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Group A streptococci (Streptococcus pyogenes or GAS) freshly
isolated from individuals with streptococcal sore throat or
invasive (‘‘flesh-eating’’) infection often grow as mucoid colo-
nies on primary culture but lose this colony appearance after
laboratory passage. The mucoid phenotype is due to abundant
production of the hyaluronic acid capsular polysaccharide, a key
virulence determinant associated with severe GAS infections.
These observations suggest that signal(s) from the human host
trigger increased production of capsule and perhaps other
virulence factors during infection. Here we show that subinhibi-
tory concentrations of the human antimicrobial cathelicidin
peptide LL-37 stimulate expression of the GAS capsule synthesis
operon (hasABC). Up-regulation is mediated by the CsrRS 2-
component regulatory system: it requires a functional CsrS
sensor protein and can be antagonized by increased extracellu-
lar Mg2�, the other identified environmental signal for CsrS.
Up-regulation was also evident for other CsrRS-regulated viru-
lence genes, including the IL-8 protease PrtS/ScpC and the
integrin-like/IgG protease Mac/IdeS, findings that suggest a
coordinated GAS virulence response elicited by this antimicro-
bial immune effector peptide. LL-37 signaling through CsrRS led
to a marked increase in GAS resistance to opsonophagocytic
killing by human leukocytes, an in vitro measure of enhanced
GAS virulence, consistent with increased expression of the
antiphagocytic capsular polysaccharide and Mac/IdeS. We pro-
pose that the human cathelicidin LL-37 has the paradoxical effect
of stimulating CsrRS-regulated virulence gene expression,
thereby enhancing GAS pathogenicity during infection. The
ability of GAS to sense and respond to LL-37 may explain, at least
in part, the unique susceptibility of the human species to
streptococcal infection.

CovRS � CsrRS � LL-37 � Streptococcus pyogenes � 2-component system

Many species of microorganisms colonize the skin or mu-
cosal surfaces of human beings with no apparent ill effects

on the host. However, certain of these colonizers also have the
capacity to produce local inflammation and injury or to breach
the mucosal barrier and produce locally invasive infection or
systemic disease. Group A Streptococcus (Streptococcus pyogenes
or GAS) presents a striking example of such dualism: it colonizes
the oropharynx of 15–20% of healthy children (1, 2); coloniza-
tion is often entirely asymptomatic, but it can be associated with
sore throat and fever in the self-limited syndrome of strepto-
coccal pharyngitis; rarely, the organism invades locally to pro-
duce serious soft tissue infection or systemically to produce
potentially life-threatening bloodstream infection and/or strep-
tococcal toxic shock (3, 4). Clues that dynamic regulation of
bacterial invasiveness occurs during infection come from obser-
vations that GAS freshly isolated from the blood or deep tissues
often express large amounts of surface M protein and the
hyaluronic acid (HA) capsular polysaccharide, 2 major virulence
determinants, but that expression of these factors declines after
culture of the organism in vitro (5, 6). Such observations suggest

that specific stimuli in the host signal GAS to increase expression
of factors that contribute to the development of symptomatic
infection.

Bacterial 2-component systems (TCS) constitute an important
regulatory mechanism through which GAS and other bacteria
perceive and respond to environmental stimuli, including those
encountered in the infected host (7). Among the several TCS
described in GAS, CsrRS (also known as CovRS) has been most
extensively characterized and most clearly shown to control
expression of key virulence determinants including the HA
capsule, streptokinase, streptolysin S, the antiphagocytic pro-
tein/IgG protease Mac/IdeS, and the IL-8 protease PrtS/ScpC,
among others (8–12). The basic structure of CsrRS resembles
that of the EnvZ/OmpR family of TCS: the sensor component
CsrS is a histidine kinase predicted to be associated with the
bacterial cell membrane. Interaction of the CsrS extracellular
domain with environmental stimuli is thought to change the
conformation of the cytoplasmic domain, thereby altering its
autokinase activity and/or its activity as a phosphatase for the
cognate transcriptional regulator CsrR. High concentrations of
environmental Mg2� signal through CsrS to repress expression
of CsrR-regulated virulence genes (13, 14). By contrast, the low
concentration of Mg2� (with respect to CsrRS signaling) in
human extracellular fluids is expected to result in relatively
derepressed expression of these virulence factors. Until now,
Mg2� has been the only identified signal for the CsrRS system.
However, it seemed likely that additional environmental cues
encountered by GAS within the human host might also interact
with CsrS to regulate virulence gene expression during human
infection.

