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Campylobacter rectus is a periodontal pathogen with a 150-kDa protein on its cell surface. This protein forms
a paracrystalline lattice, called the S-layer, surrounding the outer membrane of this gram-negative bacterium.
To initiate a genetic analysis of the possible role of the S-layer in the initial interaction of C. rectus with host
epithelial cells, C. rectus strains lacking the S-layer protein gene (crs4) were constructed by allelic exchange
mutagenesis. Surprisingly, the lack of the S-layer had only a minor effect on the interaction of C. rectus with
HEp-2 epithelial cells; CrsA™ cells were 30 to 50% more adherent than were CrsA~ bacteria. Since the host cell
expression of cytokines appears to play an important role in the pathogenesis of periodontal diseases, the effect
of the S-layer on the epithelial cell cytokine response was also examined by quantitative reverse transcriptase
PCR and enzyme-linked immunosorbent assay. Although there were no changes in the mRNA levels for the
anti-inflammatory cytokines interleukin-1 receptor agonist (IL-1ra), IL-13, and transforming growth factor 3,
the expression and secretion of the proinflammatory cytokines IL-6, IL-8, and tumor necrosis factor alpha
(TNF-«) were significantly induced by both wild-type C. rectus and CrsA™ bacteria. Interestingly, the kinetics
of cytokine induction differed for the CrsA* and CrsA~ bacteria. At early time points, the HEp-2 cells
challenged with CrsA™ bacteria produced higher levels of IL-6, IL-8, and TNF-ao mRNA and protein than did
cells challenged with CrsA™ bacteria. We conclude that C. rectus may help initiate periodontitis by increasing
the expression of proinflammatory cytokines and that the S-layer may temper this response to facilitate the

survival of C. rectus at the site of infection.

Periodontitis is a chronic inflammatory disease in which de-
struction of the supporting structures can lead to tooth loss.
Although bacteria are needed to initiate disease, it is clear that
the host response to the periodontal microbial flora also plays
an important role in pathogenesis (12, 31, 46). For example, it
has been reported that tumor necrosis alpha (TNF-a) mRNA
is found more often in gingival biopsy specimens from patients
with chronic adult periodontitis than in specimens from peri-
odontally healthy individuals (35). Similarly, there is a strong
correlation between elevated levels of interleukin-1p (IL-1B)
in gingival tissues and periodontal disease (18, 34, 41, 42).
Recently, Assuma et al. (1) showed that IL-1 and TNF antag-
onists reduced the inflammatory response in a primate model
of periodontitis. All of these results indicated that IL-1 and
TNF are important in modulating the tissue damage seen in
periodontal disease. Other cytokines, such as IL-6, have also
been implicated in gingival tissue destruction, but the data are
not as compelling (24).

Campylobacter rectus, a gram-negative, anaerobic rod, ap-
pears to be an etiological agent of adult periodontitis (32) and
rapidly progressive periodontitis (8). Very little is known about
the mechanisms by which this organism induces and/or exac-
erbates disease. However, it has been reported that C. rectus
enhances the production of the proinflammatory cytokines
IL-6 and IL-8 in human gingival fibroblasts in vitro (7), al-
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though the bacterial molecule inducing this response is un-
known. The best candidate for a C. rectus virulence factor that
could affect its interaction with host cells is the cell surface
layer (S-layer) that covers C. rectus (21, 25). This organism’s
S-layer is composed of hexagonal paracrystalline arrays of a
single 150-kDa polypeptide (5, 6, 29). The C. rectus S-layer
protein, encoded by a single-copy gene (crsA), has limited
sequence similarity to S-layer proteins from other organisms
(47). Thus, the precise role of the C. rectus S-layer in patho-
genesis may differ from those of previously described S-layers
in other bacteria (37).

