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Streptococcal pyrogenic exotoxin
B inhibits apoptotic cell clearance
by macrophages through protein S
e cleavage
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Clearance of apoptotic cells by macrophages plays an important role in maintaining tissue homeostasis.
Previous study indicated that streptococcal pyrogenic exotoxin B (SPE B) reduces phagocytic activity
in group A streptococcus (GAS) infection. Here, we demonstrate that SPE B causes an inhibitory

effect on protein S-mediated phagocytosis. In the presence of SPE B, serum- and purified protein
S-mediated phagocytosis of apoptotic cells were significantly inhibited. The binding abilities of protein
S to apoptotic cells were decreased by treatment with SPE B. Bacterial culture supernatants from GAS
NZ131 strain also caused a reduction of protein S binding to apoptotic cells, but speB mutant strain did
not. SPE B directly cleaved protein S in vitro and in vivo, whereas a lower level of cleavage occurred in
mice infected with a speB isogenic mutant strain. SPE B-mediated initial cleavage of protein S caused

a disruption of phagocytosis, and also resulted in a loss of binding ability of protein S-associated C4b-
binding protein to apoptotic cells. Taken together, these results suggest a novel pathogenic role of
SPE B that initiates protein S degradation followed by the inhibition of apoptotic cell clearance by
macrophages.

Streptococcus pyogenes, also called group A streptococcus (GAS), is an important human pathogen that causes
various diseases with a wide range of severity, including pharyngitis, impetigo, scarlet fever, acute rheumatic fever,
post-streptococcal glomerulonephritis, necrotizing fasciitis, and streptococcal toxic shock syndrome!. A num-
ber of bacterial virulence factors such as hyaluronic acid capsules, M proteins, C5a peptidase, streptolysins, and
streptococcal pyrogenic exotoxins have been identified as playing roles in streptococcal diseases’. Among these,
streptococcal pyrogenic exotoxin B (SPE B) is a critical virulence factor in the production of tissue damage and
severe lethal effect in GAS-infected mouse models, and is also highly associated with toxic shock syndrome and
mortality in patients®>. However, SPE B has also been shown to be negatively regulated during invasive infections
and the expression of active SPE B is inversely related to disease severity®s.

SPE B, a cysteine proteinase, can degrade several host factors such as fibronectin, vitronectin, fibrinogen,
matrix metalloprotease and E-cadherin to facilitate bacterial dissemination, colonization, and invasion®*1°. In
addition, SPE B also digests immunoglobulins, properdin as well as C3 to inhibit complement activation and
neutrophil opsonophagocytosis, which help protect GAS against human defense mechanisms®!!-!%, Mice infected
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with the speB isogenic mutant showed decreased resistance to phagocytic activity as compared with mice infected
with the wild-type strain, which led to impaired bacterial dissemination, tissue damage, and increased mouse
survival rate'>!°. In addition to help bacteria to resist phagocytosis, SPE B can directly trigger apoptosis in various
cells including macrophages and epithelial cells!”!8. The involvement of SPE B in the clearance of apoptotic cells
is less clear.

Apoptotic cell clearance by phagocytes (a process called efferocytosis) is an important mechanism to sustain
cellular homeostasis. The deficiency in clearance may cause secondary necrosis of apoptotic cells and then elicit
inflammatory responses and autoimmunity'®-?!. A number of factors and receptors expressed on the surface of
phagocytes or present in serum are involved in mechanisms of apoptotic cell clearance?? 2%, Phosphatidylserine
(PS) exposed early on the apoptotic cell surface, constitutes “eat me” signals for efferocytosis through PS receptor
(PSR) recognition by phagocytes!*?*?%, In addition to PS/PSR, previous studies also reported the requirement of
serum-derived vitamin K-dependent protein S for the enhancement of apoptotic cell clearance by macrophages®.
Protein S may act as a bridging molecule, which can bind PS and in turn be recognized by its relative receptor
Tyro 3/Mer on macrophages to facilitate apoptotic cell engulfment?*-?¢. Inflammatory response and autoantibod-
ies are dramatically generated in aging mice with protein S deficiency”. Protein S not only functions as a cofactor
of protein C in the anti-coagulation pathway, but also acts as an opsonin involved in bridging apoptotic cells
with phagocytes??-2#28. Since macrophage phagocytosis represents an essential defense mechanism against GAS
infection®, it is intriguing to ask whether GAS may modulate phagocytosis for apoptotic cell clearance and lead
to disease progression.

SPE B has been reported to cause a decrease of opsonophagocytosis-mediated killing through immuno-
globulin degradation and complement system disruption''~*%. Moreover, SPE B directly triggers macrophages
to undergo apoptosis thereby reducing macrophage phagocytosis!’. These studies suggest an anti-phagocytic
role of SPE B in GAS infection. Additionally, GAS infection is associated with substantial apoptosis!>!730-32,
Nevertheless, there is no report showing the regulation of apoptotic cell clearance during GAS infection. In
the present study, we demonstrate a novel pathogenic action of SPE B on macrophage-mediated clearance of
apoptotic cells through protein S degradation. Furthermore, protein S-mediated binding of C4b-binding pro-
tein (C4BP) to apoptotic cells is inhibited in the presence of SPE B. Theses results indicate that SPE B-regulated
protein S degradation leads to a decrease of efferocytosis and also loses the protection of C4BP on apoptotic cells
from complement attack, which may trigger secondary necrosis and severe inflammatory responses.

