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The gram-positive bacterium Streptococcus pyogenes (group A streptococcus) is the causative agent of a wide
variety of suppurative infections of cutaneous tissues. Previous analyses have demonstrated that the M protein
of S. pyogenes is an adhesin that directs the attachment of the streptococcus to keratinocytes in the skin. In this
study, we have examined keratinocyte function in response to S. pyogenes and found that adherent versus
nonadherent streptococci promote distinct patterns of expression of several proinflammatory molecules and
keratinocyte cell fate. When analyzed by a quantitative reverse transcriptase PCR method, infection of cultured
HaCaT keratinocytes with adherent, but not nonadherent, streptococci resulted in increased expression of
mRNA for the cytokines interleukin-lae (IL-1cx), IL-13, and IL-8 but neither infection induced expression of
tumor necrosis factor alpha. In contrast, both adherent and nonadherent S. pyogenes induced expression of
IL-6 and each promoted synthesis and release of prostaglandin E, (PGE,). However, considerably greater
levels of IL-6 expression were stimulated by adherent streptococci relative to nonadherent streptococci and the
kinetics of PGE, release in response to nonadherent streptococci was delayed compared to the response to
adherent streptococci. Staining with the fluorescent probe ethidium homodimer-1 revealed that keratinocyte
membranes were rapidly damaged upon infection with adherent streptococci but were not damaged by
nonadherent streptococci. Finally, treatments which inhibited streptococcal metabolism completely blocked
the ability of adherent streptococci to elicit responses. These data suggest that expression of an adhesin is a
strategy used by S. pyogenes to modulate keratinocyte responses during infection of the skin and implicate

additional streptococcal products in these signaling interactions.

The keratinocyte, the major cell lineage in the epidermis,
represents the interface between the internal tissues of the host
and the external environment. In this capacity, it acts as a
critical first line of defense against microbial infection. Recent
evidence suggests that keratinocytes do not simply serve as a
passive barrier to infection but play an active role in host
defense. Of relevance to the initial stages of a bacterial infec-
tion, keratinocytes can elaborate an array of proinflammatory
molecules like prostaglandins (20) and various cytokines, in-
cluding interleukin-la (IL-1at), IL-1B, IL-6, IL-8, and tumor
necrosis factor alpha (TNF-a) (1, 16). However, the mecha-
nisms by which keratinocytes sense the presence of bacteria
and the inductive cues for expression of proinflammatory sig-
naling molecules in the epidermis have not been well charac-
terized.

The gram-positive bacterium Streptococcus pyogenes (group
A streptococcus) is one of the most important pathogens that
interact with keratinocytes in the cutaneous tissues. S. pyogenes
can cause numerous serious suppurative and inflammatory in-
fections of the skin that range from relatively mild and self-
limiting impetigo to more destructive infections (erysipelas,
ecthyma, cellulitis, and pyoderma) (39) to life-threatening ne-
crotic infections (necrotizing fasciitis and myositis) (2). Sys-
temic complications can accompany infection of the skin (scar-
let fever, toxic shock syndrome, and sepsis) (2), as well as
postinfection sequelae in both the cutaneous tissues (guttate
psoriasis) (40) and other organs (acute glomerulonephritis)
(39). For the most part, the contribution of any specific strep-
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tococcal virulence factor to the pathogenesis of any of these
diseases is poorly understood.

Since the initial stage of all streptococcal infections of the
skin likely involves interaction with keratinocytes, the outcome
of this encounter may play an important role in influencing the
subsequent course of disease. To begin to address this issue,
the factors which promote the recognition of keratinocytes by
S. pyogenes have been examined and it has been shown that a
specific surface-exposed protein of S. pyogenes, known as the M
protein (7), is an adhesin that directs intimate attachment of
the streptococcus to the keratinocyte (25, 30). Structure-func-
tion studies have shown that a region of M protein, known as
the C repeat domain, is important for the recognition of ke-
ratinocytes (24, 30). In addition, membrane cofactor protein
(MCP or CD46), a surface protein found on many lineages of
nucleated cells, including keratinocytes (18), can bind to M
protein in a C repeat-dependent fashion (24), and soluble
derivatives of MCP effectively inhibit adherence of S. pyogenes
to keratinocytes (24). These data implicate MCP as a receptor
for adherence of S. pyogenes to keratinocytes.

The function of MCP is to regulate the alternative pathway
of complement activation at the cell surface (18), and the
protein is also the receptor essential for the attachment and
internalization of measles virus (6). A number of MCP-pro-
moted signaling events are associated with infection by measles
virus (6, 15), suggesting that M protein-MCP interactions
could modulate the responses of keratinocytes. Other patho-
genic bacteria have been reported to modulate the responses
of mucosal epithelial cells through adhesin-receptor interac-
tions (11, 13).