Evidence for the virulence potential of the C. rectus S-layer
comes from studies with C. rectus cells that lost their S-layer
after long-term subculture (5, 19). Low-passage isolates of C.
rectus formed larger lesions in a mouse abscess model for soft
tissue destruction than did cells which had lost their S-layer
after 15 to 17 passages in vitro (19). Additionally, in vitro
binding studies indicated that S-layer-containing strains of C.
rectus were less adherent to human gingival fibroblasts than
were other strains that had lost their S-layer (5). These results
suggest that the C. rectus S-layer may help the organism evade
host defense mechanisms. However, the strength of this con-
clusion is diminished by the fact that long-term subculturing
may have led to changes in the levels of non-S-layer C. rectus
proteins. In addition, some experiments involved comparisons
between nonisogenic strains, which are likely to differ in more
than their S-layer levels (5).

To test more definitively the role of the C. rectus S-layer in
regulating the bacterium-mammalian host cell interaction and
in generating cytokine responses, defined isogenic S-layer-pos-
itive (CrsA™) and S-layer-negative (CrsA ™) strains have been
constructed. The isogenic CrsA™ and CrsA ™ strains were com-
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pared for their abilities to bind host cells and to induce cyto-
kines in host cells. Epithelial cells were used in this study
because they are the first host cells to come in contact with
microbial pathogens. Therefore, they are in a unique position
to function as an early signaling system to the immune cells
located in the underlying mucosa. Our results indicate that the
C. rectus S-layer may play a role in periodontal pathogenesis by
enhancing bacterial binding to the epithelium. C. rectus also
induces epithelial cells to increase the expression of several
proinflammatory cytokines. Interestingly, the presence of the
S-layer diminishes this response somewhat.

MATERIALS AND METHODS

Bacterial strains and culture conditions. C. rectus strain 314, a clinical isolate,
was used in these studies (5). The cells were grown in MFF (mycoplasma-
formate-fumarate) medium (13) in a Coy anaerobic growth chamber (5% CO,,
10% H,, 85% N,) at 37°C (5, 13). Escherichia coli strain TB-1, used for plasmid
propagation, was grown in Luria broth (2) containing spectinomycin or ampicil-
lin, as appropriate, at 50 pg/ml.

Plasmid construction and isolation. Plasmid pDK619 is a pUC19 derivative
that contains a DNA fragment from strain 314 in which the crs4 gene is replaced
by a spectinomycin resistance (spec) gene (27). Briefly, a 1.5-kb EcoRV fragment
containing <10% of the 3" end of the crs coding region plus 1.2 kb of down-
stream DNA was cloned into the HindII site of pUC19 to generate an interme-
diate plasmid called pDK616. A 1.1-kb PCR product containing a spectinomycin
resistance gene (27), with EcoRI and BstEII sites engineered onto one end and
a BamHI site engineered onto the other, was inserted into pDK616 between the
EcoRI and BamHI sites of the multiple-cloning site. Finally, this intermediate
plasmid was opened at the unique BstEII site and a 1.4-kb BstEII fragment
containing the ¢rsA promoter and region upstream was ligated in to obtain
plasmid pDK619 (see Fig. 1A). Small amounts of plasmid were isolated using a
miniprep method involving alkali lysis and boiling (2); larger amounts were
isolated by an alkali lysis procedure (23). The construction of the plasmid was
confirmed by sequencing the fusion junctions using the dideoxy-chain termina-
tion method with a T7 Sequenase sequencing kit (Amersham Pharmacia Bio-
tech).

DNA transformation by electroporation. MFF broth (50 ml) inoculated with
15 ml of a fresh overnight culture of strain 314 was grown to an optical density
at 660 nm of 0.2 to 0.3. The cells were harvested by centrifugation, washed twice
in 10 ml of electroporation buffer (15% glycerol, 0.272 M sucrose, 0.57 mM
KH,PO,, 243 mM K,HPO, [pH 7.4]), and resuspended in electroporation
buffer (1.5 to 2.0 ml) to an optical density at 660 nm of 6.0. Immediately before
electroporation, 600 ng of pDK619 DNA in 3 ul of distilled H,O was added to
60 wl of cells on ice. The mixture of cells and DNA was transferred into an
ice-cold electroporation cuvette (2-mm electrode gap) and electroporated at 2.5
kV, 200 €, and 25 pF (Gene Pulser; Bio-Rad) to get a time constant of 4.0 to 4.4.
Following electroporation, 1 ml of prewarmed MFF was added to the cuvette
and the cells were transferred to a sterile tube and grown in an anaerobic
chamber for 4 h. Aliquots (0.25 ml) of the cells were then plated onto MFF agar
containing spectinomycin (20 wg/ml) and placed in an anaerobic chamber for 3
to 4 days.