Results

Serum-mediated enhancement of apoptotic cell clearance by macrophages is suppressed by
active SPE B. In GAS infection, SPE B can directly degrade opsonins, such as immunoglobulin and com-
plement, to decrease opsonophagocytic killing of bacteria!'*!4. Opsonins in the serum are also involved in the
bridging between apoptotic cells and phagocytes to efficiently promote apoptotic cell clearance?**?%, Previous
studies have indicated the anti-phagocytic effects of SPE B!!-'4!7. We therefore speculated that serum-mediated
phagocytosis of apoptotic cells may be regulated by SPE B. To characterize the role of SPE B in serum-medi-
ated apoptotic cell engulfment by macrophages, purified recombinant SPE B was incubated with fetal calf
serum (FCS) followed by phagocytic analysis. Jurkat T cells were first stimulated with staurosporine (STS) for
12h%, and the apoptotic cells were then stained with FITC-labeled annexin V (~80%, Supplementary Fig. Sla).
Macrophages were derived from mouse peritonea and their purity was confirmed by an antibody specific for
CD11b (Supplementary Fig. S1b). By confocal microscopic observation, the presence of FCS promoted con-
siderable apoptotic cell engulfment by macrophages, whereas SPE B-pretreated FCS caused less phagocytosis
(Fig. 1a). Flow cytometric analysis also showed that the percentages of FCS-mediated phagocytosis were signif-
icantly reduced when FCS was pretreated with SPE B but not C192S, a SPE B mutated protein lacking protease
activity (Fig. 1b). In order to further verify the effect of SPE B on human macrophage phagocytosis, we used
PMA-stimulated THP-1 cells (Supplementary Fig. S1c). PMA-treated THP-1 cells ingested FITC-labeled apop-
totic cells in the presence of human serum; however, when human serum was pretreated with SPE B, phagocytosis
was inhibited (Fig. 1¢). Furthermore, human serum pretreated with C192S or SPE A (identified as a streptococcal
superantigen) still enhanced phagocytosis of apoptotic cells (Fig. 1c). In addition, the measurement of efferocy-
tosis using flow cytometric analysis also revealed that SPE B but not C192S or SPE A impeded serum-mediated
apoptotic cell phagocytosis by PMA-stimulated THP-1 cells (Fig. 1d). To avoid a direct apoptotic effect of SPE
B on macrophages, we added broad protease inhibitor E64 to terminate the reactions of SPE B at indicated time
points before co-incubation with macrophages and apoptotic cells. Previous studies indicated that serum comple-
ment augments the phagocytosis of apoptotic cells*. In our experiments, we used heat-inactivated serum (56 °C
for 30 min) which still showed enhancement of phagocytosis. Therefore, SPE B may exert suppression of apoptotic
cell phagocytosis by a complement-independent mechanism.

SPE B disrupts protein S-mediated enhancement of apoptotic cell clearance by macrophages.
Human plasma-derived vitamin K-dependent protein S has been demonstrated to be involved in regulating apop-
totic cell clearance by macrophages®? . It is intriguing to ask whether SPE B inhibits serum-stimulated phago-
cytosis by disrupting the action of protein S in the serum. To examine the effect of SPE B on protein S, purified
recombinant SPE B or mutated protein C192S were incubated with purified protein S followed by phagocytosis
analysis. By confocal microscopic observation, SPE B-pretreated protein S showed a decreased phagocytosis of
apoptotic cells than protein S treatment alone (Fig. 2a). However, C192S-pretreated protein S still exhibited sim-
ilar phagocytic activity as protein S treatment alone, suggesting that SPE B protease activity modulates protein
S-regulated phagocytosis of apoptotic cells. For quantification, the percentages of Jurkat T cells engulfed by mac-
rophages were measured by flow cytometry, and the results showed that SPE B but not C192S can directly and
effectively disrupt protein S-mediated apoptotic cell clearance (Fig. 2b). Similarly, SPE B but not C192S (Fig. 2¢)
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Figure 1. SPE B reduces the serum-mediated apoptotic cell phagocytosis by macrophages. (a) Freshly
isolated CD11b-positive mouse peritoneal macrophages were cultured on sterile slide and stained with
mitochondrial MitoTracker (Red). STS (100 pM)-stimulated apoptotic Jurkat T cells were prepared and stained
with FITC-conjugated annexin V (Green). These two types of cells were then co-incubated with 10% FCS
alone or FCS pretreated with 20 ug SPE B for 1 h at 37 °C. The engulfment of apoptotic cells by macrophages
was determined using confocal microscopy. Scale bar is shown. (b) In the presence or absence of FCS and FCS
pretreated with SPE B or protease-negative mutated protein C192S for 1h, the percentages of apoptotic cell
engulfment by macrophages were measured by flow cytometry (left). The histograms, (a-d), are shown (right).
(c) PMA (160 nM)-stimulated THP-1 cells were stained with MitoTracker (Red) and incubated with FITC-
labeled apoptotic cells (Green) in the presence or absence of 10% human serum and serum pretreated with SPE
B, C192S, or SPE A followed by deconvolution microscopic analysis. Arrows indicate the ingested apoptotic
cells. The Z-stacks are shown to the left (YZ) and bottom (XZ) of the main image (XY). Nuclear staining with
DAPI (Blue) and the scale bars are shown. (d) In the presence of human serum and serum pretreated with SPE
B, C192S, or SPE A for 1h, the percentages of apoptotic cell engulfment by PMA-stimulated THP-1 cells were
measured by flow cytometry. Data are shown as mean &= SD of three independent experiments. **P < 0.01 as
compared with FCS or serum treatment alone.

or SPE A (Supplementary Fig. S2) disrupted protein S-mediated apoptotic cell phagocytosis by PMA-stimulated
THP-1 cells. Furthermore, SPE B-mediated inhibition in efferocytosis was also detected in PMA-stimulated
THP-1 cells using flow cytometric analysis, whereas C192S or SPE A did not cause an effect (Fig. 2d).

