










tion of SpyCep-mediated uptake, we tested whether SpyCep-
coated beads also follow the classical endocytic pathway.
Immunostainings of beads and the early endosomal marker
EEA1 and the late endosomal/lysosomal marker protein
Lamp-1 were conducted at early (60 min) and later stages (120
min) of co-incubation. Immunofluorescencemicroscopic anal-
ysis revealed the presence of internalized SpyCep beads in an
EEA1-positive compartment at early time points (Fig. 5A,
arrow). After 120min of incubation, themajority of beads were
found to be localized in a Lamp-1-positive compartment (Fig.
5B). Because the 3-�mbead size itselfmay influence the sorting
direction of the beads, SpyCep was coupled to 15-nm gold par-
ticles, revealing a pseudo-soluble fraction of SpyCep.This pseu-
do-soluble form of the protein allowed us to visualize uptake
and trafficking of SpyCep in HUVEC. As for the SpyCep beads,
SpyCep-gold particles were efficiently taken up into HUVEC
and delivered to lysosomes (Fig. 5, C–E). Within lysosomes,
gold particles no longer reacted with the anti-SpyCep antibody,
revealing the loss of antigenicity or dissociation of SpyCep

within lysosomes. This indicates
that SpyCepmediates its uptake and
subsequent trafficking via the classi-
cal endocytic pathway with lysoso-
mal destination.
SpyCep Does Not Act as Invasin

on the Bacterial Surface—To
address the question whether
SpyCep may act as an invasin on
the streptococcal surface, we con-
structed a SpyCep hyperexpressing
S. agalactiae strain by transforming
it with the previously described
plasmid pCepA (5). Flow cytometry
analysis was conducted to quantify
the amount of surface located
SpyCep on the constructed strain,
as well as on the GBS control strain.
As shown in supplemental Fig.
S1, SpyCep-expressing S. agalactiae
(GBS-SpyCep) showed a 50-fold
stronger fluorescent signal as com-
paredwith theM3 S. pyogenes strain
A475 and a more than 100-fold
increase in fluorescence as com-
pared with the GBS control strain
(GBSpDCerm). This result demon-
strates that the GBS-SpyCep con-
struct is a hyperexpressing strain
with an even higher content of sur-
face-associated SpyCep than theM3
S. pyogenes strain. However, in con-
trast to the M3 S. pyogenes strain,
GBS-SpyCep showed no invasion
activity on HUVEC (data not
shown). Moreover, analysis of the
invasion potential of the SpyCep
knock-out A475 S. pyogenes strain
revealed an equal uptake rate as

compared with the A475 wild-type strain (data not shown).
Thus, it may be concluded that SpyCep does not act as an inva-
sin on the streptococcal surface.
A Blocking Antibody for SpyCep-mediated Internalization—

Purified anti-rSpyCep IgG or non-immune rabbit IgG was
added to rSpyCep-coated beads prior to co-incubation with
HUVEC.Only SpyCep-specific antibodies significantly blocked
internalization of beads intoHUVEC, but not the control rabbit
IgG antibodies (Fig. 6). When anti-SpyCep antibodies were
tested for their ability to interfere with the IL-8-degrading
activity of SpyCep, the antibodies had no effect (data not
shown), further strengthening the concept that cellular inter-
action and IL-8 degradation are two distinct functions dis-
played by this important virulence factor of S. pyogenes.

DISCUSSION

S. pyogenes is a strict human pathogen in which a variety of
multifunctional virulence factors have evolved. For example,
C5a peptidase, structurally related to SpyCep, is a multifunc-

FIGURE 4. SpyCep induces cytoskeletal rearrangements during uptake. A–D, scanning electron micro-
scopic images of SpyCep-coated beads being internalized into HUVEC. Extracellular beads are taken up by a
zipper-like mechanism characterized by the formation of membrane protrusions. Bars represent 2 �m. E and
F, confocal maximum intensity projection of SpyCep-coated beads that show accumulation of F-actin arrows,
(E) and the corresponding phase contrast image (F). Bar represents 10 �m.
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tional S. pyogenes surface protease, shown to possess C5a-de-
grading activity but also adhesive functions, independent from
the enzymatic activity (14). In the present case of SpyCep, only
one biochemical function had been previously recognized: the
ability to specifically bind and cleave CXC chemokines, one of
which is IL-8. In published animal studies, a clear consequence
of SpyCep expression has been improved survival and greater
tissue spreading of the bacteria during the course of necrotizing
soft tissue infection (3–5). We here demonstrate cloning,
expression, and purification of full-lengthmature SpyCep in its
enzymatically active form. This polypeptide served as a starting
molecule for designing further C- and N-terminal truncations
that allowed defining the minimal domain required for IL-8
degradation. A recent study also attempted to express active
recombinant SpyCep (15); however, recombinant enzymatic
activity was only obtained by combining two recombinant sub-
fragments of SpyCep. This is in contrast to our findings, as
confirmed both by quantitative IL-8 degradation assay and by
Western blot analysis, that full-length mature SpyCep (exclud-
ing the predicted pre-pro-domain) was enzymatically active
and was being expressed as one polypeptide (Fig. 1). Further-
more, the C-terminally truncated subfragment (PR�A, lacking
521 amino acid residues of the C terminus as well as the pre-
pro-domain) was sufficient to cleave IL-8 (Figs. 2 and 7). These
data further characterize the chemokine-degrading function of
SpyCep.
The human endothelium is an important cellular barrier