Among host molecules that might act as potential signals,
antimicrobial peptides (AMPs) are a particularly attractive
group. AMPs are 2- to 5-kDa peptides of animal or plant origin
that have antimicrobial activity against viruses, bacteria, and/or
fungi (15). Several human AMPs are produced, either consti-
tutively or upon induction by microbial products or cell injury,
by epithelial cells and neutrophils. They are relatively small,
usually cationic molecules that exert their antimicrobial effect by
damaging microbial cell membranes. At concentrations below
those that mediate bacterial damage, AMPs might serve a
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signaling function to GAS on the skin or pharyngeal mucosa by
binding to and signaling through CsrS or the sensor module of
another TCS.

In the present investigation, we tested a large panel of AMPs
for their ability to regulate virulence gene expression in GAS.
We found that the human cathelicidin peptide LL-37, but not
other AMPs, acts as a potent stimulus to up-regulate expression
of multiple virulence genes by signaling through the CsrRS TCS.

Results
Subinhibitory Concentrations of LL-37 Stimulate GAS Capsule Gene
Expression. We screened subinhibitory concentrations of a variety
of human AMPs for their ability to stimulate transcription of the
genes required for HA capsule biosynthesis using a GAS re-
porter strain, 003CAT, in which cat encoding chloramphenicol
acetyltransferase is expressed under the control of the hasABC
(hyaluronic acid synthesis) operon promoter (16). The human
cathelicidin LL-37 (17) stimulated a dose-dependent increase in
CAT activity in 003CAT that was maximal at �100 nM (Fig. 1),
a concentration �200 times lower than the minimum concen-
tration required to inhibit GAS growth under similar conditions.
By contrast, 8 human �- and �-defensins [supporting informa-
tion (SI) Table S1] were inactive at concentrations up to 500 nM
(Fig. 1). RC-101, an analog of primate �-defensins, and the
porcine �-defensin-like protegrin PG-1 were also inactive (data
not shown).

The results above indicated that the cathelicidin LL-37, but
not other classes of human or nonhuman AMPs, stimulated GAS
capsule gene expression. To test whether cathelicidins from
other species might have similar activity, we measured CAT
activity in strain 003CAT after exposure to nonhuman catheli-
cidins (Table S1). Among these, RL-37 from rhesus macaque
(18) that shares 68% amino acid identity with LL-37 was the most
active in stimulating has operon expression, but its maximal
effect was lower than that of LL-37 (Fig. 1). The mouse
cathelicidin CRAMP (19) (46% identity with LL-37) and the
sheep cathelicidin SMAP-29 (20) (16% identity with LL-37)
were inactive (Fig. 1). Thus, the activity of nonhuman catheli-
cidins paralleled their degree of similarity to LL-37. There was
no correlation between signaling activities of the AMPs tested
and their antimicrobial activity or net charge. Rather, the
capacity to stimulate has capsule gene expression appeared to be
specific to LL-37 and closely related cathelicidin peptides.

Mg2� Antagonizes the LL-37 Stimulatory Effect on has Operon Ex-
pression. Because expression of the has operon is controlled by
the CsrRS TCS, the 003CAT reporter system is sensitive to

CsrRS-mediated gene regulation (14). If LL-37 stimulates cap-
sule gene expression by signaling through CsrRS, we reasoned
that its effect might be antagonized by Mg2�, because high
concentrations of extracellular Mg2� have been shown to down-
regulate has operon expression in a CsrRS-dependent fashion
(13, 14). To test this idea, we measured CAT activity in lysates
of 003CAT grown in the presence of 100 nM LL-37 and various
concentrations of MgCl2. We found that stimulation of has
operon expression by LL-37 could be inhibited by Mg2� in a
dose-dependent manner (Fig. S1). A concentration of 15 mM
Mg2� was required to block the stimulatory effect of 100 nM
LL-37, a result that implies that LL-37 is a particularly potent
signaling molecule compared with Mg2�. These results are
consistent with a model in which LL-37 and Mg2� function as
mutually antagonistic ligands for CsrS, the membrane-bound
sensor component of the CsrRS system, with opposite effects on
CsrRS-mediated gene regulation.

