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Abstract

The pathogenic gram-positive bacterium Streptococcus pyo-
genes (group A streptococcus) causes numerous diseases of
cutaneous tissue, each of which is initiated after the interac-
tion of the bacterium with the cells of the epidermis. In this
study, we show that different surface proteins of S. pyogenes
play important roles in determining the cell-specific tropism
of the bacterium in skin. Using streptococcal strains with
defined mutations in the genes which encode surface pro-
teins in combination with primary cultures of human skin
and an in situ adherence assay which uses histological sec-
tions of human skin, we show that the M protein of S. pyo-
genes mediates the binding of the bacterium to keratino-
cytes, while a second streptococcal surface protein, protein
F, directs the adherence of the organism to Langerhans’
cells. Characterization of binding revealed that adherence
was inhibited by purified streptococcal proteins and pre-
treatment of both host cells with the protease typsin. Adher-
ence was only slightly affected by the state of keratinocyte
differentiation in vitro, but was considerably modulated in
response to environmental conditions known to regulate ex-
pression of M protein and protein F, suggesting that the
interaction between these bacterial cell-surface structures/
adhesins and keratinocytes and Langerhans’ cells may play
an important role in streptococcal skin disease. (J. Clin.
Invest. 1994. 94:965-977.) Key words: streptococcal infec-
tion « bacterial adherence « keratinocytes - Langerhans’ cells
« virulence

Introduction

The cutaneous tissue defines the boundary between the host and
the environment and protects against infections of pathogenic
agents. In this capacity, the cells of cutaneous tissue encounter
a number of pathogenic agents that can induce an inflammatory
response. It has been suggested that the epidermal keratinocyte
plays an important role in cutaneous inflammation due to its
ability to synthesize a number of mediators of inflammation
including IL-1 (1). In addition, epidermal keratinocytes contain
significant amounts of preformed IL-1 that can be released upon
epidermal injury to stimulate the production of chemotactic and
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cell-activating cytokines such as IL-6 and IL-8, as well as in-
duce local expression of endothelial adhesion molecules (1).
However, the molecular mechanisms by which keratinocytes
are triggered to initiate inflammatory reactions during infection
remain largely unknown.

The gram-positive bacterium Streptococcus pyogenes
(group A streptococcus) is one of the most important human
pathogens that can infect and colonize cutaneous tissues. S.
pyogenes causes a number of serious suppurative and inflam-
matory infections of the skin (impetigo, erysipelas, cellulitis,
and necrotizing fasciitis) and of the throat (pharyngitis), as
well as poststreptococcal sequelae that produce rheumatic fever
and acute glomerulonephritis. Of particular concern is that the
incidence of invasive group A streptococcal infections, includ-
ing the streptococcal toxic shock-like syndrome, has increased
dramatically in recent years (2). Skin infections frequently give
rise to severe invasive infections and a toxic shock-like syn-
drome (2). Each streptococcal infection is initiated by the inter-
action of the bacterium with a host cell, resulting in the genera-
tion of a local inflammatory reaction that finally forms severe
purulent lesions. This initial interaction is mediated by the bind-
ing of structures on the bacterial surface (adhesins) and specific
receptors on the surface of host cell.

Several surface components have been identified on the
group A streptococci. M protein (3, 4) is a prominent molecule
on the surface of S. pyogenes and is composed of two predomi-
nantly alpha-helical protein chains arranged in a coiled-coil
conformation. The M protein is responsible for the protection
of the bacterium from phagocytosis by polymorphonuclear leu-
kocytes (5). Lipoteichoic acid (LTA)' is a major constituent
of the cell wall of S. pyogenes and contains a polyglycerol-
phosphate backbone linked to a lipid moiety that is normally
intercalated into the streptococcal cell membrane (6). Other
surface proteins have been described, including a protease with
activity against complement components (7), binding proteins
with affinity for the Fc region of immunoglobulins (8), and
proteins with glyceraldehyde-3-phosphate-dehydrogenase activ-
ity that have been reported to bind to a number of different
eukaryotic proteins, including plasmin (9, 10). The role that
any of these structures may play in the interaction with epithelial
cells has not been well defined.

It has been suggested that the ability of the S. pyogenes to
bind the eukaryotic glycoprotein fibronectin plays an important
role in the bacterium’s initial adherence to epithelial cells of
the upper respiratory tract (11). We have investigated the role
of the different surface proteins of S. pyogenes in fibronectin
binding and adherence to the upper respiratory tract epithelium
and have identified protein F, a 120-kD surface protein of S.

1. Abbreviations used in this paper: DOPA, pL-3,4-dihydroxyphenylala-
nine; LTA, lipoteichoic acid; THY, Todd-Hewitt medium supplemented
with 0.2% yeast extract.
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Table I. Bacterial Strains Used in This Study

Strain Genotype Phenotype Comment Reference or source
JRS4 emm6.1 M* F* Wild-type 53
JRS145 emm6.200 M-, F* M protein—deficient derivative of JRS4 14
SAM1 emm6.1 priF::Q-1 M* F~ Protein F—deficient derivative of JRS4 12
SAM2 emm6.200 prtF::Q-1 M-, F M protein— and protein F-deficient 12
derivative of JRS4

JRS115 emm6.1 ermAM M*, F* emm6.1 and an erythromycin resistance 23
gene introduced into an emm-deleted
derivative of JRS4

SCH7 M*, F* Clinical skin isolate This study

pyogenes, which binds fibronectin at a high affinity (12). In
vitro insertional mutagenesis of the gene encoding protein F
(prtF) followed by allelic replacement of the wild-type gene in
both M* and M~ isogenic backgrounds, generated mutants of
S. pyogenes that were unable to bind fibronectin. Significantly,
these mutants were completely deficient in the ability to adhere
to respiratory epithelial cells independent of the expression of
M protein (12). In one study, a gene homologous to prfF was
found in all clinical isolates examined (13). Introduction of
prtF into Enterococcus faecalis, a bacterium primarily found in
the intestinal tract, conferred upon the bacterium the ability to
adhere to respiratory epithelial cells (13) and provided further
evidence for the role of protein F in streptococcal—host cell
interactions.