through which IL-8 is transported and on which it becomes
exposed through binding to glucosaminoglycans to function in
leukocyte recruitment (16–18). Here we analyzed the invasion
activity of SpyCep using a latex bead-based internalization
assay, which previously led to the discovery of many potent
bacterial invasins 19–22), as well as pseudo-soluble SpyCep
coupled to 15-nm gold particles. The results demonstrate that
SpyCep specifically mediates its own uptake into endothelial
cells via an endosomal pathway and that the PR domain is
required but also sufficient to mediate cell entry (Figs. 5 and 7).
The question arises whether SpyCep is an invasin. Our results
indicate that SpyCep, expressed on the surface of GBS, does not
mediate streptococcal invasion. Moreover, inactivation of the
SpyCep-encoding gene in M3 S. pyogenes had no effect on the
invasion potential. To fulfill the function of an invasin, SpyCep

FIGURE 5. SpyCep mediates uptake via the classical endocytic pathway.
A, accumulation of EEA1 in the vicinity of rSpyCep-coated internalized latex
beads (arrow). B, internalized beads are delivered to Lamp-1-positive com-
partments. Arrows exemplify Lamp-1 accumulation around beads, whereas
arrowheads point to beads within non-maturated phagosomal compart-
ments. Single confocal sections are shown. Bars represent 10 �m. C, internal-
ization of pseudo-soluble SpyCep-gold into HUVEC (extracellular SpyCep-
gold is green, and intracellular SpyCep-gold is red). The right panel shows
phase contrast image (white arrow shows extracellular gold particle, and
black arrow shows intracellular gold; reactivity with the anti-SpyCep anti-
body). D, Lamp-1 stain of SpyCep-gold particles in HUVEC (black arrows show
internalized SpyCep-gold particles, and asterisks indicate gold particles
within lysosomes that lost anti-SpyCep reactivity. E, scanning EM of SpyCep
gold particles internalized by HUVEC. At low voltage (2 kV, left panel), extra-
cellular gold particles appear brighter (white arrow) than intracellular gold
particles (arrowheads). At higher voltage (15 kV, right panel), the inset shows
single internalized gold particles at higher resolution. Bars represent 5 �m.

FIGURE 6. Inhibition of invasion of rSpyCep-coated latex beads into
HUVEC by anti-SpyCep antibodies. SpyCep beads were first preincubated
with rabbit polyclonal anti-SpyCep antibodies for 1 h and then co-incubated
with HUVEC for 2 h. Preincubation of SpyCep-coated beads with anti-SpyCep
IgG completely abolished the adherence to and invasion of SpyCep-coated
beads into HUVEC. Non-immune rabbit IgG served as control (ctrl). Graph
represents mean � S.D.
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has to be surface-exposed and covalently linked to the strepto-
coccal cell. However, secreted derivatives of SpyCep lack the
C-terminal part of the protein (3), indicating post-translational
processing events that may be responsible for the loss of the
N-terminal invasion-mediating PR domain in its surface-an-
chored form. Moreover, a very recent publication demon-
strated that SpyCep is autocatalytically processing its N termi-
nus, leading to the generation of an N-terminal cleavage
product that non-covalently assembles to the C-terminal part
and assembles to an active protease (23). Interestingly, the
cleavage side resides within the PR domain between residues
244 and 245, demonstrating that the N-terminal part of the PR
domain is no longer covalently linked to the peptidoglycan.
These findingsmay thus explain why SpyCep does not act as an
invasin, even if it is hyperexpressed in the GBS system. Our
interpretation is that SpyCep is potent in mediating its
own internalization into HUVEC but may not be considered as
an invasin of S. pyogenes.
One key observation was that SpyCep impairs neutrophil

recruitment from bloodstream to the tissue site of infection by
inactivating IL-8 (3–5, 24). IL-8 produced by extravascular cells
(macrophages, fibroblasts) must traverse the EC barrier from
tissue site of infection to the luminal side of the endothelium to
exert its promigratory effect on neutrophils (16). SpyCep pro-
duced at the tissue site may efficiently degrade IL-8 locally and
thus prevent EC transcytosis and luminal presentation. How-
ever, EC are also able to produce and secrete endogenous IL-8.
This EC IL-8 will not be exposed to the tissue site but will be
directly transported to and presented at the luminal side of the
EC barrier. Thus, the ability of SpyCep to promote its specific
uptake into EC may represent a key event for interaction of
SpyCep with EC-derived IL-8 or the endothelial barrier itself.
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FIGURE 7. Schematic overview of the domain structure of SpyCep. The
recombinant SpyCep fusion peptides generated in this work and their IL-8-
degrading activity (IL-8 deg. activity) and endothelial cell invasion activity (EC
internal. activity) are displayed. Amino acid residue positions are given for
each fragment (according to accession number ABA33824.1).
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