SPE B reduces the binding of protein S to apoptotic cells. Protein S displays a high-affinity binding to
PS expressed on the surface of apoptotic cells, and promotes a specific recognition through the relevant receptors
on the phagocytes?=228, Since pretreatment of protein S with SPE B could markedly affect protein S-mediated
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Figure 2. SPE B reduces protein S-mediated apoptotic cell phagocytosis by macrophages. (a) In the
presence of 5 g purified protein S, or protein S pretreated with 4 ug SPE B or C192S for 1 h, MitoTracker (Red)-
stained mouse peritoneal macrophages were incubated with FITC-conjugated annxein V (Green)-labeled
apoptotic Jurkat T cells for 1h at 37 °C. The engulfment of apoptotic cells by macrophages was determined using
confocal microscopy. Scale bar is shown. (b) In the presence or absence of protein S and protein S pretreated
with different dosages of SPE B or C192S for 1h, the percentages of apoptotic cell engulfment by macrophages
were measured by flow cytometry. (c) The engulfment of apoptotic cells (Green) by PMA-stimulated THP-1 cells
(Red) in the presence of protein S and protein S pretreated with SPE B or C192S were detected using confocal
microscopy. Arrows indicate the ingested apoptotic cells. Nuclear staining with DAPI (Blue) and the scale bars
are shown. (d) In the presence of protein S and protein S pretreated with SPE B, C192S, or SPE A for 1h, the
percentages of apoptotic cell engulfment by PMA-stimulated THP-1 cells were measured by flow cytometry.
Data are shown as mean =+ SD of three independent experiments. *P < 0.05 and **P < 0.01 as compared with
protein S treatment.

phagocytosis, we further verified the binding ability of protein S to apoptotic cells in the presence of SPE B.
Human serum or purified protein S were mixed with SPE B for different time points followed by incubation with
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apoptotic Jurkat T cells. The binding percentages of protein S on Jurkat T cells were subsequently measured by
staining with specific antibody against human protein S. Results showed that both human serum and purified
protein S could bind to apoptotic Jurkat T cells, whereas pretreatment with SPE B caused an inhibition of binding
(Fig. 3a). In contrast, C192S did not show inhibition as that of SPE B (Fig. 3b). These results thus demonstrate
that SPE B but not C192S directly disrupts protein S binding to apoptotic cells and the subsequent attenuation of
phagocytosis.

GAS-secreted SPE B suppresses protein S binding to apoptotic cells. To further evaluate the effects
of SPE B secreted from GAS on the function of protein S, bacterial culture supernatants collected from wild-type
strain NZ131 and speB mutant strain SW510 (no SPE B) were used. Results indicated that bacterial culture super-
natants from NZ131 significantly inhibited the binding of protein S derived from human serum with apoptotic
Jurkat T cells, whereas SW510 did not (Fig. 4). Therefore, GAS-secreted SPE B also causes disruption of protein
S binding to apoptotic cells.

Active SPE B causes protein S degradation and dysfunction. According to our findings, the prote-
olytic activity of SPE B is essential in modulating protein S biofunctions. We therefore determined the protein
stability of protein S after co-incubation with SPE B. Results showed that SPE B caused protein S degradation in
both time- and dose-dependent manners (Fig. 5a). The molecular weights of protein S precursor and active SPE
B were approximately 80 and 28 kDa, respectively. Within 15 min, protein S was cleaved into a ~72kDa product.
Moreover, protein S was fully degraded in the longer incubation time periods. The presence of protease inhibitor
E64 significantly blocked this degradation. In contrast to SPE B, SPE A and C192S did not have any effect on
protein S degradation. The data thus suggest that SPE B degrades protein S directly and rapidly. We further inves-
tigated whether SPE B from the briefer incubation time periods might modulate protein S-stimulated phago-
cytosis. The results revealed that SPE B but not SPE A markedly reduced protein S-mediated phagocytosis by
peritoneal macrophages within 15 min, while E64 could completely block this reaction (Fig. 5b). Similarly, SPE B
but not C192S or SPE A reduced protein S-mediated phagocytosis within 15 min in PMA-stimulated THP-1 cells
(Fig. 5¢). According to these results, SPE B mediates the reduction of efferocytosis through protein S cleavage and
the subsequent functional loss of bridging apoptotic cells to macrophages.