To gain insight into the molecular mechanisms by which
keratinocytes respond to bacterial infection in the skin and
how adhesin-receptor interactions and other virulence proper-
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ties of S. pyogenes can potentially influence these responses, we
have examined prostaglandin E, (PGE,) production and the
expression of several proinflammatory cytokines by keratino-
cytes in response to infection with adherent S. pyogenes and
well-defined nonadherent mutants. The resulting data demon-
strate that distinct patterns of cytokine gene expression, pros-
taglandin production, and membrane damage are induced by
adherent versus nonadherent streptococci and implicate other
virulence factors in addition to adhesin-receptor interaction in
streptococcal-keratinocyte signaling events.

MATERIALS AND METHODS

Bacterial strains and media. S. pyogenes JRS4 produces a serotype 6 M
protein and is a spontaneous streptomycin-resistant derivative of D471 from the
Rockefeller University collection (34). Insertional inactivation of the gene which
encodes M protein (emm6.1) in JRS4 generated JRS145 (4). Reintroduction of
emm6.1 into JRS145 produced JRS236 (29). Strain JRS4 transformed with the
plasmid pLZ12 (28) generated JRS4(pLZ12). Escherichia coli DH5« (Gibco/
BRL) was used in molecular cloning experiments and for production of plasmid
DNA. S. pyogenes strains were grown in Todd-Hewitt medium (BBL) supple-
mented with 0.2% yeast extract (Difco). E. coli was cultured in Luria-Bertani
medium. When required, ampicillin was added to E. coli cultures to a final
concentration of 100 wg/ml.

Infection of keratinocytes. The HaCaT human keratinocyte line (3) binds S.
pyogenes in an M protein-dependent and MCP-inhibitable manner identical to
that of normal human keratinocytes (24, 30). HaCaT cells were cultured in
75-cm? flasks or on glass coverslips in 24-well plates in HaCaT medium (24) for
3 to 4 days before use in a humidified atmosphere of 7% CO, at 37°C. Various
S. pyogenes strains from overnight broth cultures were washed twice in Dulbec-
co’s modified Eagle’s medium (DMEM) or phosphate-buffered saline (PBS; pH
7.4), resuspended in HaCaT medium to equivalent concentrations (optical den-
sity at 600 nm, 0.05), and used to infect HaCaT cultures as described previously
(24). In selected experiments, erythromycin (final concentration, 10 wg/ml) or
chloramphenicol (final concentration, 20 pg/ml) was added to the suspensions of
streptococci immediately prior to infection of the HaCaT cells. These antibiotic
concentrations are greater than 100-fold higher than the MICs of erythromycin
and chloramphenicol for these strains. Adherence phenotypes of unsupple-
mented and antibiotic-treated streptococcal suspensions were confirmed by using
streptococci labeled with S as described elsewhere (38). Microscopic examina-
tion revealed that both adherent and nonadherent streptococci multiplied ap-
proximately to the same degree during the 8-h period of infection, that the
adherent bacteria remained attached to the cell surface during the full period of
infection, and that nonadherent streptococci remained in suspension with very
few, if any, bacteria in contact with the cell surface. Where indicated, additional
controls included mock infection of cell cultures with medium alone or with latex
beads (Sigma catalog no. SD-6A) that were washed twice in DMEM prior to
infection or with uninoculated Todd-Hewitt medium (10% [vol/vol] in DMEM).
Total cellular RNA was isolated from infected and mock-infected keratinocyte
cultures at various time points after infection by selective binding to a silica
membrane (RNeasy; Qiagen) in accordance with the recommendations of the
manufacturer.

RNA standards for quantitative PCR. The PCR-based method of Jung et al.
(13) for the quantitation of cytokine expression in epithelial cells was adapted for
use in keratinocytes by construction of a standard molecule as follows. Oligonu-
cleotide overlap extension and PCR amplification (12) were used to create a
molecule in which priming sites for various cytokine messages flank a 30-bp
spacer sequence. The spacer sequence consists of recognition sites for several
restriction endonucleases, and the sequences of the priming sites for the various
cytokine messages were derived from those of Jung et al. (13). The standard
molecule contains priming sites for the proinflammatory cytokines that are
known to be produced by keratinocytes, including IL-1e, IL-1B, IL-6, IL-8, and
TNF-o. Priming sites for B-actin (13) were included as a control. The molecule
was introduced adjacent to the T7 RNA polymerase promoter of pGEM-3Z
(Promega), and the resulting plasmid was designated pMBW1. The nucleotide
sequence of the insert in pMBW1 was confirmed by the dideoxy-chain termina-
tion method using a modified T7 DNA polymerase (Amersham Life Science).
The order of the priming sites and the location of the T7 polymerase promoter
are shown in Fig. 1.