While our previous investigations have focused on the respi-
ratory mucosa, the interactions between surface components of
S. pyogenes and cutaneous tissue are poorly understood, largely
due to the lack of a relevant animal model. The human skin
consists of the epidermis, which is composed of stratified squa-
mous epithelial cells (keratinocytes), and the dermis, located
immediately under the epidermis and composed of connective
tissues. In addition to keratinocytes, which comprise the most
numerous cell type in the epidermis (> 90%), other distinct
resident cell populations are located along the basal layer of
the epidermis: among these are the melanin-producing melano-
cytes and the antigen-presenting Langerhans’ cells. In the der-
mis, the papillary layer of loose connective tissue and a reticular
layer of more dense connective tissue can be distinguished. Any
of these cells and structures can potentially be involved in seri-
ous streptococcal infections.

In this study we have used both primary cultures of human
epidermal cells and an in situ adherence assay, which uses
histological sections of normal human skin in combination with
streptococcal strains with defined mutations in the genes encod-
ing surface proteins, to characterize in molecular detail the inter-
action of S. pyogenes with epithelial cells of the skin. We show
that the M protein of S. pyogenes is required for the binding
of the bacterium to epidermal keratinocytes, while protein F
mediates adherence to Langerhans’ cells.

Methods

Bacterial strains and growth conditions. The bacterial strains used are
listed in Table I. A recent clinical isolate of S. pyogenes, designated
SCH7, was obtained from the St. Louis Children’s Hospital. SCH7 was
isolated from lesion fluid of a patient with a streptococcal cellulitis,
was B-hemolytic, and was identified as group A streptococci using
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commercially available diagnostic test kits. S. pyogenes was grown in
Todd-Hewitt medium (Difco Laboratories Inc., Detroit, MI) supple-
mented with 0.2% yeast extract (THY ). To produce solid media, Bacto
agar (Difco Laboratories Inc.) was added to THY at a final concentration
of 1.4%. It has been shown that expression of M protein is stimulated
by an elevated level of CO, (14). Variation in expression of M protein
between liquid and solid cultures was also observed, which is caused
by the differential diffusion of CO, from these two environment (14).
Thus, to stimulate expression of M protein, streptococci were grown in
liquid THY at 37°C without agitation in culture bottles with airtight
sealed tops. Streptococci grown on solid media to repress expression of
M protein were incubated at 37°C in ambient air. When appropriate,
antibiotics were used at the following concentrations: kanamycin at 500
pg/ml, streptomycin at 1,000 pg/ml, and erythromycin at 1 pg/ml.
Streptococcal adherence to sections of normal human skin. Samples
of normal human skin were obtained from the Department of Dermatol-
ogy at Washington University following all institutional guidelines con-
cerning human studies. Normal skin specimens were obtained from
tissue removed during breast reduction surgery of a healthy individual
and were fixed in formalin and subsequently embedded in paraffin. 5-
pm sections were prepared and used for hematoxylin and eosin staining
to identify the architecture of the skin tissue (see Fig. 1 A). The adher-
ence assay was performed as described previously (15). Deparaffinized
sections were rinsed in water followed by PBS (pH 7.2) and then
incubated with blocking buffer (0.2% bovine serum albumin/0.05%
Tween 20 in PBS). S. pyogenes strains from overnight cultures were
harvested by centrifugation, washed in PBS, and resuspended in
blocking buffer. A 200-ul aliquot of the bacterial suspension (ODeo
= 1.0) was added to a section of human skin and incubated for 2 h at
room temperature in a humidified chamber. Slides were subsequently
washed six times for 5 min each with PBS, stained with acridine orange
(10 ug/ml) in 50 mM sodium acetate buffer, pH 4.0, and then examined
under a fluorescence microscope. Additional controls for specificity in-
cluded E. faecalis OG1X (16) and recent clinical urinary tract isolate
0852, which was obtained from St. Louis Jewish Hospital. These strains
were grown and treated in the same manner as S. pyogenes strains.
Streptococcal adherence to primary cultures of epidermal cells.
Normal human epidermal cell cultures were prepared as described pre-
viously (17). The cells were cultured in 24-well plates on type I colla-
gen-coated glass coverslips and maintained in a humidified atmosphere
of 5% CO, and 95% air at 37°C for 3—4 d before use. When required,
the cells were maintained with MCDB153 (GIBCO BRL, Gaithersburg,
MD) containing 0.15 mM calcium to produce unstratified cultures. S.
pyogenes strains from overnight cultures in THY were harvested by
centrifugation, washed in PBS, and resuspended in DME to equivalent
concentrations (ODgo = 0.2). Aliquots of the bacterial suspensions
(0.5 ml) were added to the epidermal cell cultures which were prepared
immediately before use by washing three times in DME. The mixture
was then incubated for 2 h at 37°C in 5% CO,. To remove nonadherent
streptococci, coverslips were washed in PBS by repeated immersions.
The cells were fixed in methanol, stained with Gram stain or acridine



orange, and examined under a light or fluorescence microscope. For
some experiments, the adherence of streptococci was quantified by enu-
meration of the number of epidermal cells that bound bacteria. At least
five randomly chosen microscope fields were examined, and the data
were presented as the mean percentage of epidermal cells with at least
two adhered streptococci that were present in one microscope field.
The enumeration of cells with at least two adhered bacteria provided
consistently reproducible results through the elimination of background
due to nonspecific binding.

