cells. This study examined whether PrtF1/Sfbl shares other properties
with M protein. Expression of the PrtF1/Sfbl protein by an M-negative mutant conferred resistance to
phagocytosis and partial inhibition of C3 deposition on the S. pyogenes surface.

Streptococcus pyogenes (group A streptococcus) is an impor-
tant human pathogen that causes pharyngitis, skin infections,
invasive disease, sepsis, and toxic shock-like syndrome (7). S.
pyogenes can persist at the pharyngeal mucosa and in tonsils
and can be shed in saliva, despite antibiotic therapy and the
absence of clinical disease. Tonsils of 13 of 14 children who
were treated with antibiotics and subjected to tonsillectomies
retained intracellular S. pyogenes, indicating that tonsils are an
important reservoir (20, 23). S. pyogenes expresses several fi-
bronectin (Fn)-binding proteins, which allow binding to extra-
cellular-matrix components at mucosal surfaces and subse-
quent invasion of several cell lines and tonsillar epithelial cells
(5, 15). The mga regulon encodes one or more M-like proteins,
which vary functionally in their abilities to bind immunoglobu-
lins, Fn, fibrinogen, and albumin (7, 9). Protein F1 (PrtF1/
SfbI), which is not part of the mga regulon, also binds Fn and
promotes adhesion and internalization by epithelial cells (11,
17, 24, 26). M protein and PrtF1/Sfbl are genetically unlinked,
and their expression is differentially regulated by oxygen and
carbon dioxide, respectively (10).

M protein expression allows S. pyogenes to resist phagocyto-
sis by two mechanisms. M protein-expressing bacteria bind
factor H, a regulator of the complement system, which inhibits
C3b deposition (9). M protein can also bind fibrinogen, which
inhibits the alternative complement pathway (12). The opso-
nization of S. pyogenes with neutralizing antibodies against M
protein or other surface proteins enhances C3 fixation and
subsequent phagocytosis by neutrophils (7). Recently, we have
demonstrated that both M protein-mediated and PrtF1/Sfbl-
mediated streptococcal invasions of epithelial cells activate a
common signaling pathway (28). The functional similarities
between M protein and PrtF1/Sfbl prompted us to investigate
whether PrtF1/Sfbl, like M protein, permits S. pyogenes to
resist phagocytosis. In this study, we demonstrate that PrtF1/
Sfbl expression confers both increased invasion of epithelial
cells and resistance to phagocytosis when it is expressed in an
S. pyogenes strain with an M1 background.
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Bacterial strains and growth. Streptococci were grown in
THY (Todd-Hewitt broth supplemented with 0.5% yeast ex-
tract), in THB-Neo (Todd-Hewitt broth supplemented with
2% Neopeptone [Difco Laboratories, Detroit, MI]), or on
solid media containing Difco blood agar base and 5% sheep
blood. Strain 90-226 (serotype M1) was originally isolated from
the blood of a septic patient (8), and its isogenic mutant 90-
226Aemm1 has been described previously (30). The pPTFS8
plasmid was constructed by inserting a prtFI-containing frag-
ment of the JRS75 chromosome into the Escherichia coli-strep-
tococcus shuttle vector pLZ12 (11). Plasmid pKH3, which
contains the prtF1 promoter but not the prtFI gene, was con-
structed from pPTF8 by a long PCR amplification of the plas-
mid using PfuTurbo (Stratagene) with the forward primer 5'-
GTTTAAACCTGTCAGGCGCGCCTGACGTAAAAGTGT
TCCATA-3' and the reverse primer 5'-GGCGCGCCTGACA
GGTTTAAACTCTCCTCTCACAAACATATA-3" (Ascl and
Pmel restriction sites are underlined). The circular PCR prod-
uct was digested with Dpnl and used to transform E. coli
DH5a, and purified plasmids were electroporated into strain
90-226Aemm]. Strains JSR4 and SAM1 were kindly provided
by M. G. Caparon (11).