Production of standard RNA. To generate standard RNA, pMBW1 was lin-
earized by digestion with the restriction endonuclease HindIII and the standard
sequence was transcribed in vitro by using T7 RNA polymerase in accordance
with the recommendation of the manufacturer (Gibco/BRL). Template DNA
was removed by DNase (Promega) treatment, followed by purification of the
RNA transcript by using a silica membrane (RNeasy; Qiagen). The 368-nucle-
otide standard RNA molecule was further subjected to oligo(dT) chromatogra-
phy (Quick mRNA isolation kit; Stratagene), and the concentration of the final
product was determined by measurement of A,g4.

PCR amplification for quantitation of cytokine mRNA. Increasing numbers of
standard RNA molecules were mixed with a constant amount of total cellular
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FIG. 1. Template for generation of standard RNA. The DNA template for
preparation of standard RNA is contained in plasmid pMBW1, whose relevant
features are shown here. Transcription in vitro from the T7 promoter (P-;)
generates an RNA molecule that contains annealing sites for sense and antisense
oligonucleotide primers specific for the indicated keratinocyte mRNAs. The
annealing sites for each message flank a 30-bp spacer segment, and the standard
RNA terminates with a poly(A) tail of 15 A residues [(A),s]. Amplification of the
standard RNA by reverse transcription PCR yielded a product with a size dif-
ferent from that of the corresponding target RNA. The sizes of the products for
the target and standard RNAs with each specific primer pair are shown in Table
1. From the initiation codon of the T7 promoter to the end of the (A),s segment,
the standard molecule itself is 368 nucleotides long and was inserted between the
EcoRI and HindlIlII sites of pGEM-3Z to construct pMBW1. The spacer segment
region contains recognition sites for (from left to right) Sa/l, Sacl, Kpnl, and Smal.

RNA from each sample to be assayed and subjected to reverse transcription as
follows. Depending on the specific cytokine message analyzed, standard RNA
molecules (from 50 to 107 molecules) were mixed with a constant amount of total
cellular RNA (0.3 to 0.6 pg) in a reaction which contained 10 mM Tris-HCI (pH
8.3); 50 mM KCl; 5 mM MgCl,; 1 mM each dATP, dCTP, dGTP, and dTTP; 10
U of RNasin Inhibitor (Promega); 0.05 wg of oligo(dT),,_,5 (Gibco/BRL); and
25 U of reverse transcriptase (Superscript II; Gibco/BRL) in a final volume of 10
wl. Following 60 min at 37°C, the reaction was terminated by heating at 95°C for
10 min and the mixture was placed on ice. Cytokine-specific primers which
annealed to sites derived from both the cytokine mRNA and the standard RNA
molecule were used in a PCR for each sample in an individual reaction mixture
that contained primers (10 pmol of each); 50 uM each dATP, dCTP, dGTP, and
dTTP; and 0.5 U of Tag DNA polymerase (Gibco/BRL) in a final volume of 50
wl using the buffer supplied by the supplier (Gibco/BRL) at the recommended
final concentration. Amplification involved 35 cycles of 1 min of denaturation at
95°C, 1 min of annealing at 55°C (IL-1a, IL-1B, IL-6, and TNF-a) or 60°C (IL-8
and B-actin), and 2 min of extension at 72°C.

Quantitation of PCR products. The PCR products were separated on a 2%
regular agarose gel. Table 1 indicates the sizes of the PCR products from the
target RNA and standard RNA for each cytokine-specific primer. PCR products
were initially visualized by using >*P-end-labeled primers and a phosphorimager
(Molecular Imager; Bio-Rad) or by staining with ethidium bromide and exposure
to UV illumination and band intensity quantitated by densitometry (IS1000;
Innotech). However, since the two methods yielded equivalent results, subse-
quent analyses utilized only the ethidium bromide staining method. The number
of molecules of target cytokine mRNA present in each sample was calculated as
described previously (13). Briefly, the ratio of the band intensities of PCR
products from the standard RNA and target RNA was plotted against the
starting number of standard RNA molecules by using a double-logarithmic scale.
When the ratio of band intensities equals 1, the number of target RNA molecules
in the sample is equivalent to the number of standard RNA molecules (13).
When ethidium bromide staining was used, the value obtained from the plot was
multiplied by the ratio of the target band length to standard band length to
correct for the difference in staining intensity due to the size difference between
the standard and target products. A representative assay and standard curve are
illustrated in Fig. 2. The data in the text are shown as the number of transcript
molecules present in 1 wg of RNA and represent the mean value obtained from
three independent infections, each of which typically differed by less than 10%
from the stated mean.