SPE B plays a critical role in host protein digestion and in interference of innate immunity. To further confirm
the pathogenic effects of SPE B-manipulated protein S cleavage in vivo, we examined the protein S fragments
in air pouch exudates from mice infected with GAS. By Western blot analysis using specific antibody against
C-terminal region of protein S, we first checked that purified protein S was degraded and undetectable by the
antibody when co-incubating with SPE B for 30 min (Fig. 5d). Interestingly, similar patterns of protein S degra-
dation could be detected in air pouch exudates from mice infected with wild-type strain NZ131 and sagB mutant
strain NpASC, whereas speB mutant strain SW574 had no effect on protein S expression (Fig. 5¢). The full-length
protein S can be detected in the air pouch exudates from mice infected with SW574, while barely detectable in the
groups infected with NZ131 and NpASC. Our previous study demonstrated that NZ131 and NpASC both possess
the complete protease activity of SPE B, but SW574 does not. Mice infected with SW574 showed less tissue dam-
age, lower inflammatory cytokine expression, and a higher survival rate®. Accordingly, SPE B-mediated protein
S cleavage is speculated to be involved in the pathogenesis of GAS-caused tissue damage, sepsis, and even death.

The binding of C4BP to apoptotic cells is disrupted by SPE B.  To further characterize the effects of
SPE B on protein S deregulation, we analyzed the potential cleavage sites of protein S by SPE B as noted in previ-
ous studies®>*’. The identification of cleavage sites by SPE B was performed by its autolytic property to generate
28kDa SPE B (active form) from the 42 kDa precursor. According to the amino acid (aa) sequence that is spe-
cifically recognized by active SPE B, 11 potential targeting sites of protein S (shown as S1 to S11) were predicted
(Fig. 6a). For instance in S11, SPE B recognizes the site of 1614 and S615, and then specifically cleaves at the site
between S615 and K616. These cleavage sites located on protein S were identified as similar to the substrates of the
papain-like family, with a preference for a hydrophobic residue isoleucine or tyrosine at the P2 site. Based on these
cleavage sequences, we used the program of Compute pI/Mw from ExPASy Proteomics® to predict the molecular
weights of these cleaved fragments (Fig. 6b). Together with the results obtained from Fig. 5a which indicated
that SPE B could cleave protein S into a shorter form (approximate 5-10kDa less than the precursor) within
15 min, we therefore speculated two potential cleavage sites S10 and S11 on protein S as the initial recognition
and cleavage sites of SPE B. Further examination using MALDI-TOF MS analysis indicated that the molecular
weight (M.W.) of full-length protein S was ~77.6kDa while a cleaved form of protein S appeared as ~71.7kDa
after treatment with SPE B for 15min. A higher dose of SPE B caused the loss of full-length protein S at ~77.6kDa
(Fig. 6¢). SPE B-mediated protein S degradation at different time periods was also confirmed by SDS-PAGE (data
not shown). Moreover, in addition to human plasma-isolated protein S, C-terminal His tag-conjugated recombi-
nant human protein S was also used for treatment with SPE B followed by His tag detection. SPE B but not C192S
or SPE A caused the cleavage of His tag, which suggested that SPE B mediated a rapid C-terminal degradation
of protein S (Supplementary Fig. S3). These results suggest that SPE B could rapidly and effectively cleave off a
~5.9kDa fragment on the C-terminal region of protein S, where S11 might be the first recognition site of SPE B.
In human plasma, protein S forms a complex with C4BP (~60%) through the sex hormone-binding globulin
(SHBG)-like domain on the C-terminus®***°. C4BP binds to the surface of apoptotic cells through protein S of
which the N-terminal Gal-residue has highly affinity binding to PS. This binding of C4BP-protein S complex on
apoptotic cells provides protection against complement attack®*. Deletion of aa 583-635 on protein S may cause
a conformational change followed by the loss of binding to C4BP*!~*. Since SPE B might initially recognize and
cleave aa S615 and K616 on the C-terminal region of protein S, the binding of C4BP on apoptotic cells was next
determined. By flow cytometric analysis, the expression level of serum-derived C4BP on the surface of apoptotic
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Figure 3. SPE B reduces the binding ability of protein S on apoptotic cells. (a) Human serum, protein S, or
SPE B-pretreated human serum or protein S at the indicated time points were incubated with STS-stimulated
apoptotic cells for 25 min followed by binding analysis. The percentages of protein S binding to apoptotic cells
were measured using the nonspecific antibody (dotted line) or the specific antibody against protein S (solid line)
staining followed by flow cytometric analysis. The histograms (upper), a-d, and quantified results are shown
(lower). Data are shown as mean = SD of three independent experiments. **P < 0.01 as compared with serum
or protein S treatment. (b) In the presence or absence of human serum, protein S, human serum pretreated with
different dosages of SPE B or C192S, and protein S pretreated with different dosages of SPE B, the bindings of
protein S to apoptotic cells were detected using flow cytometric analysis. Data are shown as mean = SD of three
independent experiments. **P < 0.01 as compared with serum or protein S treatment.
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Figure 4. GAS-secreted SPE B inhibits protein S binding to apoptotic cells. Bacterial culture supernatants
were collected from speB wild-type strain NZ131 and speB mutant strain SW510 that were incubated in RPMI
growth medium at 37 °C for 18 h. To determine the binding activity of protein S to apoptotic cells, human
serum was first incubated with medium or bacterial culture supernatants for 1h, which were subsequently co-
incubated with STS-stimulated apoptotic cells at room temperature for 25 min followed by the specific protein
S staining and flow cytometric analysis. The histograms, a-d, and their percentages of protein S-binding cells
are shown as mean =+ SD of three independent experiments. **P < 0.05 as compared with the medium-treated
group.

cells was decreased after serum was pretreated with SPE B (Fig. 6d). These results indicate that the presence of
SPE B causes a disruption of apoptotic cell clearance through protein S degradation. The degraded protein S not
only loses a bridging function, but also leads to decreased binding of C4BP to apoptotic cells (Fig. 6e). Through
these effects, GAS-secreted SPE B may exhibit a new pathologic role in triggering severe inflammation and auto-
immune development.