Identification of melanocytes and Langerhans’ cells in cultures of
epidermal cells. Cultured epidermal cells were infected with S. pyogenes
strains as described above. After washing to remove unbound bacteria
(see above) the cultured cells were fixed in 4% paraformaldehyde solu-
tion and were washed five times with PBS. For identification of melano-
cytes, fixed cells were incubated with substrate medium containing DL-
3,4-dihydroxyphenylalanine (DOPA) (Sigma Immunochemicals, St.
Louis, MO) in 0.1 M phosphate buffer, pH 6.8, for 3 h at 37°C (18).
They were washed three times with PBS and subjected to an indirect
immunofluorescence procedure to stain bacteria as follows: a polyclonal
rabbit anti—group A streptococci antiserum (Difco Laboratories Inc.)
was diluted at 1:1,000 in PBS and added to the preparations for 1 h at
room temperature. Binding of the streptococcal antiserum was then
detected by an FITC-conjugated goat anti—rabbit IgG antiserum (Dako,
Glostrup, Denmark). Langerhans’ cells were detected by using a
mouse monoclonal antibody specific for CD1 (Biosource International,
Carmarillo, CA). The antibody was diluted at 1:100 in PBS, was incu-
bated with samples for 1 h, and washed three times with PBS, followed
by an FITC-conjugated goat anti—mouse immunoglobulins antiserum
(Dako). The location of the bacteria in the samples was then detected
by addition of the anti—group A streptocci antiserum and a tetrameth-
ylrhodamine isothiocyanate—conjugated goat anti—rabbit IgG antiserum
(Sigma Immunochemicals).

Isolation of the streptococcal M6 protein from Escherichia coli. The
native M6 protein was partially purified from periplasmic extract from
an E. coli strain carrying the chimeric plasmid pJRS42.50 (19) which
contains the complete M6 protein gene, emm6.1, cloned from wild-
type strain JRS4 (20). The M6 protein in the periplasmic fraction was
precipitated by 65% saturated ammonium sulfate. The resulting precipi-
tate was sedimented by centrifugation, resuspended in PBS, and dialyzed
against the same buffer. The total protein content of periplasmic extract
was 1.5 mg/ml, which was determined by the bicinchoninic acid method
(21) with bovine serum albumin as a standard. The protein profiles
were monitored by SDS-PAGE, and the presence of the M protein was
confirmed by immunoblotting assay using a rabbit anti—-M6 protein
antiserum (data not shown). The M6 protein contained in periplasmic
fraction was ~ 50% of total protein as estimated from the Coomassie
brilliant blue staining of protein gel. As a control, a periplasmic extract
was fractionated using the same procedures from an E. coli strain car-
rying the vector plasmid pUC18 without emm6.1.

Pretreatment of S. pyogenes with fibronectin. S. pyogenes strains
were cultured overnight at 37°C in THY, harvested by centrifugation,
and resuspended in PBS containing -1% Tween 20 (PBS/T) (ODgg
= 1.0). Aliquots of the bacterial suspensions were incubated with bo-
vine soluble fibronectin (10 pg/ml) for 30 min at room temperature
with agitation. Bacteria were centrifuged and washed three times in
PBS/T and resuspended in blocking buffer before overlaying skin sec-
tions.

Inhibition for streptococcal binding to skin sections. For conditions
of inhibition experiments see Table III. Deparaffinized skin sections
were incubated with either partially purified M6 protein (up to 750
ug/ml in PBS) or streptococcal LTA (100 pg/ml in PBS) (Sigma
Immunochemicals) for 1 h at room temperature. For periodate oxidation,
sections were treated with 10 mM sodium metaperiodate in 50 mM
sodium acetate, pH 4.5, for 1 h at 37°C in the dark (15, 22). To reduce
the aldehyde groups generated by periodate oxidation to alcohol, the
sections were then incubated with 50 mM sodium borohydride in PBS
for 30 min at room temperature. For neuraminidase treatment, skin
sections were incubated with neuraminidase (0.2 U/ml) from Vibrio
cholerae (Boehringer Mannheim GmbH, Mannheim, Germany) in 50

mM sodium acetate, pH 5.5, for 2 h at 37°C. For trypsin treatment,
sections were treated for 1 h at 37°C with trypsin (5 mg/ml in PBS)
from bovine pancreas (type I; Sigma Immunochemicals), then trypsin
inhibitor (5 mg/ml in PBS) from soybean (type I-S; Sigma Immuno-
chemicals) was added to sections immediately to inactivate trypsin pro-
tease activity. Control sections were incubated with a mixture of trypsin
and trypsin inhibitor (5 mg/ml each). After these pretreatments, skin
sections were incubated with blocking buffer for 30 min at room temper-
ature and then overlaid with the appropriate bacterial suspensions.

Results

Mutants exhibit cell-specific tropism in cutaneous tissues. We
have previously constructed a number of isogenic S. pyogenes
strains with defined mutations in the genes which encode surface
proteins and have demonstrated that protein F, but not M pro-
tein, plays a critical role in adherence to epithelial cells of the
upper respiratory tract (12). To characterize the initial events
in the development of streptococcal skin infections, we have
adopted an in situ assay (15) which uses histologic sections of
human skin for the analysis of the adherence properties of vari-
ous streptococcal mutants (see Table I) that are deficient in
expression of specific surface proteins.