TABLE 1. Sizes of PCR products of keratinocyte cytokine
and B-actin cDNAs

Size of PCR product (bp)*

mRNA species
Standard RNA Target RNA
IL-1a 169 420
IL-1B 186 388
IL-6 307 628
IL-8 184 289
TNF-a 185 355
B-Actin 213 661

“ Templates for PCR were cDNAs derived from total cellular RNA (target
RNA) or from in vitro transcription of the standard molecule (standard RNA;
see Fig. 1). The primers and reaction conditions used are described in the text.
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FIG. 2. Representative reverse transcriptase PCR analysis for quantitation of
cytokine mRNA. (A) Various numbers of standard RNA molecules (as indicated
at the top) were added to separate reaction mixtures with a constant amount (375
ng) of cellular RNA from a keratinocyte culture infected with S. pyogenes JRS4
in the presence of erythromycin. The standard and target RNAs in each reaction
mixture were amplified by reverse transcriptase PCR with IL-1p specific primers.
The 388-bp target and 186-bp standard PCR products were separated on a 2%
agarose gel and visualized by staining with ethidium bromide. (B) The intensities
of the bands from the gel shown above were determined by densitometry, and the
ratio of standard RNA to target RNA was plotted against the number of stan-
dard RNA molecules added to each reaction mixture. At a ratio of 1.0, the
numbers of target and standard molecules are equivalent (1.6 X 10° molecules in
this example), which indicates 4.3 X 10° IL-1B molecules per pg of cellular RNA.
To correct for differences in the binding of ethidium bromide due to differences
in product size, this value was then multiplied by the ratio of the size of the target
product to the size of the standard product to obtain the final concentration of
9.0 X 10° IL-1B molecules per pg of cellular RNA. Jung et al. (13) have
described the method more completely.

Measurement of PGE,. At various time points, the media from control and
infected HaCaT cultures were collected and centrifuged (5 min, 15,000 X g) to
remove bacteria and the resulting supernatants were frozen at —20°C until
assayed. The concentrations of PGE, in these samples were determined by an
enzyme-linked immunosorbent assay (Caymen Chemical catalog no. 514010) in
accordance with the recommendations of the manufacturer. The data shown
represent the mean and standard error from duplicate determinations of each
sample from a single experiment that was representative of at least three inde-
pendent experiments.

Analysis of membrane damage. Confluent, 2-day-old HaCaT cultures were
infected with S. pyogenes strains as described above. At various time points, the
supernatants were removed and the wells were washed once in PBS (pH 7.4). A
0.25-ml aliquot of a solution of calcein AM (1.2 M) and ethidium homodimer-1
(EthD-1; 0.75 pM) in PBS (Live/Dead Eukolight; catalog no. L-3224; Molecular
Probes) was added to each well. After 45 min of incubation at room temperature
in the dark with gentle rocking, each well was washed once with PBS and the
coverslips were removed and mounted on microscope slides. The samples were
examined under a fluorescence microscope (Laborlux 12; Leitz) for staining of
the keratinocytes with calcein AM, which stains cells with undamaged mem-
branes, or with EthD-1, which stains the DNA of cells whose membranes are
damaged (11). The mean percentage of EthD-1-stained cells per microscope
field was calculated from at least five randomly chosen fields representing the
analysis of a minimum of 1.8 X 107 total cells. The data presented were derived
from a single experiment representative of at least five independent experiments.

RESULTS

Cytokine gene transcription following infection of keratino-
cytes with adherent or nonadherent S. pyogenes. Keratinocytes,
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the principal cell lineage of the skin, have the capacity to
produce several proinflammatory cytokines. Basal numbers of
transcripts for IL-1a, IL-1B, and IL-8 were detected in unin-
fected HaCaT keratinocytes (Table 2). The basal numbers of
transcripts for IL-6 and TNF-a in these cells were below the
level of detection of this assay (Table 2).

Examination of the expression of this panel of cytokine
genes in response to infection with an S. pyogenes strain that
expresses the M protein adhesin (JRS4), and consequently had
the capacity to adhere to keratinocytes, revealed a consider-
able increase in the number of cytokine gene transcripts de-
tected. For IL-1a, IL-1B, and IL-8, this amounted to 7-, 26-,
and 84-fold increases, respectively (Table 2), after only 2 h of
exposure to the adherent streptococci. For IL-6, the increase in
the numbers of transcripts detected was particularly dramatic
given the low basal level of transcription for this cytokine gene
in uninfected cells (Table 2). In contrast, no stimulation of
expression of TNF-a was observed in response to adherent
streptococci, as was a minimal increase in transcription of a
noncytokine (B-actin) gene included for comparison (Table 2).

Analysis of a derivative of the adherent S. pyogenes strain
which was incapable of adhering to keratinocytes due to the
deletion of the gene which encodes the adhesin (JRS145) re-
vealed a distinctly different pattern of cytokine gene expres-
sion. Similar to infection with adherent JRS4, infection with
nonadherent JRS145 provoked a considerable increase in the
number of IL-6 transcripts detected at 2 h following initiation
of infection (Table 2). However, only moderate increases in
the numbers of transcripts of the genes for IL-1B and IL-8
were observed and there was no increase in the number of
IL-1a. mRNA molecules (Table 2). Also, like the adherent
strain, the nonadherent mutant did not stimulate a detectable
level of TNF-a expression and had no effect on the expression
of B-actin (Table 2).