Southern blots. Overnight cultures (10 ml) of C. rectus in MFF broth contain-
ing 20 wg of spectinomycin per ml were used for preparing chromosomal DNAs.
Genomic DNAs were isolated by a detergent-proteinase K lysis procedure that
included treatment with cetyltrimethylammonium bromide to remove polysac-
charides and cell debris (2). DNAs were digested with the appropriate restriction
endonucleases and electrophoresed for Southern blot analysis as described pre-
viously (22). Hybridizations were carried out overnight at 65°C following a 6-h
prehybridization. The filter was then washed three times in 2X SSC (1X SSC is
0.15 M NacCl plus 0.015 M sodium citrate) at 65°C. The crs4 gene probe, an
isolated AfIII fragment which contains the last third of the crs4 gene (47), was
labeled with [a->°P]ATP using a random-primer DNA-labeling system from Life
Technologies (Gaithersburg, Md.)

Western blots. To prepare whole-cell protein samples for Western blot anal-
ysis, C. rectus cell pellets were lysed in sodium dodecyl sulfate (SDS) gel-loading
buffer (36) without bromophenol blue and boiled for 5 min. The protein con-
centration was determined by the bicinchoninic acid protein assay (Pierce Bio-
chemicals, Rockford, IIl.) in accordance with the manufacturer’s instructions.
Portions (25 pg) of each protein sample and 3 pg of purified S-layer protein (29)
were fractionated on an SDS-7.5% polyacrylamide gel, and transferred to a
nitrocellulose membrane for 3.5 h at a constant voltage of 50 V. The membrane
was washed with 100 mM Tris-buffered saline (TBS) (100 mM Tris-HCl in 0.9%
NaCl [pH 7.5]) for 30 min, blocked by a 1-h incubation with BLOTTO (5%
nonfat dry milk in 50 mM TBS), and incubated overnight with a 1:500 dilution of
anti-S-layer rabbit antiserum (29) (kindly provided by J. Ebersole, Department
of Periodontics, University of Texas Health Science Center, San Antonio, Tex.)
in BLOTTO. After being washed three times with TBS, the membrane was
incubated in a 1:2,000 dilution of horseradish peroxidase (HRP)-conjugated goat
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anti-rabbit immunoglobulin G (Bio-Rad) for 4 h. The HRP antibody was visu-
alized using an HRP substrate kit.

Adhesion assays. The HEp-2 cell line, derived from a human larynx epidermal
carcinoma (ATCC CCL23), was provided by J. Ebersole. Cells were maintained
in complete DMEM (Dulbecco’s modification of Eagle’s medium [Cellgro] sup-
plemented with 5% fetal calf serum (FCS), 2 mM glutamine, 100 U of penicillin,
and 100 pg of streptomycin per ml) in a CO, incubator at 37°C. Cell cultures
were split 1:4 twice a week after detachment of the cells from the flasks with 2.5%
trypsin.