LL-37 Stimulation of Multiple CsrRS-Regulated Genes Requires a
Functional CsrS Protein. In addition to using the reporter strain
003CAT to demonstrate LL-37-stimulated up-regulation of the
has operon, we used quantitative RT-PCR (qRT-PCR) to con-
firm LL-37 regulation of hasB, the second gene in the hasABC
operon, and also investigated regulation of 3 additional genes
shown previously to be strongly regulated by CsrRS: prtS en-
coding a putative IL-8 protease, mac encoding the antiphago-
cytic factor/IgG protease Mac/IdeS, and SPy0170 (spyM3�0132)
encoding a hypothetical protein (13). For these experiments,
wild-type strain DLS003 (from which reporter strain 003CAT
was derived), its isogenic csrS mutant strain 003csrS�, and strain
003csrS�(pORI-csrS), in which wild-type csrS is expressed in
trans from plasmid pORI23 under the control of the lactococcal
P23 promoter (13), were grown to midexponential phase with or
without 100 nM LL-37, and expression of hasB, prtS, mac, and
SPy0170 was quantified by qRT-PCR. All 4 genes showed a
similar up-regulation in wild-type strain DLS003, whereas no
significant change in expression was observed in response to
LL-37 in the CsrS mutant strain 003csrS� (Fig. 2). Notably,
expression of CsrS in trans from pORI-csrS in the csrS-
complemented strain 003csrS�(pORI-csrS) restored LL-37
stimulation of the 4 CsrRS-regulated genes to wild-type levels
(Fig. 2). These data support the requirement of CsrS for LL-37
signaling and suggest that LL-37 interacts with CsrS to up-
regulate CsrRS-dependent gene expression in GAS.

LL-37 Stimulates CsrRS-Dependent Virulence Gene Expression in 4
Independent GAS Isolates. The CsrRS system is expressed in nearly
all clinical isolates of GAS; spontaneous inactivating mutations
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Fig. 1. Hyaluronic acid capsule gene expression of GAS in the presence of subinhibitory concentrations of antimicrobial peptides (AMPs). The has operon
reporter strain 003CAT was grown to midexponential phase in the presence of human (LL-37), rhesus macaque (RL-37), mouse (CRAMP), or sheep (SMAP-29)
cathelicidin peptides (Left) or in the presence of human �- or �-defensins (Center and Right, respectively). CAT activity, reflecting capsule gene expression, was
quantified in bacterial lysates and is expressed as a percentage of CAT activity in bacteria grown in unsupplemented medium. *, P � 0.03; **, P � 0.009 for
comparison of CAT activity at 50, 100, and 250 nM versus 10 nM LL-37 or for comparison of activity at 50 and 200 nM versus 10 nM RL-37. Results shown are means �
SD from at least 3 independent experiments.
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have been described but are uncommon (21, 22). To test whether
LL-37 acts as a CsrRS signal in GAS strains other than DLS003, we
tested the effect of LL-37 on CsrRS-regulated gene expression by
qRT-PCR in 4 additional GAS strains: strain 854, 94459, 02-123-
1579, and SS-108. These strains represented M-types 1, 4, 5, and 29,
respectively, and 3 of them were isolated from patients with invasive
infections such as bacteremia or necrotizing fasciitis (Table S2). The
regulation pattern of hasB, prtS, mac, and SPy0170 observed in
these 4 strains in response to LL-37 was consistent with that
observed in strain DLS003. Moreover, the magnitude of up-
regulation in response to LL-37 was greater in these strains with
levels of induction ranging from 2.8- to 73.9-fold (Fig. 3A). The only
exception was mac in strain 02-123-1579, which, unlike the other 3
target genes, was not up-regulated in response to LL-37. It should
be noted, however, that the baseline mac transcript level in this
strain was very low, so it is unclear whether mac is actually expressed
in strain 02-123-1579.

The strong up-regulation of CsrRS-regulated gene expression
detected by qRT-PCR was verified by immunoblotting for 2
CsrRS-regulated gene products: HasC, representing the product
of the third gene of the has operon, and PrtS. Specific antisera
were used to detect these proteins in lysates of GAS grown in the
presence or absence of 100 nM LL-37. As predicted by qRT-PCR
data, expression of both protein products increased in response
to LL-37 in strains 854, 94459, 02-123-1579, and SS-108 (Fig. 3B).