The stimulation of cytokine gene transcription caused by
infection with adherent and nonadherent streptococci followed
similar time courses. For IL-6 transcription stimulated by both
adherent and nonadherent S. pyogenes, the maximal increase
was observed 2 h following the initiation of infection. After 4
and 6 h, IL-6 levels had declined considerably relative to the
levels observed at 2 h but were still considerably elevated
compared to those of uninfected keratinocytes (Table 2). For
each of the other cytokines stimulated in response to infection
with the adherent S. pyogenes strain (IL-1a, IL-1B, and IL-8;
Table 2), the maximal response was observed at 2 h, had
declined when measured at 4 h, but remained relatively con-
stant at 6 h. The number of TNF-a transcripts was not stimu-
lated above detectable levels at any later time point, and the
number of B-actin transcripts remained constant (Table 2).

Comparison of the transcript levels achieved after infection
of keratinocytes with adherent JRS4 and nonadherent JRS145
demonstrated that, overall, adherence has a dramatic stimula-
tory effect on cytokine gene transcription. Adherence stimu-
lated a 9- to 26-fold-enhanced level of transcription for each of
the stimulated cytokines after 2 h of infection, including a
greater than 15-fold increase for IL-6 (Table 2). Cytokine gene
expression was also enhanced at each later time point for
infection with adherent relative to nonadherent streptococci.
For comparison, there was a minimal (less than twofold) in-
crease in the number of B-actin transcripts detected after in-
fection with adherent versus nonadherent streptococci at any
time point tested (Table 2). In additional controls for these
experiments, reintroduction of the gene encoding the adhesin
into the adhesin-deficient mutant generated a strain (JRS236)
that regained the abilities both to adhere to HaCaT keratino-
cytes (30) and to stimulate IL-1a and IL-1B transcription to
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TABLE 2. Cytokine expression patterns in uninfected and infected keratinocytes

No. of transcripts/ug (ratio)*

Postinfection time

JRS4/IRS145

and cytokine Uninfected JRS4 (M*)’-infected JRS145 (M™)’-infected ratio
keratinocytes keratinocytes keratinocytes
2h
IL-1a 1.1 X 10° 8.0 X 10° (7.3) 32 % 10° (0.3) 243
IL-1B 5.4 X 10° 1.4 X 107 (25.9) 1.6 X 10° (2.9) 8.9
IL-6 <2,000 5.3 x 107 (>25,000) 1.6 X 10° (>1,600) 15.6
IL-8 1.1 x 10° 8.3 X 107 (75.5) 6.0 X 10° (5.4) 14.0
TNF-a <200 <200 <100
B-Actin 3.4 x 107 7.2 X 107 (1.1)* 4.5 x 107 (1.3)* 0.85*
4 h
IL-1a 1.1 X 10° 1.1 X 10° (1.0)* 1.8 X 10° (0.2) 5.0
IL-1B 5.0 X 10° 3.5 X 10°(7.0) 9.6 X 10° (1.9) 3.7
IL-6 <2,000 1.0 X 10° (>48) 9.4 x 10* (>45) 5.9
IL-8 9.3 X 10° 1.7 X 107 (18.3) 2.8 X 10°(3.1) 1.1
TNF-a <200 <200 <200
B-Actin 3.3 x 107 2.7 X 107 (0.8)* 2.7 X 107 (0.7)* 1.1*
6h
IL-1a 1.1 X 10° 2.7 X 10° (2.5) 4.7 X 10° (0.5) 5.0
IL-1B 52 X 10° 3.8 X 10°(7.3) 9.8 X 10° (1.8) 4.0
IL-6 <2,000 3.9 x 10* (>19) 2.0 X 10* (>10) 1.9
IL-8 9.6 X 10° 2.9 X 107 (30.2) 3.1 X 10°(3.4) 8.9
TNF-a <200 <200 <200
B-Actin 3.1 x 107 2.4 X 107 (0.8)* 2.7 X 107 (0.8)* 1.0*

“ Infected/uninfected. Values used to derive ratios are significantly different by Student’s two-tailed ¢ test (P < 0.005), unless marked with an asterisk.

b Adhesin phenotypes are in parentheses.

levels equivalent to those stimulated by the original adherent
parental strain, JRS4 (data not shown). Cytokine expression
profiles following mock infection with either latex beads or
uninoculated streptococcal culture medium (see Materials and
Methods for details) were identical to those of uninfected
keratinocyte cultures at 2, 4, and 6 h (data not shown).