Discussion

Infection with GAS generally shows a series of inflammatory and autoimmune responses in acute- and
post-infection cases"***>. However, the immunopathogenesis of GAS infection is not fully defined. In this study,
we provide evidence of a novel pathogenic effect of SPE B which involves cleavage of serum-derived vitamin
K-dependent protein S followed by inhibition of apoptotic cell clearance by macrophages. The results indicate
a decreased apoptotic cell clearance after the C-terminal SHBG-like domain region (aa 616-635) of protein S
is initially cleaved by SPE B. Moreover, in association with the cleavage, the adherence of C4BP on apoptotic
cell surface was attenuated as well. Previous reports have indicated the importance of the C-terminal region
(aa 583-635) of protein S for the maintenance of structural conformation and biofunctions of this protein*'~4.
Therefore, deficient bridging function of protein S is involved in the SPE B-mediated reduction of macrophage
efferocytosis. These findings indicate that SPE B may be responsible for the progression of streptococcal diseases
associated with inflammation and autoimmunity through the accumulation of non-removed apoptotic cells. Even
though there is no direct clinical evidence for the existence of non-removed apoptotic cells in damaged tissues,
patients with post-streptococcal glomerulonephritis develop detectable DNA-anti-DNA complex, anti-DNA, and
anti-neutrophil cytoplasmic antibodies, which are suggested to be associated with inefficient removal of apop-
totic cell fragments?6~*%. Furthermore, our study demonstrates that in NZ131-infected air pouch exudates, the
degradation of protein S may correlate with tissue damage and mortality. In addition, previous studies revealed
that SPE B can cause high levels of apoptosis in monocytes, epithelial cells, and also in infiltrated neutrophils
from mice infected with wild-type GAS strain but not the speB mutant strain'>!7*. The induction of apoptosis by
GAS-secreted SPE B is not only beneficial for survival of GAS and invasion of the deeper tissues, it is also believed
to lead to decreased phagocytosis and further initiate inflammatory responses. SPE B has been shown to degrade
a number of proteins including extracellular matrix, cytokines, chemokines, complement, and immunoglobu-
lins®. Here we provide the first demonstration that protein S is also a substrate of SPE B and that SPE B-mediated
proteolysis of protein S leads to downregulation of efferocytosis.

A number of mechanisms contribute to the promotion of macrophage phagocytosis of apoptotic cells
The so-called “eat me” signals are activated through exposure of PS on the surface of apoptotic cells to its relative
receptor PSR in macrophages. In addition to direct recognition and phagocytosis by macrophage PSR, several
bridge proteins including (3,-glycoprotein I, milk-fat globule epidermal growth factor 8, growth arrest-specific

23,24
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Figure 5. SPE B causes protein S degradation. (a) Protein S was incubated with different dosages of SPE B at
37°C for different time periods as indicated followed by 12.5% SDS-PAGE and Coomassie blue staining. The
presence of E64 (16 pM), SPE A, or C192S in protein S cleavage were also detected. The protein expression in
different molecular weights is shown. Arrowhead: intact protein S. *The 42 kDa of C192S. Thick arrow: SPE B.
Thin arrow: SPE A. (b) In the presence or absence of protein S and protein S pretreated with SPE B, SPE A, or
SPE B and E64 for different time periods as indicated, macrophages were co-incubated with annxein V/FITC-
labeled apoptotic cells for 1h. The percentages of apoptotic cell engulfment by macrophages were measured by
flow cytometric analysis. (c) In the presence of protein S (5ug) and protein S pretreated with 10 g of SPE B,
C192S, or SPE A for 15 min, the percentages of apoptotic cell engulfment by PMA-stimulated THP-1 cells were
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measured by flow cytometry. Quantified results are shown as mean =+ SD of three independent experiments.
**P < 0.01 as compared with protein S treatment. (d) Purified protein S (5ug) was incubated with or without
SPE B (5g) for 30 min, and the expression of protein S was detected using a specific antibody against the
C-terminal region of protein S. (e) The protein S fragments in the air pouch exudates (20 pl) from mice infected
with NZ131 (n=4), SW574 (n=4) or NpASC (n=2) for 48 h were detected by Western blot with a specific
antibody against the C-terminal region of protein S. Human plasma-isolated protein S (2 1g) was used as a
standard.