In the in situ assay, bacteria were overlaid on sections of
formalin-fixed human skin, incubated for 2 h, and then
washed extensively to remove unbound organisms (15, see
also Methods). The location of the bacteria within the tissue
as well as the architecture of the tissue were then visualized
by staining with acridine orange. Wild-type S. pyogenes
strain JRS4 (M*, F*) bound in large numbers to cells pre-
dominantly located in the epidermis (Fig. 1 B). JRS4 demon-
strated only a limited ability to bind to the connective tissues
of the dermis (Fig. 1 B), but was found on epithelial cells
of the epidermally derived glands, including sweat glands
and sebaceous glands (not shown). In contrast, SAM1 (M ™,
F~), an isogenic protein F—deficient derivative of JRS4,
bound to epithelial cells of the epidermis in a manner identi-
cal to the wild-type strain (Fig. 1 C). SAMI, which still
expresses M protein, is unable to adhere to respiratory epithe-
lial cells (12, 13). S. pyogenes JRS145 (M, F*) is an iso-
genic M-deficient derivative of JRS4 (14) which does ex-
press protein F (12). While JRS145 bound to cells in the
epidermis, striking differences were observed in the distribu-
tion of JRS145 when compared with JRS4 and SAMI, in
that binding of JRS145 was limited to a population of cells
exclusively located along the basal cell layer of the epidermis
(Fig. 1 D). To ensure that this difference was due to the
insertional mutation introduced into emm, we examined the
binding ability of a recently constructed S. pyogenes strain
JRS115 (M*, F*) where emm6.1 was reintroduced at its
wild-type locus in the chromosome of a derivative of JRS4
from which the emm6.1 gene had previously been deleted
(23). In adherence to human skin sections, JRS115, like
wild-type strain JRS4, bound in large numbers to the epider-
mis (Fig. 1 E). SAM2 (M~, F7), which expresses neither
M protein nor protein F, did not bind to any part of the skin
tissues (Fig. 1 F). E. faecalis strains OGIX and 0852 also
failed to bind to any epidermal cell populations of human
cutaneous sections (data not shown). From these data, we
conclude that both M protein and protein F are involved in
the adherence of S. pyogenes to cutaneous tissue but that each
protein directs the adherence of the bacterium to different
populations of host cells in the epidermis.
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M protein mediates the adherence of S. pyogenes to kera-
tinocytes, and protein F directs the binding to Langerhans’
cells. Based on the observation that M protein—mediated and
protein F—mediated adherence showed cell-specific localization
in the epidermis and from the distribution of adherent bacteria,
we hypothesized that strains which express M protein bound
to keratinocytes. Strains which expressed protein F, but were
deficient in production of M protein, adhered to either melano-
cytes or Langerhans’ cells, which are dendritic cells located in
the basal cell layer of the epidermis. Because it is difficult to
distinguish between these latter two cell types in acridine or-
ange—stained sections of skin, a primary culture of the human
epidermal cells was used as a model for streptococcal adherence
to cutaneous tissue. Isolated human epidermal cells were incu-
bated with the various streptococcal strains for 2 h, and the
adherence of streptococci was assessed by staining the cells
with Gram stain or with acridine orange. JRS4 was observed
binding in large numbers to the numerous epidermal keratino-
cytes in the primary culture (Fig. 2 A). The pattern of adherence
of SAM1 to the epidermal cells was identical to that of wild-
type strain (Fig. 2 B), confirming that M protein mediates the
binding of streptococci to epidermal keratinocytes. The differen-
tiation of keratinocytes in cultures can be controlled by calcium
(24). When JRS4 was incubated with cultured epidermal cells
maintained in low or high calcium media, we found that adher-
ence of streptococci to less differentiated cells (cultured in low
calcium media) was only two- to threefold higher than binding
of bacteria to the cells more differentiated (cultured in high
calcium media) (Table IT). While these data suggest that the
receptor for M protein may be expressed at higher levels in
undifferentiated keratinocytes, the absence of large difference
was consistent with observation that JRS4 was distributed in a
similar pattern between more differentiated cells in the supra-
basal layers and less differentiated cells in the basal layer in
the in situ assay.

As expected, JRS145 only bound to a specific and minor
cell population among the cultured epidermal cells (Fig. 2 C).
The cells that bound JRS145 were apparently different from
keratinocytes based on observation that they frequently ap-
peared morphologically to be dendritic, suggesting they were
either melanocytes or Langerhans’ cells. Thus, to analyze the
protein F—mediated adherence, the cells that bound JRS145
were further characterized using histochemical staining for me-
lanocytes and immunocytochemical staining for Langerhans’
cells. After incubation of cultured epidermal cells with JRS145,
melanocytes were first distinguished by staining with DOPA
for an oxidase reaction specific to melanin-producing cells,
which stains them brownish-black, and JRS145 was then de-
tected by an indirect immunofiuorescence method (see Meth-
ods). JRS145 did not bind to these DOPA oxidase—positive
cells (Fig. 3 A).

In the normal epidermis, Langerhans’ cells are the only
cells that express CD1, a surface antigen of thymocytes (25).
Therefore, we used this marker for identification of epider-

mal Langerhans’ cells. Double immunofluorescence staining
showed that CD1-positive epidermal cells detected by FITC-
labeling, but never CD1-negative cells, were identical to the
cells that bound JRS145 (Fig. 3, B and C). These findings
demonstrate that protein F mediates the binding of S. pyogenes
to epidermal Langerhans’ cells. Double mutant SAM2 did not
bind at detectable levels to any human cultured epidermal cell
of the skin (Fig. 2 D).