Adherence is required but not sufficient for enhanced cyto-
kine expression. To address whether the stimulation of cyto-
kine gene transcription was a direct response of M protein
adhesin-keratinocyte receptor signaling, keratinocytes were in-
fected with adherent JRS4 in the presence of erythromycin to
block nascent streptococcal protein synthesis. In initial exper-
iments, it was found that the concentration of erythromycin
used had no effect on the ability of adhesin-proficient S. pyo-
genes to adhere to keratinocytes (data not shown), had no
effect on the viability of the keratinocytes, and had no effect on
the ability of adherent, erythromycin-resistant strain JRS236 to
stimulate expression of cytokine genes (data not shown). How-
ever, erythromycin treatment completely blocked the ability of
adherent, erythromycin-sensitive JRS4 to trigger expression of
the panel of proinflammatory cytokines, including IL-1a, IL-
1B, IL-6, and IL-8, at 2 h after infection (Table 3). Infection
with a fourfold excess of JRS4 in the presence of erythromycin
revealed a modest increase in the number of transcripts for
IL-1a detected at 2 h, which was similar to the increase in
B-actin transcripts observed at this time point in the absence of
erythromycin (2.5-fold; Table 2). This concentration of strep-
tococci was in excess of that present at 2 h when erythromycin
was not added to the culture. These data suggest that while
adherence has a stimulatory effect on the triggering of cytokine
responses, some other product(s) of streptococcal metabolism
must participate in streptococcal-keratinocyte signaling inter-
actions.

Adherence stimulates PGE, synthesis. In addition to cyto-
kines, keratinocytes have the capacity to synthesize proinflam-

matory products of arachidonic acid metabolism, including
PGE, (20). When PGE, generation by keratinocytes in re-
sponse to infection with S. pyogenes was compared in adherent
and nonadherent streptococci, it was observed that both pro-
moted the release of PGE, but that the patterns of stimulation
were very different. Adherent strain JRS4 promoted an initial
vigorous response in which the levels of PGE, increased at a
high rate for up to 4 h after infection (Fig. 3). After this time,
PGE, continued to be released by the infected keratinocytes,
although at a slower rate (Fig. 3). In contrast, infection with
nonadherent JRS145 lacked the strong initial response pro-
moted by the adherent strain and levels at 6 h postinfection
were approximately threefold lower than those released in
response to adherent JRS4 (Fig. 3). However, by 24 h, the
concentration of PGE, released in response to JRS145 ap-

TABLE 3. Cytokine expression patterns in keratinocytes in
response to metabolism-inhibited JRS4

No. of transcripts/p.g

Cytokine Uninfected JRS4-infected Ratio” % Inhibition®
keratinocytes  keratinocytes + Em”

IL-1a 1.1 x 10° 6.7 X 10° 0.6 92
IL-1B 5.4 X 10° 8.8 X 10° 1.6 94
IL-6 <2,000 <2,000 1.0 >99
IL-8 1.1 X 10° 3.6 X 10° 33 96
TNF-a <200 <200 1.0

B-Actin 3.4 X 107 4.0 x 107 12 +44

“ HaCaT keratinocytes infected by incubation with JRS4 for 2 h in the pres-
ence of 10 pg of erythromycin (Em) per ml.

b Infected/uninfected.

¢ % Inhibition = 100 X [1 — (transcripts pg~' JRS4 + Em/transcripts pg™!
JRS4)]. The number of transcripts per microgram obtained with JRS4-infected
keratinocytes is taken from the 2-h time point of Table 2.
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FIG. 3. Kinetics of prostaglandin production differ during infection by adherent versus nonadherent S. pyogenes. The level of PGE, released during infection of
HaCaT keratinocytes with adherent (JRS4) or nonadherent (JRS145) S. pyogenes was determined by a quantitative enzyme immunoassay and compared to the level
released by uninfected keratinocytes. Also shown are the levels of PGE, released in response to infection with S. pyogenes in the presence of erythromycin (Em), which
was used to block streptococcal protein synthesis. The lower limit of sensitivity of this assay is 0.04 ng of PGE, per ml.

proached the level obtained with JRS4 (Fig. 3), indicating that
while the nonadherent strain could promote the release of
PGE, from keratinocytes, the response was delayed relative to
that caused by the adherent strain. Infection in the presence of
erythromycin eliminated both the rapid initial increase in the
release of PGE, in response to JRS4 and the delayed response
to JRS145 (Fig. 3).

Adherence promotes keratinocyte membrane damage. To
gain additional insight into keratinocyte responses to adherent
and nonadherent S. pyogenes, the membrane integrities of ke-
ratinocytes infected with the two S. pyogenes strains were com-
pared. Staining with a probe whose fluorogenic cleavage prod-
uct can be retained only by cells with intact membranes
(calcein AM) (10) revealed that virtually all of the keratino-
cytes in cultures infected with adherent JRS4 began to lose the
ability to cleave calcein AM to its green fluorescent product by
1 h after infection and that by 4 h, virtually all keratinocytes
lacked fluorescence (data not shown). Simultaneous staining
with a high-affinity fluorescent DNA probe that can pass only
through compromised membranes (EthD-1) (10) indicated
that, in parallel with the loss of staining with the vital probe,
the membranes in virtually all of the keratinocytes in cultures
infected with adherent JRS4 lost their ability to exclude the
probe by 4 h after infection (Table 4). From 1 to 3.5 h after
infection with adherent JRS4, diffuse EthD-1 staining of the
cytoplasm was observed which progressed to intense staining
of the nuclei beginning approximately 3.5 h after infection.
These results contrasted markedly with those of infection with
the nonadherent mutant JRS145, in which nearly all of the