The initial qualitative assessment of C. rectus—HEp-2 cell binding was done
using acridine orange, a fluorochrome stain (26). Briefly, 10° HEp-2 cells were
seeded onto a sterile microscope coverglass (22 mm square) in one well of a
six-well tissue culture plate containing 0.9 ml of complete DMEM. After 18 to
20 h of growth, the number of HEp-2 cells in several wells was determined by
counting cells in a hemocytometer after their removal from the wells with trypsin.
The semiconfluent monolayers were washed with phosphate-buffered saline
(PBS; pH 7.4), and then 0.9 ml of DMEM with 2% FCS was added to each well.
After 10 to 12 h of growth in MFF, C. rectus cells were harvested by centrifu-
gation and resuspended in antibiotic-free DMEM containing 2% FCS, and 0.1
ml of bacteria was added to the HEp-2 cells at various multiplicities of infection
(MOI). After incubation at 37°C in a CO, incubator for different periods, a
coverglass with the HEp-2 monolayer was removed from a well of the tissue
culture plate, washed three times with PBS to remove unbound C. rectus, fixed in
100% methanol for 2 min, stained with acridine orange (0.01% acridine orange
in sodium acetate buffer) (26), mounted on a slide with a drop of Gel/Mount
(Biomeda Corp., Foster City, Calif.), and observed using a fluorescence micro-
scope (D-7082; Carl Zeiss, Oberkochen, Germany) with a FT 510 filter at X1,000
magnification with an oil immersion objective.

For quantitative adhesion assays, HEp-2 cells (24-h culture) in complete
DMEM were seeded in 96-well plates at a density of 5 X 10%well and cultured
for 18 to 20 h to get confluent monolayers. The number of HEp-2 cells per well
was then determined for four wells by counting cells in a hemocytometer after
their removal from the wells with trypsin. C. rectus was labeled by diluting 5 ml
of a fresh overnight culture into 200 ml of MFF to which [2,8-*H]adenine (ICN,
Costa Mesa, Calif.) had been added to a final concentration of 5 to 10 pnCi/ml.
After 10 to 12 h of growth, the bacterial cells were harvested, washed three times
with 20 ml of MFF to remove unincorporated label, and resuspended in antibi-
otic-free DMEM containing 2% FCS to get 1.8 X 10° bacteria/ml. Just before
starting the adhesion assay, the HEp-2 monolayers were washed with PBS (pH
7.4). A bacterial suspension, at the indicated MOI, was added to each well, and
the plates were incubated for different times at 37°C in a 5% CO, incubator,
unless otherwise noted. Subsequently, nonadherent bacteria were removed by
washing the monolayer three times with PBS (pH 7.4). Then the monolayer was
detached by trypsin treatment and the attached cells were counted in a scintil-
lation counter. The number of bacteria bound per HEp-2 cell was determined as
follows. The specific activity of labeled C. rectus cells was determined just before
adding the bacteria to the HEp-2 cells. This value was then used to calculate,
from the cpm found in a given well, the number of C. rectus cells bound per
HEp-2 cell. The significance of differences in binding between samples was
determined using the two-tailed Student ¢ test. P < 0.05 was defined as signifi-
cant.

Quantitative PCR for cytokine expression. Tissue culture dishes (diameter, 10
cm) were each seeded with 5 X 10° HEp-2 cells in a 10-ml volume of complete
DMEM and incubated for 20 h to produce confluent monolayers with 1 X 107 =
7 % 10° cells per well. C. rectus cells were grown overnight (15 to 16 h) in MFF,
harvested, and resuspended in antibiotic-free DMEM containing 2% FCS. Each
HEp-2 monolayer was washed with PBS (pH 7.4) and overlaid with 10 ml of a
bacterial suspension at an MOI of 1,000 (1,000 bacterial cells per HEp-2 cell).
Following incubation for various times in 5% CO, at 37°C, the bacterial suspen-
sion was removed and the monolayers were lysed with buffer containing guani-
dinium isothiocyanate (RNeasy minikit; Qiagen Inc., Santa Clarita, Calif.). Total
RNA was extracted from each HEp-2 cell lysate using the RNeasy mini kit as
specified by the manufacturer. The integrity of each RNA sample was checked by
gel electrophoresis and ethidium bromide staining.