To verify that the marked up-regulation of LL-37-induced gene
expression observed in these additional GAS strains was mediated
through CsrRS, we constructed a csrS mutant in the background of
the M-type 1 strain 854, using the mutagenesis plasmid and methods
described previously (14). As expected, mutant strain 854csrS�
showed no change in expression of hasB, prtS, mac, or SPy0170 in
response to LL-37 (Fig. S2), results that further support an absolute
requirement for CsrS in LL-37-mediated gene regulation. Taken
together, these findings show that LL-37 signals through CsrRS to
up-regulate virulence gene expression in several independent GAS
isolates. Thus, it is likely that such a signaling mechanism is
widespread among GAS strains.

LL-37 Up-Regulates Capsular Polysaccharide Production in Multiple
GAS Strains. Among the multiple virulence determinants regu-
lated by CsrRS, the HA capsule may be the most critical for
pathogenesis (23, 24). To investigate further the generality of
LL-37 signaling among GAS strains and also the effect of has
operon up-regulation on the amount of cell-associated HA

capsule produced by GAS, we measured HA capsular polysac-
charide levels in response to LL-37 in 10 GAS isolates. The
strains varied widely in their degree of encapsulation under
standard growth conditions and included the 5 GAS strains
studied above. Nine of 10 strains showed a 1.5- to 76-fold
increase in capsular polysaccharide production in response to
LL-37 (Fig. S3). Four strains were poorly encapsulated under
standard growth conditions (0.1–1 fg/cfu) but produced �10
fg/cfu HA when grown in the presence of LL-37, HA levels that
are comparable to that produced by mucoid (i.e., highly encap-
sulated) strains. In general, a larger fold increase in capsule
production was observed for strains that were poorly encapsu-
lated under standard growth conditions. Mucoid strain 950771
was the only isolate that did not produce increased capsule in
response to LL-37. This observation prompted us to investigate
the possibility of a defect in CsrRS signaling in 950771 because
mutations in CsrR or CsrS have been reported previously in
highly encapsulated isolates from invasive GAS infections (21,
22, 25, 26). Sequencing of the 950771 csrRS locus revealed a point
mutation (K102R) in a highly conserved consensus motif of the
CsrR receiver domain (11). The lysine residue of the receiver
motif is absolutely conserved in the regulator proteins of TCSs
from diverse bacterial species (27). Mutation of this conserved
residue in strain 950771 is likely to account for disrupted CsrRS
signaling because the same arginine substitution at the corre-
sponding site in the CheY response regulator abolished regula-
tion through the CheA/CheY TCS in Salmonella typhimurium
(28). The relatively modest up-regulation of capsule expression
observed in 1 or more of the other mucoid GAS strains studied
might also be due to csrRS mutation(s). Alternatively, it is
possible that in mucoid strains an increase in capsule beyond the
high level produced under standard growth conditions is con-
strained by substrate availability.
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Fig. 2. LL-37 stimulation of virulence gene expression requires a functional
CsrS protein. Regulation of gene expression by LL-37 was assessed by qRT-PCR
in wild-type GAS strain DLS003, the isogenic CsrS mutant 003csrS�, or the CsrS
mutant complemented strain 003csrS�(pORI-csrS) expressing native CsrS from
plasmid pORI-csrS. Data represent mean fold change in expression of 4 CsrRS-
regulated genes (hasB, prtS, mac, and SPy0170) during growth in the presence
of 100 nM LL-37 compared with that in control cultures of the same strain in
unsupplemented medium. *, P � 0.02; **, P � 0.005. Results shown are
means � SD from at least 3 independent experiments.
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sion. GAS protein preparations were obtained from bacteria grown to midex-
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Note the increase in expression of both HasC and PrtS in the presence of LL-37
consistent with increased mRNA levels shown by qRT-PCR. Results shown are
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LL-37 Enhances GAS Resistance to Phagocytic Killing. The striking
increase in HA capsule production observed in several GAS strains
in response to LL-37 could, by itself, result in increased resistance
to phagocytosis, enhanced invasion across host epithelial barriers,
and increased overall virulence (29, 30). Similar changes in expres-
sion of other CsrRS-regulated genes, such as the antiphagocytic
Mac/IdeS and the IL-8 protease PrtS, are likely to further enhance
pathogenicity (31–33). To test this prediction, we assessed the effect
of LL-37 on GAS resistance to complement-mediated opsono-
phagocytic killing using 4 GAS isolates that exhibited moderate to
strong up-regulation of capsule and other CsrRS-regulated genes in
response to LL-37: strains 854, 94459, 02-123-1579, and SS-108.
Each strain was grown to early exponential phase with or without
100 nM LL-37 and then incubated with freshly isolated human
peripheral blood leukocytes for 1 h in the presence of 10% human
serum as a complement source. As shown in Fig. 4, bacteria grown
in the absence of LL-37 showed moderate to high susceptibility to
phagocytic killing with survival rates of the inoculum as low as 4%
at 1 h. In contrast, prior growth in the presence of LL-37 resulted
in increased resistance to phagocytic killing, with survival increases
ranging from 2.3- to 22.4-fold as compared with survival of un-
treated bacteria. It seems unlikely that increased phagocytic resis-
tance was attributable to a change in expression of M protein,
because LL-37 treatment had no significant effect on emm expres-
sion (as assessed by qRT-PCR) in strains 94459 and SS-108. LL-37
treatment was associated with a 1.5- to 2-fold increase in emm
expression in strains 854 and 02-123-1579, so it is possible that
increased M protein expression makes some contribution to LL-
37-induced resistance to phagocytosis in the latter strains. In control
assays performed in the absence of serum or leukocytes, no killing
was observed for either LL-37-treated or untreated GAS (data not
shown), a result that is consistent with the requirement of comple-
ment for GAS opsonization and phagocytosis by human leukocytes.
Thus, LL-37-induced up-regulation of virulence gene expression
was associated with a marked increase in GAS resistance to
phagocytic killing, an indicator of enhanced bacterial pathogenicity
in the infected host.