Expression of M protein is essential for the adherence of
S. pyogenes to keratinocytes. The observation that M-deficient
strains were no longer capable of binding to epidermal keratino-
cytes suggests that M protein is critical for the ability of S.
pyogenes to adhere to keratinocytes. To confirm this, we exam-
ined the ability of wild-type strain JRS4 grown under different
conditions to bind to epidermal keratinocytes. It has been shown
previously that transcription of the emm6.1 gene that encodes
the M protein (type 6) expressed by JRS4 is regulated by CO,
(14). When JRS4 was grown in media with an elevated concen-
tration of CO, to stimulate expression of M protein and overlaid
on human skin sections, efficient adherence of streptococci to
keratinocytes in epidermis was observed. These culture condi-
tions were used for the experiments described above. However,
when JRS4 was cultured in media under reduced CO, tension,
conditions which result in a decreased expression of M protein
(14), the ability of JRS4 to bind to keratinocytes was markedly
reduced (Table III), and the distribution of adherent cells re-
sembled that of M-deficient mutant JRS145. This environmental
modulation of M protein expression and its effect on epidermal
adherence provides additional evidence to suggest that expres-
sion of M protein is essential for the adherence of S. pyogenes
to keratinocytes.

Partially purified M protein, but not LTA, inhibits the adher-
ence of S. pyogenes to keratinocytes. LTA is another streptococ-
cal component exposed on bacterium’s surface. While it has
been shown that the LTA molecule is not responsible for the
adherence of group A streptococci to pharyngeal cells (12, 26),
it has been suggested that LTA is important for adherence either
by directly acting as an adhesin or by mediating a low affinity
nonspecific adherence as the result of hydrophobic interactions
(27). Therefore, to assess the potential role of the LTA compo-
nent in the adherence of streptococci to skin tissues, we exam-
ined whether streptococcal LTA could block the streptococcal
binding to cutaneous tissue. JRS4 was incubated with human
skin sections that were preincubated with streptococcal LTA
(100 pg/ml) under the conditions described above. No alter-
ation of bacterial binding was observed compared with control
experiments that pretreated sections with PBS instead of strepto-
coccal LTA (Table III), suggesting that in this assay the LTA
is not involved in the adherence of S. pyogenes to cutaneous
tissue.

We next examined whether partially purified M protein
could bind to human keratinocytes and inhibit the adherence of
intact S. pyogenes to epidermal keratinocytes. The M6 protein
was partially purified from periplasmic fraction of an E. coli

Figure 1. M protein and protein F exhibit cell-specific tropism of S. pyogenes in cutaneous tissue. A shows a section of human skin stained with
hematoxylin and eosin showing the epidermis (Epi) which is a layer of stratified squamous epithelium (keratinocytes) and the dermis (Derm)
which is composed of connective tissue. The most superficial layer of epidermis, stratum corneum (SC), and the basal layer, stratum basale (SB),
are indicated. X250. B—F show sections of human skin incubated with S. pyogenes: B, JRS4 (M*, F*); C, SAM1 (M*, F~); D, JRS145 (M,
F*); E, JRS115 (M™*, F*); and F, SAM2 (M, F~) are shown. The architecture of cutaneous tissue and the distribution of the bacteria within
the tissue are visualized by staining with acridine orange. Adherent streptococci are small orange-colored cocci on the skin sections. X400.
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Figure 2. M protein and protein F promote the cell-specific adherence in cultured epidermal cells. The adherence of S. pyogenes strains (A) JRS4
(M*, F%), (B) SAM1 (M*, F™), (C) JRS145 (M, F*), and (D) SAM2 (M~, F~) to primary cultures of human epidermal cells is shown. The
epidermal cell culture contains three readily identifiable cell populations: keratinocytes (the most numerous cell type of epidermis), melanocytes,
and Langerhans’ cells. JRS145-binding cells in C possess long dendritic processes. Streptococci, which are small darkly staining cocci on the

surface of epidermal cells, are visualized by Gram stain. X330.

strain that contains the entire emm6.1 gene cloned from JRS4
(19). The binding nature of the M6 protein to human skin
sections was tested by using an indirect immunofluorescence
method. After incubation of skin sections with M6 protein—
containing periplasmic extracts, the sections were incubated
with an M protein antiserum, and bound antibody was detected

Table II. Adherence of S. pyogenes to Human Epidermal Cells
Cultured in Different Calcium Concentrations

Percentage of adherence
to epidermal cells*

Concentration of calcium in medium

Strain 1.2 mM 0.15 mM
JRS4 22+6 59+5
SAM1 265 62+9
JRS145 31 4%2
SAM2 0x0 0+0

* The number of epidermal cells with at least two bound streptococci
was determined by light microscopy. Data represent the mean value and
standard error of the mean (see Methods for more details).
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by indirect immunofluorescence. Binding of partially purified
M protein was observed in epidermal cell layers in a pattern
similar to the distribution of intact JRS4 bacterial cells (data
not shown), providing evidence that M protein can directly
bind to keratinocytes. In addition, the adherence of JRS4 to
human skin sections that were pretreated with M6 protein—
containing extracts at a final concentration of 75 ug/ml was
remarkably reduced, while complete inhibition of binding was
observed when sections were pretreated at higher concentrations
(Table III). In contrast, the specific binding of JRS145 to the
basal layer of the epidermis was not inhibited by pretreatment
of sections with M6 protein—containing fractions even at the
highest concentration tested (750 xg/ml), and in control experi-
ments periplasmic proteins from an E. coli strain that contained
only the cloning vector pUC18, and not emm6.1, had no inhibi-
tory effect.