gene 6 (Gas6) and protein S are also involved in mechanisms of apoptotic cell clearance?>?%2%4 Based on the
genetic characterization, protein S shows ~43% of sequential homology with Gas6 protein, a ligand of Tyro 3/Axl/
Mer (TAM) expressed on the surface of macrophages?>-*"°%°1, The recognition and the binding of Gas6 to PS and
TAM effectively trigger PI3K/Akt activation followed by promoting cell proliferation, cytoskeletal reorganization,
engulfment, and subsequent anti-inflammatory macrophage polarization®**. Protein S, similar to Gas6, plays a
central role in serum-stimulated enhancement of macrophage phagocytosis of apoptotic cells. It has a high affinity
with PS via the N-terminal Gal-residues, and binds to the relative receptors Tyro3/Mer expressed on the surface of
macrophages by the two C terminal laminin G regions that are homologous to the SHBG domains*>?”>>** In this
study, we demonstrated that SPE B cleaves protein S leading to a decrease of apoptotic cell clearance. Interestingly,
the downregulation of protein S-mediated phagocytosis occurred within 15 min after SPE B treatment. By pro-
teomic prediction and MALDI-TOF Mass analysis, the C-terminal fragment (aa 614-615) of protein S likely
contains the initial recognition and cleavage site for SPE B. Moreover, results obtained from secondary structural
prediction indicated that S8 K423 and S11 S615 are located at two loop domains on the SHBG-like domain of
protein S (data not shown). According to previous reports, deletion of the C-terminal SHBG-like domain leads to
a major conformational change on protein $*#2. Therefore, we speculated that the initial cleavage event mediated
by SPE B might cause a disruption of protein S bridging apoptotic cells to macrophages followed by inhibition of
engulfment. Recent evidence indicated that Mer acts as a tolerogenic receptor in resting macrophages, whereas
Axl primarily works in the feedback inhibition of inflammation®. Since SPE B efficiently cleaves protein S, it is
intriguing to determine whether SPE B also causes an effect on Gas6. The distinct regulations of SPE B on protein
S and Gasé, as well as tolerogenic and activated macrophage-mediated efferocytosis need further investigation.

Opsonization is the innate immunity process where microorganisms and apoptotic cells become coated with
molecules that allow them to bind to receptors on phagocytes. Apoptotic cells are opsonized with protein S to pro-
mote engulfment by phagocytes. Meanwhile, to avoid the induction of inflammation that results from secondary
necrosis, early apoptotic cells are immediately opsonized with C4BP, a well-known inhibitor of complement. In
the circulation, protein S is abundantly expressed and complexed with C4BP. C4BP binds to apoptotic cells and
offers protection from complement attack through association with protein $**. Our present results demonstrate
the cleavage of protein S by SPE B decreases the binding ability of C4BP to apoptotic cells, and thus destroys
the protective effect of C4BP. The three domains (aa 420-434, 447-460 and 583-635) that are located on the
C-terminal SHBG-like domain of protein S are known as C4BP-binding regions***-*>% In particular, aa 605-614
in protein S is proposed to be most important for its interaction with C4BP. SPE B-initiated protein S cleavage
on S8 K423, S9 A450 and S11 S615 are located on C4BP-binding regions. GAS-secreted SPE B not only disrupts
protein S-mediated efferocytosis, it also avoids protection provided by C4BP. Moreover, other studies showed
that streptococcal M protein binds to C4BP to escape innate immunity by phagocytosis resistance and preventing
complement attack as well*%, SPE B-elicited dissociation of protein S and C4BP is therefore speculated to be
beneficial for free-C4BP binding to M proteins on GAS surface and results in a decrease of opsonophagocytosis.

Phagocytosis of apoptotic cells is a routine function by macrophages in innate immunity. To date, there are
still no well-characterized mechanisms to explore the relationship of macrophage phagocytisis to immunopatho-
genesis of GAS infection. Previous studies showed that SPE B can cause direct cell damage and indirect effects by
causing immunoglobulin, fibronectin, vitronectin and properdin cleavage. The involvement of fibronectin in the
apoptotic cell clearance has been demonstrated as well*’”. In addition to protein S, it is possible that SPE B initiates
a reduction of efferocytosis through manipulating fibronectin degradation. This question needs further investi-
gation. To the best of our knowledge, this is the first demonstration of disruption of apoptotic cell clearance by
SPE B-stimulated protein S cleavage. For future therapeutic implications, SPE B inactivation may be a potential
strategy to rescue the deregulation of innate immunity in GAS infection by sustaining the clearance of apoptotic
cells by macrophages.

Materials and Methods

Mice. BALB/c and BALB/cByJNarl breeder mice were obtained from The Jackson Laboratory (Bar Harbor,
Maine, USA) and the National Laboratory Animal Center in Taiwan, respectively. They were maintained on
standard laboratory food and water ad libitum in the animal centers at the National Cheng Kung University and
I-Shou University. Their 8-wk-old progeny were used for the purification of residential peritoneal macrophages
and air pouch infectious model in this study. Animal handling and procedures were reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC) of National Cheng Kung University, and conducted
in accordance with the Guidelines for Committee of Laboratory Care and Use, National Cheng Kung University.