Discussion
These studies provide evidence that the human AMP LL-37
triggers a coordinated transcriptional response through the GAS
CsrRS TCS that results in increased expression of CsrRS-regulated
gene products including the HA capsule biosynthetic enzymes, the
IL-8 protease Prts/ScpC, and the antiphagocytic protein/IgG pro-
tease Mac/IdeS, all of which contribute to GAS virulence (10, 30,
31, 34, 35). Up-regulation of virulence gene expression was asso-
ciated with a striking increase in resistance to complement-
mediated opsonophagocytic killing by human blood leukocytes, an
in vitro correlate of GAS pathogenicity. Signaling by LL-37 appears
to be remarkably specific; we observed little or no activity in
response to other human AMPs, and even the closely related rhesus
macaque cathelicidin RL-37 was less active than human LL-37

although the bactericidal activities of the nonhuman cathelicidins
were comparable to their human counterpart. LL-37 stimulated
increased expression of CsrRS-regulated virulence factors in mul-
tiple GAS isolates, a finding that suggests that the CsrRS-mediated
response to LL-37 is widespread, if not universal, among GAS
strains. The apparently unique signaling capacity of LL-37 for this
key virulence control system may contribute to the narrow host
range of GAS for human beings. The mouse cathelicidin CRAMP
has been shown to confer relative resistance to cutaneous GAS
infection in mice (36). Such a result is consistent with the known
antibacterial activity of CRAMP and with our finding that
CRAMP is inactive in CsrRS signaling. By contrast, in human
beings, the protective effect attributable to the antimicrobial effect
of LL-37 may be outweighed by the virulence-enhancing activity of
LL-37 during GAS infection.

Other bacterial species have evolved systems for detecting and
responding to AMPs. In Salmonella enterica serovar Typhi-
murium, exposure to subinhibitory concentrations of any of
several cationic AMPs results in gene expression changes in-
volving regulons controlled by the PhoPQ TCS and by the
alternative � factor RpoS (37, 38). A consequence of altered
gene expression is modification of outer membrane lipopolysac-
charide, rendering the organisms more resistant to killing by
AMPs (39). Exposure to the cationic peptide C18G has been
shown to induce PhoQ-mediated phosphorylation of PhoP in an
in vitro system using purified components, evidence that AMP
signaling in S. typhimurium reflects direct interaction of AMPs
with PhoQ (38). Among Gram-positive bacteria, staphylococci
have been shown to respond to the anionic AMP dermcidin with
changes in expression of the agr, sarA, and saeRS and increased
proteolytic activity against dermcidin (40). The system that
senses dermcidin has not been defined. Staphylococcus epider-
midis and Staphylococcus aureus also sense and respond to
multiple cationic peptides through the Aps 3-component system,
up-regulating expression of proteins involved in cell surface
charge and thereby conferring enhanced resistance to the anti-
microbial action of cationic AMPs (41, 42).