keratinocytes retained calcein AM staining (data not shown)
and very few possessed nuclei stained with EthD-1, even 8 h
after infection (Table 4). Reintroduction of the adhesin gene
into the mutant restored the membrane-damaging phenotype
(JRS236 infection in Table 4), and addition of chlorampheni-
col to block nascent streptococcal protein synthesis completely
blocked the ability of a chloramphenicol-sensitive adherent
strain to damage membranes (JRS4 infection + Cm in Table
4) but did not block the ability of this strain to damage mem-
branes following introduction of a plasmid to render it chlor-
amphenicol resistant (pLZ12 infection + Cm in Table 4). A
2.5-fold decrease in the initial inoculum of adherent JRS4 did
not result in fewer EthD-1-stained keratinocytes at any time
point examined. However, in the presence of chloramphenicol,
a 16-fold increase in the initial inoculum resulted in only a
moderate (<5%) increase in the number of keratinocytes
stained with EthD-1 at 8 h. This concentration of streptococci
is in excess of the number present due to multiplication of the
standard inoculum in the absence of chloramphenicol at this
time point.

DISCUSSION

Through its developmental program of differentiation lead-
ing to cornification and generation of the stratum corneum, the
principal role of the keratinocyte is to provide a physically
tough barrier between the host and the environment. Its effi-
ciency in this regard is illustrated by the fact that most patho-
gens, including S. pyogenes, have almost no ability to penetrate
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TABLE 4. Adherent S. pyogenes damages membranes of HaCaT keratinocytes

Keratinocyte treatment”

Avg % of cells stained with EthD-1 postinfection = SD*

3h 4h 6h 8h
JRS4 [M™"] infection <10 96.0 = 1.6 955+ 1.3 971+ 14
JRS236 [M*] infection ND 99.4 = 0.3 98.5 = 1.1 98.3 £0.9
JRS145 [M™] infection <03 55+13 5119 59+12
No infection <0.3 <0.3 <0.3 <0.3
JRS4 infection + Cm*® ND ND ND 1.1+1.1
JRS4(pLZ12) infection + Cm ND ND ND 98.7 = 0.8
No infection + Cm ND ND ND <0.3

“ The number of cells stained with EthD-1 at the indicated times following infection was determined by fluorescence microscopy. The data are averages derived from

at least five microscopic fields.
b Adhesin phenotypes are in brackets.
¢ Chloramphenicol (Cm) was added at a final concentration of 20 pg/ml.
4ND, not done.

an intact stratum corneum. However, far from being passive,
the keratinocyte has the capacity to play an active role in host
defense once its barrier function has been breached. The
present study has examined how keratinocytes respond to
streptococcal infection and has shown that distinct patterns of
membrane damage and expression of proinflammatory mole-
cules are induced by adherent versus nonadherent S. pyogenes.

Certain features of keratinocyte cytokine production are
somewhat unusual, including high basal rates of IL-1 produc-
tion, preferential production of IL-1a relative to IL-1B, and
expression of significant numbers of IL-1 receptors in the ab-
sence of stimulation (16). The inductive cues for the release of
IL-1 from keratinocytes are poorly understood; however, since
neither IL-1a nor IL-1B can be actively secreted by keratino-
cytes, it is felt that the signal likely involves perturbation of the
cellular membrane (16). Once released, IL-1 can act as an
autocrine or paracrine factor to further up-regulate keratino-
cyte production of other cytokines, including IL-1 itself, to
initiate inflammatory processes (1, 16). Consistent with this
model was the observation that stimulation of IL-1 transcrip-
tion was observed to occur in parallel with the membrane
damage caused by adherent streptococci and was not pro-
moted by the nonadherent mutant. Alternatively, rather than
being a product of membrane damage, induction of IL-1 ex-
pression may be the signal which triggers damage, as occurs
with the toxicity of Bordetella pertussis for respiratory epithelial
cells (22). Also, while IL-1a is active in the absence of pro-
cessing, keratinocytes lack the ability to process pro-IL-1B to
its active form (16). It is interesting that the cysteine protease
secreted by S. pyogenes can activate pro-IL-1B (14), suggesting
that the bacterium has the ability to modulate the inflamma-
tory response at multiple levels.