Protein analysis. Extracts of cell wall-attached proteins were
prepared from bacteria grown to logarithmic phase (Aqy, =~
0.5). Bacterial cell walls were digested by incubation in 10 mM
Tris, 1 mM EDTA, and 20% sucrose buffer with lysozyme and
mutanolysin (Sigma) in the presence of protease inhibitors for
2 h at 37°C. The soluble fraction was concentrated with a
Centricon YM-10 centrifugal filter device (nominal molecular
weight limit, 10,000) (Millipore), and the higher-molecular-
weight fractions were quantitated by bicinchoninic acid assay
(Pierce). Fifteen micrograms of total protein was analyzed by
probing a Western blot with anti-Sfbl rabbit serum, a kind gift
from Gursharan S. Chhatwal. The blot was scanned, and the
color and brightness of the resulting image were adjusted by
Adobe Photoshop Elements, version 2.0.

Invasion assay. Invasion assays of the HEp-2 (human larynx
epithelial) cell line were performed as described previously
(28). Data are presented as percentages of the number of CFU
in the initial inoculum.

Phagocytosis assay. S. pyogenes strains grown in THB-Neo
with 500 pg/ml kanamycin overnight were diluted in THB-Neo
and incubated at 37°C with 5% CO, until early logarithmic
phase (A¢ = 0.3). A sample (100 pl) containing ~1,500 CFU
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FIG. 1. 90-226 M1~ F1" expresses PrtF1/Sfbl at levels similar to
those of JSR4 (M6" F1"). Equivalent amounts of surface protein
extracts were analyzed by Western blotting using anti-Stbl rabbit se-
rum. Lane 1, 90-226 M1~ F1*; lane 2, 90-226 M1~ pKH3; lane 3,
90-226 M17; lane 4, JSR4 (M6" F1%); lane 5, SAM1 (M6" F17).
Numbers on the right are molecular masses (in kDa).

was mixed with 0.9 ml of freshly drawn heparinized human
blood from nonimmune human donors. The tubes were ro-
tated at 37°C for 3 h, and the contents were enumerated by
spread plating on THY plates (14). Plates containing 20 to 200
CFU were counted. Bacterial growth (multiplication factor)
was calculated as the mean number of CFU after 3 h divided
by the initial mean number of CFU.

Analysis of C3 deposition by S. pyogenes flow cytometry.
Fluorescence-activated cell sorter analysis was performed as
described previously (4). Briefly, streptococcal strains were
grown as described for the phagocytosis assay to early log
phase (4qy, =~ 0.3). Washed bacteria (~5 X 10° CFU) were
mixed with freshly drawn heparinized human blood and incu-
bated at 37°C for 10 min in 5% CO,. After being washed with
phosphate-buffered saline (PBS), bacteria were incubated with
20 pg/ml of anti-human C3d and incubated for 10 min at room
temperature. Bacteria were washed with PBS and incubated
with fluorescein isothiocyanate-conjugated goat F(ab'), anti-
mouse immunoglobulin G for 10 min at room temperature.
Washed bacteria were resuspended in PBS and analyzed with
a FACSCalibur, with 10,000 events collected.

In order to test whether PrtF1/Sfbl can block phagocytosis,
recombinant 90-226 M1~ F1* was constructed. Plasmid pPTS8,
which carries the prtF1 gene and its native promoter, was used
to transform 90-226Aemm1. The activities of PrtF1/Sfbl pro-
tein could then be compared to those of M1 protein in the
same genetic background. Proteins attached to the cell wall
were extracted and analyzed by Western blotting with anti-Sfbl
serum (Fig. 1) to ensure that PrtF1/Sfbl was expressed by the
recombinant 90-226 M1~ F1° strain. Protein bands of the
appropriate sizes reacted with the anti-PrtF1/Sfbl antibody,
which demonstrated that 90-226 M1~ F1* expresses PrtF1/
StbI at levels similar to those of JSR4 (M6™* F17), the original
source of the prtF1 gene. To ensure that the expressed PrtF1/
Sfbl protein was functional, intracellular-invasion assays were
performed with the HEp-2 epithelial cell line. Strain 90-226
M1* was ingested by epithelial cells efficiently, while strain
90-226 M1, which is unable to bind Fn, lost this ability. As
expected, when PrtF1/Sfbl was expressed in 90-226Aemml,
strain 90-226 M1~ (M1~ F17") streptococci regained the ability
to invade epithelial cells as efficiently as M6 F1* strain JRS4
and more efficiently than a strain in which invasion is mediated
by M1 alone (Fig. 2). These results indicate that PrtF1/Sfbl
functions well in the 90-226 genetic background.
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FIG. 2. PrtF1/Sfvl significantly enhances S. pyogenes strain 90-226
M1~ invasion of the HEp-2 epithelial cell line to levels achieved by an
M6" F17 strain. Invasion assays were performed with 90-226 M1, 90-226
M1*, 90-226 M1~ F1*, and JSR4 (M6" F1"). Data are presented as
percentages of the number of CFU in the inoculum (means * standard
deviations from triplicate experiments). #, P < 0.001, compared to the
value obtained with M1~ or M1" invasion, using one-way analysis of
variance.