Reverse transcriptase PCR (RT-PCR) was performed by a previously de-
scribed method (28) with minor modifications. cDNA was synthesized from 2 pg
of each RNA sample at 37°C for 2 h in 20 pl of reverse transcription mix
containing 4 pl of 5X reverse transcription buffer (250 mM Tris-HCI[pH 8.3],
375 mM KCI, 15 mM MgCl,), 2 pl of 0.1 M dithiothreitol, 1 pl of RNasin (40
U/pl) (Promega, Madison, Wis.), 2 ul of deoxynucleoside triphosphate mix (2.5
mM each dATP, dCTP, dGTP, and dTTP [New England Biolabs, Inc.]), 2 pl of
random hexadeoxynucleotide primers (0.5 pg/ul) (Promega), and 1 pl of Molo-
ney murine leukemia virus RT (200 U/pl) (SuperScript II; Life Sciences, Gaith-
ersburg, Md.). After DNA synthesis, the RT was inactivated by heating the
samples at 95°C for 10 min.

To quantitate the levels of various cytokine mRNAs, the cytokine primer pairs
shown in Table 1 were used in PCRs with the cDNA samples as templates. Each
primer set was designed to direct synthesis across an intron so that any contam-
inating genomic DNA would give a PCR product distinct from cDNA-derived
PCR products. Then 1 pl of each of the cDNAs was added to 24 pl of PCR mix
containing 2.5 wl of 10X reaction buffer (0.01% [wt/vol] gelatin, 100 mM Tris-
HCI [pH 8.3], 1.5 mM MgCl,), 2 ul of 2.5 mM dNTP mix, 0.125 wl (0.625 U) of
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TABLE 1. Primers used to measure cytokine mRNA by RT-PCR

. . cDNA
Cytokine Primer sequences size (bp)
IL-1a 5'-GTTCCTCCATTGATCATCTG-3’ 204
5'-GGCTTAAACTCAACCGTCTC-3'

IL-1B 5'-GACACATGGGATAACGAGGC-3’ 248
5'-ACGCAGGACAGGTACAGATT-3'

IL-6 5'-TGTGAAAGCAGCAAAGAGGC-3’ 236
5'-TTCTGCAGGAACTGGATCAG-3'

IL-8 5'-TCTGCAGCTGTGTGAAGGTGCAGTT-3' 203
5'-AACCCTCTGCACCCAGTTTTGCTT-3'

TNF-a 5'-CAAGCCTGTAGCCCATGTTG-3 140
5'-CCTGGGAGTAGATGAGGTAC-3’

GAPDH 5'-AGTCAGCCGCATCTTCTTTTGC-3' 291

5'-CTCCTGGAAGATGGTGATGGGA-3’

Thermus aquaticus DNA polymerase (Tagq; Perkin-Elmer, Roche Molecular Sys-
tems, Inc., Branchburg, N.J.), 2.5 pmol of 5’ primer labeled with [y-**P]ATP and
T4 polynucleotide kinase, and 2.5 pmol of unlabeled 3" primer. Each sample was
subjected to DNA amplification with a PTC-100 programmable thermal control-
ler (M.J. Research, Inc., Watertown, Mass.) for 3 min at 95°C, 2 min at 55°C, and
2 min at 70°C for the first cycle and 1 min at 95°C, 2 min at 55°C, and 2 min at
70°C for the rest of the cycles. Triplicate determinations were performed for each
sample. The linear range of the PCRs for each cytokine and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was determined by running a test set of
reactions over a range of cycle values. A cycle number that was in the linear part
of the curve was selected for quantitative PCR analyses. The PCR products were
resolved on a 5% acrylamide gel, dried, and autoradiographed. The intensities of
the labeled PCR products were quantitated using the ImageQuant software
program (Molecular Dynamics, Sunnyvale, Calif.). For each sample, the level of
a given cytokine PCR product was normalized to the amount of GAPDH PCR
product generated from the same sample. The significance of differences be-
tween samples was analyzed statistically with a two-tailed Student ¢ test. The
identification of the cytokine PCR products was confirmed by sequencing a
sample of each after extraction from a gel.