Fibronectin does not inhibit protein F-mediated adher-
ence, but promotes the binding of S. pyogenes to the dermis.
Protein F is the fibronectin receptor protein of S. pyogenes and
binds both soluble and insoluble fibronectins from numerous
species, including mouse, bovine, and human (12). Thus, we
investigated whether protein F—mediated adherence to epider-
mal Langerhans’ cells could be inhibited by fibronectin. When
JRS145 was pretreated with soluble fibronectin and then over-



Figure 3. Protein F mediates the adherence of S. pyo-
genes to epidermal Langerhans’ cells. Epidermal cells
were incubated with JRS145 for 2 h and then stained
to identify the epidermal dendritic cells that bound
JRS145. (A) Melanocytes detected by DOPA oxidase
reaction (see Methods), which appear brownish-black,
can be distinguished from the cells that bound JRS145
as detected with antiserum to group A streptococcus
and visualized by FITC labeling. (B and C) Double-
labeling of cells with anti-CD1 monoclonal antibody
and antiserum to group A streptococcus in a single mi-
croscopic field reveals that Langerhans’ cells labeled
with FITC (B) are identical to the cells that bound
JRS145 detected by tetramethylrhodamine isothiocya-
nate labeling (C). X400.
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Table III. Effects of Various Treatments on Streptococcal Adherence to Epidermis in Human Skin Sections

Treatment Conditions Inhibition of JRS4* Inhibition of JRS145*%

Bacteria

Grown in low CO, ++ NT*

Fibronectin 10 pg/ml, 30 min, RT* - -
Skin section

LTA 100 pg/ml, 1 h, RT - NT

M protein' 75 ug/ml, 1 h, RT ++ NT

750 pg/ml, 1 h, RT +++ -

Periodate 10 mM in NaAc!, pH 4.5, 1 h, RT - -

Neuraminidase 0.2 U/ml in NaAc, pH 5.5, 2 h, 37°C - -

Trypsin 5 mg/ml, 1 h, 37°C +++ +++

Trypsin plus trypsin inhibitor 5 mg/ml each, 1 h, 37°C

* +++ and ++ indicate no and reduced adherence of bacteria to epidermis of skin sections, respectively. — represents no effect of treatment on
bacterial adherence. *Not tested. *Room temperature. ' M6 protein partially purified from E. coli carrying plasmid pJRS42.50 that contains

the intact emm6.1 gene was used (see Methods).

laid on the sections of human skin, no difference between
treated and untreated bacteria was observed in binding to the
epidermal Langerhans’ cells (Table III). The failure of fibro-
nectin to inhibit adherence suggests that the protein F molecule
possesses distinct domains for binding fibronectin and Langer-
hans’ cells. However, when JRS145 was precoated with fibro-
nectin, a considerably higher level of adherence to the connec-
tive tissues of the reticular layer of the dermis was seen when
compared with untreated JRS145 (Fig. 4, A and B), suggesting
that soluble fibronectin can serve as an adaptor molecule to
mediate the adherence of the bacterium to additional locations
in skin. Double mutant SAM2 was not observed bound at any
location in the skin, even when preincubated with fibronectin.

Bacterial receptors for M protein as well as protein F are
proteins. To characterize the nature of the bacterial receptor on
the keratinocytes for M protein and on the Langerhans’ cells for
protein F, we examined the effects of pretreatment of sections of
human skin with sodium metaperiodate, neuraminidase, and
trypsin. Human skin sections were treated with sodium metaper-
iodate under mild oxidation conditions which have previously
been shown to inactivate carbohydrate residues essential for the
ability of Helicobacter pylori to bind to the pit region of fixed
gastric sections, while at the same time not affecting proteins
exposed in the sections (15). We observed that there was no
reduction in binding of JRS4 or JRS145 to human epidermal
cells in periodate-treated sections compared with control sec-
tions that were incubated with sodium acetate buffer alone (Ta-
ble IIT). The bacterial binding activity was also insensitive to
the treatment of skin sections with the Vibrio cholerae neur-
aminidase, which hydrolyzes terminal sialic acid from glyco-
conjugants (Table III). In contrast, a marked decrease in the
adherence of both JRS4 and JRS145 was obtained by pretreat-
ment of skin sections with the protease trypsin (Table III). If
trypsin inhibitor was included along with trypsin, no effect on
bacterial adherence was observed. These data suggest that re-
ceptor for M protein on keratinocytes as well as receptor for
protein F on Langerhans’ cells have important protein compo-
nents.

Adherence of a clinical skin isolate of S. pyogenes to kera-
tinocytes is dependent on the expression of M protein. We have
shown recently that the expression of protein F in clinical iso-
lates from patients with pharyngitis promotes their adherence
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150 mM sodium acetate buffer.

ability to respiratory epithelium (13). In a similar manner, if
the M protein plays a critical role in adherence of S. pyogenes
to epidermal keratinocytes, this binding property should also be
present in clinical isolates of S. pyogenes obtained from skin
infections. To test this, S. pyogenes SCH7, a recent isolate from
a patient with a streptococcal cellulitis, was cultured in media
under high CO, concentrations to promote expression of M
protein and under reduced CO, concentrations to repress expres-
sion of M protein, and overlaid on sections of human skin. The
adherence of SCH7 grown under conditions that promote M
protein expression was identical to JRS4 (Fig. 5 A), while the
ability of the streptococci grown under low CO, to adhere to
keratinocytes was substantially reduced, and the pattern of bind-
ing resembled that of JRS145, suggesting that clinical cellulitis
isolate SCH7 binds to Langerhans’ cells in the epidermis of the
human skin (Fig. 5 B). To further demonstrate that the adher-
ence of SCH7 to keratinocytes is mediated by M protein, we
examined if M protein could inhibit the ability of SCH7 to bind
to keratinocytes. Pretreatment of skin sections with partially
purified M6 protein in the same manner described above at
the concentration of 75-750 ug/ml completely inhibited the
adherence of SCH7 to epidermal keratinocytes (Fig. 5 C).
These results suggest that the surface-exposed C repeat region
of M protein, which is highly conserved among different S.
pyogenes strains (3), may be essential for the recognition of
receptor on keratinocytes.