Cell cultures, antibodies, and reagents. Peritoneal macrophages were purified from BALB/c
mice according to the previous method with modification®. We injected 5ml of PBS into the mouse perito-
neum and then aspirated fluid from peritoneum after 5min post-injection. After washing with PBS, isolated
cells were seeded and grown in RPMI 1640 culture medium (Gibco BRL, Grand Island, NY, USA) containing
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Figure 6. SPE B-mediated protein S cleavage eliminates the binding of C4BP to apoptotic cells. (a) Eleven
potential recognition (P1 and P2) and cleavage (between P1 and P1’) sites for SPE B on protein S were predicted.
(b) According to the predicted cleavage site, different molecular weights of degraded protein S are calculated
using the program Compute PI/Mw from ExPASy Proteomics as shown. (c) Purified human protein S (5 pg)
was reacted with different dosages of SPE B for indicated time periods followed by MALDI-TOF MS analysis.
The two major peaks of full-length protein S (~77.6kDa) and cleaved protein S (~71.7kDa) are shown as dot
lines. The range of mass spectrum is shown from m/z 60000 to 90000. (d) Human serum was first incubated
with different dosages of SPE B for 60 min, or with 5pg SPE B for different time periods as indicated, which
were subsequently co-incubated with STS-stimulated apoptotic cells for 25 min at room temperature. The
percentages of C4BP binding to apoptotic cells were measured using specific antibody against C4BP followed
by flow cytometric analysis. Data are shown as mean =+ SD of three independent experiments. **P < 0.01 as
compared with serum treatment. (e) GAS-secreted SPE B disrupts the apoptotic cell clearance via modulating
protein S cleavage directly. Degraded protein S loses the function as a bridging molecule between macrophages
and apoptotic cells. Meanwhile, SPE B-mediated initial cleavage of C-terminal region on protein S and further
protein degradation prompt the lost binding of C4BP. The defects in clearance of apoptotic cells and C4BP-
mediated complement inhibition may lead to secondary necrosis followed by inflammatory response induction.
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10% heat-inactivated FCS, 2 mM L-glutamate, and 50 pg/ml of gentamicin. By flow cytometric analysis, more
than 95% were CD11b-positive cells used in this study. The human monocytic THP-1 cells obtained from the
American Type Culture Collection (Manassas, VA, USA) were grown in RPMI 1640 medium containing 10%
FCS, L-glutamate and gentamicin, and further cultured with 160 nM phorbol myristate acetate (PMA) for 48 h to
induce a macrophage-like phenotype. The human lymphoid T cell line Jurkat was obtained from Dr. B. C. Yang
(Department of Microbiology and Immunology, National Cheng Kung University, Taiwan). Jurkat T cells were
cultured in RPMI 1640 culture medium and used for the preparation of apoptotic cells. Purified human protein
S was purchased from Calbiochem (San Diego, CA, USA). The rabbit antibody specific for human protein S
was purchased from DAKO (Glostrup, Denmark). The polyclonal goat anti-human C4BP, anti-human protein
S (C-terminal), and rabbit anti-mouse CD11b were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
FITC-conjugated anti-human CD11b and anti-human CD36 were purchased from eBioscience (San Diego, CA,
USA). FITC-conjugated goat anti-rabbit and donkey anti-goat IgG were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA). The rabbit antibody against His tag and HRP-conjugated goat anti-rabbit antibody were
purchased from Abcam (Cambridge, MA, USA). The protease inhibitor E64, PMA, and staurosporine (STS)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). The normal human serum was collected by the ethical
approval from the Institutional Review Board of National Cheng Kung University Hospital, No. ER-98-287, with
the written informed consent obtained from healthy volunteers.

Bacterial culture supernatant. GAS NZ131 (type M49, T14 strain) was a gift from Dr. D. R. Martin,
New Zealand Communicable Disease Center, Porirua. Disruption of speB gene to generate speB mutant strain,
SW510 and SW574, and disruption of sagB gene to generate sagB isogenic mutant strain, NpASC, were previously
described®>*. For the collection of SPE B-containing bacterial culture supernatants, the fresh colony of NZ131
and SW510 were grown in RPMI 1640 culture medium at 37 °C for 18 h. After centrifugation, the supernatants
were harvested and stored at —70°C.

Purification of recombinant proteins. For the expression of recombinant SPE A, SPE B, and
protease-negative mutated protein C192S, the construction and purification of these proteins were performed
as previously described®. Briefly, the genes of SPE A, SPE B, and C192S were PCR-amplified and cloned into the
pET21a vector, which were then transformed into the Escherichia coli BL21(DE3) pLys strain. After incubation in
Luria-Bertani medium containing ampicillin (100 pg/ml) and induction by isopropyl-D-thiogalactopyranoside
(IPTG; 100 mg/ml), cells were harvested and lysed using a French press at 1,500 kg/cm? for 30s. The collected
supernatants were then purified by the Ni-column (Amersham Pharmacia Biotech, Piscataway, NJ, USA) sepa-
ration and imidazole gradient (0-200 mM) elution. The collected fractions were concentrated by Amicon ultra-
filtration with a 10-kDa cutoff membrane and equilibrated with PBS. Purified SPE A, SPE B and C192S were
passed through Detoxi-Gel (Pierce, Rockford, IL, USA) to remove possible lipopolysaccharide contamination.
The preparations were then subjected to testing for endotoxin contamination using a Limulus amebocyte lysate
assay (Pyrotell, Associates of Cape Cod, Falmouth, MA, USA), and the endotoxin concentrations of all purified
proteins were <0.5 EU/ml. The purity was evaluated by SDS-PAGE, and the protease activity was detected by
adding 100 pl of purified SPE B or C192S to 200 ul of azocasein solution (50 mM Tris-HCI [pH 8.0], 10 mM dith-
iothreitol, 5mM EDTA) for 30 min at 37 °C. The reaction was stopped by adding 100 pl of 15% TCA for 15 min
on ice. The mixture was then centrifuged, and an equal volume of 0.5N NaOH was added to the supernatant. The
absorbance of the sample was measured with a microplate reader at the wavelength of 450 nm (Emax microplate
reader; Molecular Devices, Palo Alto, CA, USA). Purified proteins were stored at —70°C in aliquots for use in the
experiments.