The GAS CsrRS system shares certain structural features with
PhoPQ of S. typhimurium, and there are some similarities in
AMP signaling between the 2 systems. Like PhoPQ, CsrRS
senses environmental Mg2� to regulate virulence gene expres-
sion (13, 14). The predicted extracellular domain of CsrS is
similar in size to the periplasmic domain of PhoQ and shares with
PhoQ 10 of 20 negatively charged amino acids, some of which
have been implicated in cation binding to PhoQ (11, 38, 43). We
attempted to evaluate the role of acidic amino acids in binding
to LL-37 by substituting a cluster of 3 negatively charged amino
acids in the predicted extracellular domain of CsrS with 3
uncharged residues (D148N, E151Q, and D152N). Whereas
expression of the native CsrS in the csrS mutant complemented
LL-37 signaling (Fig. 2), expression of the 3-aa mutant CsrS did
not (data not shown). However, Western blots of the 2 comple-
mented strains showed a higher level of CsrS expression for the
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Fig. 4. LL-37 signaling enhances GAS resistance to phagocytic killing. The 4 indicated GAS strains were grown to early exponential phase in the presence (filled
squares) or absence (open squares) of 100 nM LL-37 and then mixed with human peripheral blood leukocytes for 1 h in the presence of 10% human serum as
a source of complement. Exposure to LL-37 was associated with increased GAS survival (i.e., resistance to phagocytic killing) for all 4 strains compared with bacteria
grown in the absence of the peptide. Results shown are means � SD from at least 3 independent experiments.
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mutant construct compared with that expressed by the wild type.
Therefore, before reaching a definitive conclusion about the role
of these acidic residues in LL-37 sensing, further studies will be
required to assure that a negative result with the mutant
construct is not simply an artifact of the CsrS expression level.
As in the case of PhoPQ, we found that Mg2� could block the
stimulatory effect of LL-37 on CsrRS-regulated gene expression
in a dose-dependent manner (38).

There are also important differences between AMP signaling
through CsrRS in GAS and PhoPQ in S. typhimurium or
ApsXRS in staphylococci. First, whereas the PhoPQ and Aps
systems respond to multiple cationic peptides, CsrRS appears to
have exquisite specificity for the human cathelicidin LL-37.
Second, maximum signaling effects of LL-37 for CsrRS were
observed at a concentration of 100 nM, 10-fold lower than the
maximum stimulatory concentration of cationic AMPs for
PhoPQ or ApsXRS. The fact that CsrRS senses and responds to
concentrations of LL-37 that are �200 times lower than those
required for antimicrobial activity implies that the system could
trigger changes in virulence factor expression sufficiently early in
infection to counteract effective bacterial killing by host defense
mechanisms. Third, whereas the Aps system in staphylococci
appears primarily to regulate loci involved in cationic peptide
resistance, LL-37 signaling through CsrRS up-regulates expres-
sion of multiple factors that mediate resistance to clearance by
the host. This pattern of response suggests a sentinel function for
CsrRS sensing of LL-37 as an indicator of activation of host
innate immunity. Up-regulation of virulence determinants as a
consequence of CsrRS signaling serves to enhance GAS resis-
tance to several host defenses including deployment of chemo-
tactic cytokines and opsonophagocytic killing by leukocytes.

The precise mechanism by which LL-37 stimulates expression of
CsrRS-regulated virulence genes remains undefined. Because ex-
pression of the regulated genes is repressed by high concentrations
of Mg2�, it has been suggested that Mg2� binding to CsrS stimulates
CsrS autokinase activity and downstream phosphorylation of CsrR
to repress target gene expression (14). In this model, LL-37 could
compete for Mg2� binding to CsrS, further reducing CsrS phos-
phorylation at the relatively low extracellular Mg2� concentration
(�1 mM) found in human extracellular fluids. It is also possible that
LL-37 does not compete for Mg2� binding, but inhibits CsrS
autokinase activity through an independent mechanism. It has also
been proposed that CsrS functions as a phosphatase, catalyzing the
dephosphorylation of phospho-CsrR (44). In the latter model,
LL-37 could function as an activator of the phosphatase activity of
CsrS for phospho-CsrR.