Discussion

The adherence of bacteria to mucosal surfaces is an im-
portant prerequisite for bacterial colonization and ensuing
disease development (28). In this study we have character-
ized in molecular detail the interaction between group A
streptococci and human cutaneous tissue by adopting both
an in situ assay using histologic human skin sections, which
was developed to characterize the cell-specific adhesion pat-
terns of H. pylori (15), and an in vitro assay which used
primary cultures of human epidermal cells. Using these
assays in combination with S. pyogenes strains that are de-
ficient in specific surface proteins, we have shown that M
protein mediates adherence to keratinocytes and protein F
directs binding to Langerhans’ cells. This conclusion is sup-



ported by several lines of evidence. Strains which express
M protein were able to adhere to epidermal keratinocytes,
and an M protein—deficient strain which still expresses pro-
tein F did not adhere to keratinocytes but was capable of
binding to Langerhans’ cells. Both the wild-type streptococ-
cal strain and a clinical cellulitis isolate did not bind to
keratinocytes, when grown under conditions that repress the
expression of M protein. A mutant that expressed neither
M protein nor protein F was unable to adhere to any part
of the epidermis.

It is likely that these cellular interactions contribute to the
pathogenesis of streptococcal disease. Some bacterial surface
components, including endotoxins of gram-negative bacteria
(29) and cell walls of gram-positive bacteria (30), stimulate
cytokine release from eukaryotic cells. Recognition of eukary-
otic receptors by pathogenic bacteria also activates inflamma-
tory responses in infected tissues. It has been demonstrated that

Figure 4. Fibronectin serves as an adaptor
molecule to mediate the adherence of S. pyo-
genes to dermis. Effect of fibronectin on ad-
herence of S. pyogenes strain JRS145 to cuta-
neous tissue was examined on human skin
sections (see text for further details). The
dermal reticular layer of skin sections incu-
bated with untreated JRS145 (A) and fibro-
nectin-treated JRS145 (B) is shown. Sections
were stained with acridine orange.
Orange-colored streptococci that were pre-
treated with fibronectin show the ability to
bind to collagen fibers in the reticular layer
of the dermis. X460.

bacterial attachment to Galar1-4Gal—containing receptors for P-
pilus of uropathogenic E. coli promotes the ability of endotoxin
to induce inflammatory responses in the upper urinary tract
mucosa (31). In addition, bacterial adherence is involved in
the induction of IL-6 on renal epithelial cells infected with E.
coli (32). It has also been shown that the purified P-pilus is
able to induce a cytokine response by itself in epithelial cell
lines of urinary tract origin (33). These observations strongly
suggest that bacterial adhesins may mediate mucosal inflamma-
tion, not only by bringing bacterial components into contact
with mucosal surface, but also by directly stimulating epithelial
cells through adhesin—receptor interaction. In the cutaneous
tissues, epidermal keratinocytes are thought to play a central
role in triggering inflammation both through the release of IL-
1 and by the production and release of cytokines after stimula-
tion of IL-1 (1). Thus, the molecular interaction between an
adhesin of S. pyogenes and keratinocytes can provide important
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Figure 5. Efficient adherence of S. pyogenes SCH7,
a recent clinical isolate from a patient with a strepto-
coccal cellulitis, to epidermis requires expression of
M protein. Skin sections were incubated with SCH7
strain grown in liquid media (A ) and on solid media
incubated under an ambient atmosphere (B). Inhibi-
tion of the adherence of SCH7 to epidermal keratino-
cytes in human skin sections that pretreated with M6
protein—containing extracts (750 pg/ml) is shown
(C). Sections were stained with acridine orange.
X430.



clues to analyze the initiation of an inflammatory host response
in streptococcal skin infections.

In addition to the role of a microbial adhesin, host species
and cell tropisms are also dependent on the mode of presenta-
tion of the host cell receptor. For example, the PapG adhesin
at the tip of E. coli P-pilus which binds to Gala1-4Gal moiety
of glycolipids is able to adhere to human, but not canine,
uroepithelial cell lines, even though both cells express Gala1-
4Gal-containing glycolipids (34). The recognition of this
disaccharide by the PapG adhesin is determined by the con-
formation of the neighboring sugar residues on the glycolipid,
and the composition and structure of these residues differ
between human and canine cultured cells (34). In addition,
variants of G-adhesins present in different E. coli isolates
selectively recognize the specific orientation of the saccha-
ride chain in Gala1-4Gal-containing glycolipids (35). Pre-
viously, we expressed protein F in E. faecalis, an organism
which rarely inhabits the respiratory tract, and found that
this organism could now adhere to epithelial cells of the
respiratory mucosa, demonstrating that protein F is an im-
portant determinant of tissue tropism of S. pyogenes (13).
The results described in this paper suggest that M protein
may also play a role in determining the tissue specificity of
S. pyogenes, even though M protein is not essential for the
adherence of the bacteria to pharyngeal mucosa (12, 26).
While the receptors that are recognized by M protein and
protein F have not been identified, we have demonstrated that
both receptors are sensitive to protease trypsin, which suggest
that these receptors contain an essential protein component.
Identification and characterization of these receptors will be
crucial for further analyses of the host cell-adhesin interac-
tion, including the role this interaction plays in the initiation
of the inflammatory response that is associated with strepto-
coccal disease.