Apoptotic cells and phagocytosis. Human Jurkat T cells (10°cells/ml) were treated with 100 uM of STS
in RPMI 1640 culture medium for 12h at 37 °C. STS-treated apoptotic cells were labeled using FITC-conjugated
annexin V staining (Biovision, Mountain View, CA, USA). Around 80% of the cells were annexin V-positive cells
after STS treatment. To measure the phagocytosis of apoptotic cells, 10% FCS, 10% human serum, and protein S
were first incubated with or without recombinant SPE B, C192S, and SPE A for indicated time periods at 37°C
followed by addition of protease inhibitor E64 (16 1M) to stop the proteolytic reaction. These mixtures were then
co-cultured with purified murine peritoneal macrophages or PMA-stimulated THP-1 cells (10° cells) and annexin
V-labeled apoptotic Jurkat T cells (2 x 10° cells) for 1h at 37 °C. For confocal laser microscopic (Leica TCS SPII,
Nussloch, Germany) and wide-field DeltaVision deconvolution microscopic (Applied Precision, GE Healthcare
Life Science, Issaquah, WA, USA) observation, peritoneal macrophages and PMA-stimulated THP-1 cells were
further stained with MitoTracker-Red (Molecular Probes, Leiden, The Netherlands) and DAPI (Calbiochem). The
stacks of fluorescence images from deconvolution microscope were acquired and deconvoluted using SoftWorx
software, and later analyzed with Volocity software (Perkin-Elmer, Waltham, MA, USA). For flow cytometric
analysis, the cells were washed, detached, and analyzed by flow cytometry (FACSCalibur; BD Biosciences, San
Jose, CA, USA) with excitation set at 488 nm. The emission was detected with the FL-1 channel followed by
CellQuest Pro 4.0.2 software (BD Biosciences) analysis, and quantification was done using WinMDI 2.8 software
(The Scripps Institute).

The air pouch exudates collection. Mice were injected subcutaneously with 2 ml of air to form an
air pouch, and 0.2 ml of the bacterial suspension containing 3 x 10® colony forming units (CFU) of NZ131
or its isogenic mutants was then inoculated into the air pouch. The air pouch exudates were collected at 48 h
post-infection and stored at —70 °C until use.
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Protein S and C4BP binding assay. Human serum or protein S were pretreated with SPE B, C192S or
bacterial culture supernatants for indicated time periods at 37 °C followed by E64 (16 .M) addition to stop the
proteolytic reaction. Samples were then incubated with STS (100 uM)-stimulated apoptotic Jurkat T cells (10°) for
25 min at room temperature. After washing twice, cells were fixed with 1% formaldehyde in PBS for 10 min, and
then washed again with PBS. Fixed cells were incubated with specific antibodies against human protein S (DAKO)
and human C4BP (Santa Cruz Biotechnology), respectively, at 4 °C for 30 min followed by FITC-conjugated goat
anti-rabbit or donkey anti-goat IgG staining, and analyzed by flow cytometry (FACSCalibur; BD Biosciences)
with excitation set at 488 nm. The emission was detected with the FL-1 channel followed by CellQuest Pro
4.0.2 software (BD Biosciences) analysis, and quantification was done using WinMDI 2.8 software (The Scripps
Institute).

Protein electrophoresis and Western blot analysis. The reactive proteins were diluted in Tris-HCl
loading buffer (final buffer concentration approximately 62.5 mM Tris-HCI [pH 6.8], 2% SDS, 10% glycerol, 5%
2-mercaptoethanol, 0.001% bromophenol) and boiled for 10 min at 95 °C. Samples were subjected to electropho-
resis on 10% polyacrylamide gels at 100 V for 100 min in Tris-glycine running buffer (25 mM Tris, 192 mM gly-
cine, 0.1% SDS, pH 8.3). Proteins were determined by gel staining with a Coomassie brilliant blue solution (0.25%
Coomassie blue R-250, 10% acetic acid, 45% ethanol) followed by destaining with a buffer containing 10% acetic
acid and 10% methanol. For Western blot analysis, proteins were resolved by SDS-PAGE and then transferred
to a PVDF membrane (Millipore Corporation, Billerica, MA, USA). After blocking, blots were incubated with a
specific antibody against C-terminal region of protein S (Santa Cruz Biotechnology) followed by HRP-conjugated
donkey anti-goat IgG (Santa Cruz Biotechnology) incubation, and subsequently developed using an ECL Western
blot detection kit (Millipore Corporation) according to the manufacturer’s instructions.

Cleavage site and molecular weight prediction. Analysis of cleavage sites of protein S by SPE B
was performed as referred to previous studies®®*’. The sequence of protein S was obtained from NCBI Protein
Database accession number NP_000304 (http://www.ncbi.nlm.nih.gov) and initially cloned and characterized
by Hoskins et al.®*. Based on results obtained from cleavage site analysis, the molecular weights of SPE B-cleaved
proteins were computed using the Expert Protein Analysis System proteomics server of the Swiss Institute of
Bioinformatics (http://expasy.hcuge.ch).

Mass analysis. Human plasma-isolated protein S (5ug) was incubated with different doses of SPE B for the
indicated time periods followed by addition of E64 to stop the reaction. The protein samples (0.5 pul) were mixed
with matrix solution (0.5 pl, 10 mg/ml sinapinic acid in 50% acetonitrile and 0.1% trifluoroacetic acid in deionized
H,0) and then were spotted onto stainless steel plates followed by air-dried before subsequent MALDI-TOF MS
analysis (4800 ABSciex, Framingham, MA, USA). Data were processed and analyzed by Data Explorer software.

Statistics. Comparisons between various treatments were performed by unpaired ¢-test with GraphPad
Prism version 6.0 (La Jolla, CA, USA). Statistical significance was set at P < 0.05.
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