Strain 90-226 M1~ F1" was used to investigate the ability of
PrtF1/SfbI to confer phagocytosis resistance, using the tradi-
tional Lancefield whole-blood assay (12). After incubation in
nonimmune human blood, strain 90-226 M1~ F1™ multiplied
~30-fold while the M1~ strain (90-226Aemm1) and the strain
containing the empty vector (90-226 M1~ pKH3) did not grow
in the whole blood (Fig. 3). The level of growth of streptococci
in the presence of plasma over 3 h was the same for all strains
(Fig. 3), indicating that the above-mentioned difference in sur-
vival was not due to an effect on streptococcal growth.

Since M protein can inhibit C3b deposition on the bacterial
surface (13), we assessed the ability of PrtF1/Sfbl to function
similarly. An antibody specific for C3d was used to quantitate
C3 deposition, as C3d is present in all surface-deposited C3
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FIG. 3. PrtF1/Stbl promotes phagocytosis resistance in whole
blood but not in plasma. The bacterial strains were analyzed for their
ability to multiply in nonimmune human blood. Results are from three
to five experiments with blood or plasma from two different blood
donors. *, P < 0.01; #, P < 0.001, compared to the value obtained with
90-226 M1~ pKH3, using one-way analysis of variance. The multipli-
cation factor (MF) (n-fold increase) was calculated as the mean num-
ber of CFU after 3 h divided by the initial mean number of CFU. The
isogenic strains analyzed were 90-226 M1" (M1%), its M-negative
mutant (M17), 90-226 M1~ containing the empty expression vector
(90-226 M1~ pKH3), and 90-226 M1~ containing the PrtF1/Sfbl vector
(M1~ F1H).
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FIG. 4. The expression of PrtF1/Sfbl partially decreases C3d dep-
osition on the surface of 90-226 M1 ™. In strain 90-226 M1~ pKH3 (A),
80% of the bacteria fix C3d on their surfaces, compared to 50% of the
strain 90-226 M1~ F1" population (B). The 90-226 strains were incu-
bated with human heparinized plasma, and C3d deposition was quan-
titated by flow cytometry. Gray line, isotype control antibody; black
line, mouse anti-human C3d antibody. Representative data from two
experiments are shown. FITC, fluorescein isothiocyanate.
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fragments. The expression of PrtF1/Sfbl decreased C3d depo-
sition on the surface of the M1~ F1" strain. In the control
strain 90-226 M1~ pKH3, 80% of the population fixed C3d on
their surfaces (Fig. 4A) compared to 50% of M1~ F1™ organ-
isms (Fig. 4B). The bacterial cells from the 90-226 M1~ F1™*
population that have decreased C3d deposition (50%) are able
to resist phagocytosis, while the cells which fix C3d are suscep-
tible. A small percentage of strain 90-226 M1~ pKH3 cells
exhibited reduced C3d deposition, which reflects nonuniform
binding of the anti-C3d antibody. In the presence of 10 mM
EDTA, which blocks both the classical and alternative com-
plement pathways, C3d deposition on 90-226 M1~ was com-
pletely abolished (data not shown).