One role for keratinocyte-derived IL-1 is to stimulate kera-
tinocyte expression of other cytokines, including IL-6 and IL-8
(1, 16). The latter two cytokines are involved in the amplifica-
tion of local inflammatory responses through effects that in-
clude the recruitment of phagocytic cells (IL-8) and the stim-
ulation of growth and/or activation of lymphocytes and
keratinocytes (IL-6) and stimulation of acute-phase protein
synthesis (IL-6) (26, 36). Elevated levels of IL-6 can be dem-
onstrated in a number of pathological skin conditions, includ-
ing psoriasis (8), a disease that can be associated with strep-
tococcal infection (40). A variety of other stimuli besides IL-1
can activate transcription of IL-6 through several distinct signal
transduction pathways (36). Since IL-6 was the only gene ex-
amined whose expression was effectively stimulated by nonad-
herent streptococci, these data may suggest that the pathway
leading to expression of IL-6 in response to S. pyogenes may be

different than those for the other genes. Similarly, the obser-
vation that adherent bacteria were considerably more effective
stimulators of IL-6 expression may suggest that the signal
transduction pathway activated by adherent bacteria differs
from that activated by nonadherent streptococci.

The activation of distinct pathways of PGE, release by ad-
herent versus nonadherent S. pyogenes is suggested by the
kinetics of the respective responses. PGE, is the major pros-
taglandin associated with inflammation, and its production
from arachidonic acid is controlled at the level of the two
isoforms of prostaglandin endoperoxide synthase (cyclooxy-
genase), the key rate-limiting enzyme in its biosynthesis (41).
The two isoforms (COX-1 and COX-2) are activated by dif-
ferent pathways, each of which produces a characteristic and
different temporal pattern of PGE, synthesis (41). The distinct
temporal patterns of PGE, release in response to adherent and
nonadherent streptococci may suggest triggering of different
COX pathways. Alternatively, the same pathway may be uti-
lized but adherent streptococci are more efficient at delivery of
a higher concentration of the signaling molecule. Of interest is
speculation that the use of nonsteroidal anti-inflammatory
drugs, which act primarily by inhibiting both COX isoforms, is
associated with invasive streptococcal disease (35). Should fur-
ther epidemiological studies support this association, addi-
tional studies on the induction of prostaglandin synthesis in
response to streptococcal infection would be of considerable
interest.

It has been previously reported that attachment of other
bacteria can enhance epithelial cell cytokine responses (11);
however, the mechanisms responsible are unknown. In Esche-
richia coli, the interaction of certain pilus adhesins with their
receptors may directly trigger transmembrane signaling events
which activate IL-6 expression (11). The cytoplasmic tail of the
MCP receptor recognized by streptococcal M protein contains
consensus sequences for phosphorylation by kinases and for
nuclear targeting (33), suggesting that it can transduce signals.
However, while attachment of S. pyogenes promoted keratino-
cyte signaling, experiments with metabolism-inhibited strepto-
cocci demonstrated that attachment by itself was not sufficient
to trigger signaling. In this case, the role of attachment may be
to increase the concentration of another streptococcal prod-
uct(s) at the local environment of the keratinocyte surface, as
has been proposed to explain the reduced ability of toxin in-
hibitors to neutralize the toxicity of streptolysin S for certain
cultured cells (23). In addition to streptolysin S, S. pyogenes
produces lipoteichoic acid and several other secreted toxins
that are known to affect the function of other cell types (9, 17,
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21, 37) that are candidates for participation in signaling inter-
actions with keratinocytes.

Cytotoxic activity of S. pyogenes has been reported for some
cell types but not for others (5, 23, 32). For example, both
adherent and nonadherent S. pyogenes strains lysed primary
human tonsillar epithelial cells but not buccal epithelial cells
(5). By using a streptococcal mutant with a defined defect in
adhesion, we have shown that adherence resulted in mem-
brane damage in keratinocytes. This result was somewhat sur-
prising, given that keratinocytes are relatively resistant to kill-
ing by the cutaneous pathogen Haemophilus ducreyi after
extended periods of incubation, even though this organism is
highly toxic for other cell types (27). Similar to the signaling
responses examined, adherence was not by itself sufficient to
cause membrane damage, which demonstrates that this effect
is also multifactorial.

To date, one streptococcal regulatory gene has been de-
scribed which controls the expression of the M protein adhesin
and it has been shown that the regulatory circuitry is respon-
sive to several environmental cues in vitro (4, 19, 31). These
data suggest that S. pyogenes has the capacity to modulate its
adhesive potential during infection. The observation that ad-
herence versus nonadherence induces distinct patterns of re-
sponses in keratinocytes suggests that S. pyogenes may regulate
expression of its adhesin to modulate how keratinocytes or-
chestrate inflammatory responses. Because keratinocyte sig-
naling is influenced by streptococcal products in addition to the
adhesin, the coordinate expression of different subsets of strep-
tococcal virulence molecules may induce distinct patterns of
response in keratinocytes and influence the eventual outcome
of the infection, whether impetigo or a more serious invasive
infection. Further analysis of the interaction of host and patho-
gen regulatory networks, including identification of the specific
pathways of cytokine induction and prostaglandin synthesis,
the analysis of levels of biologically active proinflammatory
molecules stimulated, and the identification of streptococcal
signaling molecules, will contribute to our understanding of the
pathogenesis of streptococcal disease.
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