The concentration of LL-37 that induces maximal CsrRS
signaling is well within the range that GAS is likely to encounter
on the pharyngeal mucosa as LL-37 has been detected in human
saliva at a median concentration of 660 nM (45). LL-37 produc-
tion is undetectable in resting skin keratinocytes, but expression
is rapidly up-regulated in response to injury, inflammation, or
microbial products, and LL-37 has been found in human sweat
at �100 nM (46, 47). We propose that LL-37 signaling through
CsrRS is a critical element in the dynamics of GAS colonization
and symptomatic infection: the transition from asymptomatic
colonization of the pharynx or a superficial skin site to symp-
tomatic infection may be initiated by epithelial cell injury from
GAS products. Host cell injury induces release of LL-37, which,
in turn, is sensed by the CsrRS system, triggering up-regulation

of GAS virulence factors that heighten bacterial resistance to
host clearance mechanisms and contribute to tissue invasion.
Thus, the production of LL-37 as an innate defense mechanism
in response to GAS infection appears, paradoxically, to increase
GAS pathogenicity during human infection. Tissue samples from
patients with invasive GAS disease showed colocalization of
LL-37 with GAS in soft tissues, an observation consistent with
local stimulation of LL-37 production (48). The capacity of GAS
to sense and respond to subinhibitory concentrations of a human
innate immune effector represents a remarkable host-specific
adaptation that enhances the virulence of a uniquely human
pathogen. This insight into GAS pathogenesis may be exploited
through the development of specific antagonists of LL-37 sig-
naling to prevent or treat streptococcal infection.

Materials and Methods
Bacterial Strains and Growth Conditions. GAS strains used in this study (Table
S2) were grown at 37°C in Todd–Hewitt broth (Difco) supplemented with 0.5%
yeast extract (THY) or on THY agar or trypticase-soy agar, both supplemented
with 5% defibrinated sheep blood. When appropriate, antibiotics were added
at the following concentrations: 300 �g/mL kanamycin and 0.5 �g/mL
erythromycin.

GAS RNA Isolation and qRT-PCR. Total GAS RNA was isolated by using the
RNeasy mini kit (Qiagen). qRT-PCR was performed on an ABI PRISM 7000
Sequence Detection System (Applied Biosystems) using the QuantiTect SYBR
green RT-PCR kit (Qiagen) as described (13). Primers are described in Table S3.

Chloramphenicol Acetyltransferase (CAT) Assays. Cytoplasmic extracts for CAT
assays were prepared from GAS grown to midexponential phase (A600 � 0.3)
in unsupplemented THY broth or broth supplemented with MgCl2, LL-37, or
both, as described (13, 49).

AMPs. Mouse cathelicidin CRAMP was purchased from Anaspec. Other AMPs
were synthesized as described previously, and their purity was confirmed by
high-performance liquid chromatography and mass spectrometry (50–53).

Measurement of GAS Cell-Associated Capsular Polysaccharide. The amount of
cell-associated capsular polysaccharide isolated from GAS grown to midexpo-
nential phase (A600 � 0.4) was measured as described (13).

GAS Protein Preparation and Immunoblotting. GAS protein preparations were
obtained from cultures grown to midexponential phase (A600 � 0.4). SDS/
PAGE analysis and immunoblotting were performed by using HasC- or PrtS-
specific mouse serum (gift of Giuliano Bensi, Novartis Vaccines) (13).

Phagocytosis Assays. GAS sensitivity to opsonophagocytic killing was assessed
as described (30) by using a protocol approved by the Children’s Hospital
Boston institutional review board. Approximately 2–3 � 106 GAS cfu were
mixed with an equivalent number of human peripheral blood leukocytes in
the presence of 10% human serum as a source of complement and were
rotated end-over-end at 37°C for 1 h. Aliquots were withdrawn for quantita-
tive culture at time 0 and 1 h.

emm Genotyping. Strains 854 and 02-123-1579 were emm-typed as described
by the Centers for Disease Control and Prevention (www.cdc.gov/ncidod/
biotech/strep/M-ProteinGene�typing.htm) except that GAS chromosomal
DNA template was prepared by boiling (54).

Statistical Calculations. Statistical significance of differences between groups
was evaluated by using Student’s t test.
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