PrtF1/Sfbl and M proteins are structurally different, yet both
contain Fn binding domains which confer similar functions,
namely, adherence to and invasion of epithelial cells. PrtF1/
Sfbl can contain between one and five tandem Fn binding
repeats, while emm1 contains two Fn binding sites (6, 25). Both
intergenic recombination and horizontal gene transfer have
played a role in generating variability in the prtF1 or sfbl gene
and the emm gene (25, 29). While the distribution of the prtF1
gene within M serotypes is fairly consistent, there is variability
in the number of Fn binding repeats in PrtF1/Sfbl from dif-
ferent clinical isolates of M8 and M28 strains (18). Not all S.
pyogenes strains express both proteins; M1 strains do not en-
code PrtF1/Sfbl protein (2, 19). The prtF1 gene is present in
30% to 77% of streptococcal clinical isolates, depending on the
population examined (2, 16, 19). In addition, in patients with
antibiotic treatment failure or asymptomatic S. pyogenes car-
riage, a significant proportion of the streptococcal isolates
carry the prtFl gene (19). Both M protein and PrtF1/Sfbl
mediate invasion of epithelial cells. M1-mediated epithelial-
cell invasion requires the streptococcus-bound Fn engagement
of a5B1 integrin (6), while PrtF1/Sfbl-mediated epithelial-cell
invasion occurs in an integrin a5p1- or avB3-dependent man-
ner (21). When the emm1 gene was deleted from strain 90-226,
this strain lost the potential to bind Fn (6) and exhibited
reduced invasion of epithelial cell lines (Fig. 2) (28). Both M1-
and PrtF1/Sfbl-mediated invasions of epithelial cells require
activation of the integrin-linked kinase signaling pathway (28).
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The expression of PrtF1/Sfbl in some strains is controlled
transcriptionally in response to high O, concentration and the
presence of superoxide, while the expression of M protein is
increased under high-CO, conditions (3, 10, 27). The differ-
ential regulation of these two Fn-binding proteins in high O, or
high CO, may allow S. pyogenes to adapt to several different in
vivo environments, such as those on the skin, on mucosal
surfaces, and within the tonsils. For example, the expression of
PrtF1/SfbI while the streptococci are in the nasopharynx would
allow more-efficient invasion of epithelial cells covering the
tonsils, while the expression of M protein at systemic sites
would allow the streptococci to avoid phagocytosis by neutro-
phils in the blood and invade cells within tissues. This model is
supported by a recent epidemiological study which demon-
strated that PrtF1/SfbI was not encoded by clinical streptococ-
cal isolates causing invasive disease but was detected in 35% of
isolates from pharyngotonsillitis cases (1).

Our experiments demonstrate that PrtF1/Sfbl expression
imparts S. pyogenes resistance to phagocytosis in the M1 back-
ground and partially inhibits C3b deposition on the S. pyogenes
surface, properties which were previously attributed to M pro-
tein. The 90-226 M~ F1™ culture proved to be a mixture of
cells, some of which were resistant to C3d deposition and
others of which had significant amounts of this opsonin on
their surfaces. Similar results were observed when the impact
of M protein on C3b deposition was investigated. M ™" chains
were occasionally observed to contain M~ cells with significant
amounts of C3b on their surfaces. Moreover, M™ bacteria had
foci of bound C3b at their septa of division (13). PrtF1/SfbI has
not previously been described as mediating resistance to
phagocytosis, and PrtF1/Sfbl is not known to bind factor H or
CD46, regulators of activation of the alternate complement
pathway and characteristics of M protein, which contributes to
the decay of bound C3b opsonin (13). Our experiments do not
address the mechanism by which PrtF1/Sfbl restricts C3 dep-
osition in this M1 strain. These data are consistent with the
possibility that PrtF1/Sfbl either sterically interferes with co-
valent bonding to C3b or promotes the decay of C3b by binding
factor H or some other regulator of the complement system.
The enormous diversity in genetic composition between sero-
types and even within a serotype precludes us from making the
general statement that PrtF1/Sfbl functions to block phagocy-
tosis in all S. pyogenes strains. In studies of the role of M6
protein in phagocytosis resistance, an M6 deletion mutant
which presumably expresses PrtF1/Sfbl did not grow in human
blood, while reintroduction of the emmo6 gene into that dele-
tion strain revived its capacity to resist phagocytosis (22). We
cannot explain why this M6 deletion strain was not at least
partially resistant to phagocytosis, since the expression of
PrtF1/Sfbl by streptococci in those experiments was not ad-
dressed. Moreover, as shown here, antibody against PrtF1/Sfbl
promotes phagocytosis; therefore, it is also possible that the
blood used by Perez-Casal et al. contained antibody directed
against PrtF1/Sfbl.

The pPTFS plasmid was a gift from Michael G. Caparon, and the
anti-Sfbl rabbit serum was from Gursharan S. Chhatwal. Thanks go to
Fredric Carlsson and Charlotta Sandin for their assistance with the C3
deposition assay.
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