The inability of fibronectin to inhibit adherence suggests
that the binding domain(s) of the protein F molecule that
recognizes fibronectin is different from those domains that
recognize the Langerhans’ cell receptor. A number of surface
proteins of the streptococci have been characterized and have
been shown to possess functional domains for binding to
multiple eukaryotic proteins. M protein, the keratinocyte ad-
hesin, has been shown previously to bind to fibrinogen, a
common serum component, the serum S-globulin factor H,
and filamentous actin (3). Streptococcal protein G binds to
the Fc region of immunoglobulin G (36), as well as human
serum albumin (37), and some Fc-receptor proteins bind to
fibrinogen in addition to immunoglobulin (38). The plasmin
receptor/glyceraldehyde-3-phosphate - dehydrogenase  pro-
teins display specific binding to many different proteins, in-
cluding plasmin, fibronectin, lysozyme, and cytoskeletal pro-
teins such as actin and myosin (9, 10). Therefore, it is not
surprising that protein F has distinct binding domains respon-
sible for specific binding to fibronectin and to a receptor
on the Langerhans’ cell. Molecular characterization of these
binding domains of protein F is now in progress.

Langerhans’ cells are the principal accessory cells of the
immune system located in the epidermis (39). As antigen-
presenting cells, Langerhans’ cells are involved in the host im-
mune response. For example, Langerhans’ cells express high
levels of MHC class II molecules (Ia antigen) (39), thymocyte
antigen CD1 (25), immunoglobulin Fc receptor (FcR), and
the receptor for complement component C3bi (CR3) (40). In
addition, migration of Langerhans’ cells from the skin to re-

gional lymph nodes provides an efficient means of transporting
antigens exposed in the skin to T cells (41). Thus, they may
play an important role in the induction and regulation of the
immune response in skin lesions. However, the interaction of
Langerhans’ cells with microorganisms or the role of Langer-
hans’ cells during infection in the skin is not well understood.
Streptococcal adherence to these cells was likely not due to a
nonspecific antigen-processing function, since it was dependent
on a specific surface protein of the streptococcus. Identification
of the Langerhans’ cell receptor will be required for further
analyses of the consequences of this host cell-microbe interac-
tion.

We also found that prior incubation of protein F—bearing
streptococci with soluble fibronectin increased the efficiency of
adherence of the bacteria/fibronectin complex into the dermis.
Fibronectin (42) possesses several structural domains that bind
to a number of different molecules including heparin, fibrin
(fibrinogen), actin, and collagen. The NH,-terminal 29-kD re-
gion of fibronectin contains the receptor for S. pyogenes (43) as
well as several other types of bacteria, including Staphylococcus
aureus (44). Other regions of the fibronectin molecule contain
binding domains for additional eukaryotic cell components. For
example, the collagen-binding domain is located within a 12-
kD fragment that is separate from the NH,-terminal bacteria-
binding domain (45). Since the dermis consists primarily of
dense collagen fibers, it is likely that the distinct binding do-
mains of fibronectin allow the molecule to serve as an adaptor
to connect the bacterium to additional locations in host tissue.
This mechanism may be particularly useful in streptococcal
wound infection, where the bacterium would expect to encoun-
ter soluble fibronectin.

In many bacterial pathogens, expression of virulence factors
is affected by environmental conditions (46, 47). Typically,
recognition of environmental signals such as temperature, os-
molarity, iron, O,, or CO, results in alteration of expression of
virulence-associated genes. For S. pyogenes, expression of M
protein is highly regulated by the environmental concentration
of CO, (14) and requires mry, a trans-acting positive regulatory
gene (48, 49). The Mry protein contains domains homologous
to other two-component signal transduction proteins (49), and
expression of mry is autoregulated environmentally in response
to the level of CO, (50). We have more recently found that
expression of protein F in clinical isolates of S. pyogenes is
regulated at transcriptional level in response to O, (51). JRS4,
an extensively laboratory passaged strain, expresses protein F
constitutively, apparently as the result of a mutation in a regula-
tory gene (51). Even though the M serotype and expression of
M protein in a clinical skin strain were not determined, growth
in low CO, environment nonpermissive for expression of M
protein resulted in loss of ability to bind keratinocytes. This
alteration of the binding pattern of a skin isolate under different
environmental conditions known to modulate expression of M
protein and protein F supports an important role for M protein
in streptococcal adherence to keratinocytes and protein F to
Langerhans’ cells of the human skin in vivo.

Physiological conditions that promote expression of either
protein F or M protein tend to repress expression of the other.
Environmental conditions at the surface of the skin (high O,
and low CO,) may stimulate expression of protein F but may
repress M protein expression. Since streptococcal skin infec-
tions are generally initiated by the implantation of the organism
from the surface of the skin into the epidermis by small skin
trauma or burns (52), protein F may target the initial adherence
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of the bacteria to Langerhans’ cells. Growth in the more CO,-
rich, O,-poor environment in the deeper layers of the epidermis
may repress expression of protein F, stimulate expression of M
protein, and consequently allow the organism to adhere and
spread to epidermal keratinocytes. The outcome of these host
cell-pathogen interactions may determine the development and
severity of the resulting streptococcal disease.
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