Detection of cytokines in HEp-2 supernatants by ELISA. HEp-2 cells (4 X 10°
in 1 ml of complete DMEM) were seeded in each well of 24-well plates and
incubated for 18 to 20 h to generate monolayers. C. rectus cells were grown
overnight in MFF broth, harvested by centrifugation, and resuspended in anti-
biotic-free DMEM containing 2% FCS. C. rectus cells (1 ml; MOI, 1,000) were
then placed on each HEp-2 monolayer, which had been washed with PBS (pH
7.4). The mammalian cell culture supernatants were collected following incuba-
tion in 5% CO, at 37°C for various periods, centrifuged to remove the bacteria,
aliquoted, and stored at —70°C for later analysis.

The levels of cytokines in HEp-2 cell supernatants were detected by an en-
zyme-linked immunosorbent assay (ELISA) as described by Steffen and Ebersole
(43) and Ebersole et al. (9). Briefly, Immulon 3 microtiter plates (96 wells) were
coated with individual monoclonal antibodies (Genzyme, Cambridge, Mass.) to
each cytokine at a concentration of 5 pg/ml in coating buffer (32 mM sodium
carbonate, 68 mM sodium bicarbonate, 0.2% sodium azide). Following a 3- to
4-h incubation at 37°C, the plates were blocked by incubation with 1% bovine
serum albumin in PBS overnight at 4°C. Undiluted cell culture supernatant
samples were then added to the appropriate wells. In addition, serial dilutions of
recombinant cytokines (in 1X PBS [pH 7.4], 0.05% Tween 20, 0.1% bovine
serum albumin) (Biosource, Camarillo, Calif.) were placed in several wells of
each plate as standards. After 1 h of incubation at 37°C, the amount of cytokine
bound in each well was assayed using the appropriately diluted anti-cytokine
polyclonal rabbit antiserum (Genzyme). This was detected, in turn, by goat
anti-rabbit immunoglobulin G—alkaline phosphatase conjugate at a 1:3,000 dilu-
tion. The plates were developed using p-nitrophenyl phosphate as the substrate.
The reactions were stopped by the addition of 100 wl of 1 N NaOH and read at
405 to 410 nm. A two-tailed Student ¢ test was used to identify statistically
significant differences in cytokine levels between samples.

RESULTS

Construction of an isogenic CrsA™ strain. To examine the
role of the C. rectus S-layer in bacterium host interactions, a
well-defined S-layer-negative (CrsA ™) strain was needed. Al-
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though S-layer-negative strains are available, they are not ideal
for such studies since they have altered levels of other proteins
as well (5). Thus, CrsA™ mutants that are otherwise identical
to the parental CrsA™ strain were constructed by allelic ex-
change mutagenesis. The S-layer-expressing strain 314 (CrsA™)
was transformed with linearized plasmid pDK619 (Fig. 1A) in
which >90% of the crsA4 coding region is replaced by a spec-
tinomycin resistance gene (27). Since the plasmid cannot rep-
licate in C. rectus, spectinomycin-resistant transformants
should arise by homologous recombination between DNA on
the plasmid and homologous sequences on the C. rectus chro-
mosome through a reciprocal double crossover (Fig. 1A). To
prove that the expected recombination had occurred, DNA
from 14 randomly selected transformants was digested with
Sacl and analyzed by Southern blotting with a crs4-specific
probe (47). As expected, all the transformants had lost the
7.3-kb wild-type crsA band and gained a 9.0-kb Sacl fragment
indicative of a gene replacement event (Fig. 1B).

To confirm the DNA analysis, a Western blot analysis with
anti-S-layer antibody was done on whole-cell protein from
several of these transformants (Fig. 1C). The transformants
tested lacked the 150-kDa S-layer protein band found in S-
layer-positive strains 314 and 33238. A Coomassie brilliant
blue-stained gel showed that the levels of non-S-layer proteins
were the same in strain 314 and the transformants (data not
shown). Therefore, well-defined S-layer-negative strains of C.
rectus which are otherwise isogenic to strain 314 have been
constructed. These mutants were designated Mcr2 to Mcrb6,
and two, Mcr2 and Mcr3, were used for further studies. Inter-
estingly, the CrsA™ strains have no significant difference in
growth rate or colony morphology in comparison with the
parental CrsA™ strain 314, even though the S-layer protein can
make up >20% of the total bacterial protein in a wild-type cell.

The S-layer increases the binding of C. rectus to epithelial
cells. The role of the S-layer in the interaction of C. rectus and
host cells was investigated using a human epithelial cell line,
HEp-2. In preliminary studies, the parameters for optimal
binding were evaluated qualitatively using acridine orange
staining to visualize the bound bacteria (26). Different MOIs
(10:1, 100:1, and 1,000:1) were used in a short-course incuba-
tion (5, 15, 30, 45, 60, 90, and 120 min) and in a long-course
incubation (2, 4, 6, 8, 10, 12, and 24 h). The bacteria did not
affect the viability of the HEp-2 cells during the experiment.
The results indicated that the binding of 314 (CrsA™) and
Mcr2/3 (CrsA™) to HEp-2 cells was bacterial dose dependent
and peaked at 90 to 120 min after the start of the assay (data
not shown). Unexpectedly, there appeared to be no large dif-
ferences in the binding of CrsA™ and CrsA™ bacteria to the
HEp-2 cells. Quantifying the binding of C. rectus to HEp-2
cells in the acridine orange-stained samples was complicated
by the fact that the bacteria tended to bind to the HEp-2 cells
in clumps.

To discern possible differences in the binding of the CrsA™
and CrsA~ strains to HEP-2 cells, a quantitative adhesion
assay was done. Radioactively labeled C. rectus cells were in-
oculated onto HEp-2 monolayers at MOIs ranging from 30 to
3,000 and incubated for 30, 60, and 90 min. Strains 314 and
Mcr2 both showed dose- and time-dependent binding to
HEp-2 cells (Fig. 2A). Interestingly, the CrsA™ bacteria con-
sistently bound better to HEp-2 cells than did the mutant Mcr2
bacteria; there can be as much as a twofold difference (MOI =
1,000 in a 90-min incubation). The same results were found
when another CrsA™ strain (Mcr3) was tested (data not
shown), establishing that the binding differences are due to the
presence or absence of the S-layer.

To test the possibility that the CrsA™ and CrsA~ bacteria
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FIG. 1. Construction of an isogenic CrsA~ strain. (A) Schematic representation of the genetic structures expected at the crs4 locus in the construction of
S-layer-negative strains by recombination of pDK619 with the bacterial chromosome. The 1.4- and 1.5-kb segments in plasmid pDK619 are homologous to the similarly
labeled chromosomal segments. Key restriction endonuclease sites are indicated as follows: A, AfIII; B, BstEIl, RV, EcoRV; S. Sacl. The physical maps are not drawn
to scale. (B) Chromosomal DNAs isolated from randomly selected transformants (lanes 1 to 14) and 314 (lane Cr314) were digested with SacI and subjected to Southern
blot analysis with the crs4 probe marked in panel A. The migration positions of the DNA size standards (in kilobases) are indicated on the right. (C) Whole-cell protein
samples of randomly selected transformants (Mecr2 to Mcr6) and C. rectus strains 33238/S™, 33238/S™ (19), and 314 were subjected to Western blot analysis. A 25-pg
sample of each protein sample and 3 pg of purified S-layer protein were electrophoresed on an SDS-7.5% polyacrylamide gel, transferred to a nitrocellulose membrane,
and reacted with anti-S-layer serum. The positions of the protein size standards are marked on the right.

were binding to different host cell receptors, a competition
binding assay was done (Fig. 2B). Labeled strain 314 cells were
bound to HEp-2 cells in the presence of increasing numbers of
unlabeled 314 or Mcr2 cells. Consistent with the previous bind-
ing assays, strain Mcr2 does not compete as well as strain 314.
However, both strains did inhibit 314 binding, suggesting that
the CrsA™ and CrsA™~ bacteria were binding to the same re-
ceptor on the host cell.

Since C. rectus is an anaerobic bacterium, its binding to
HEp-2 cells was also tested under anaerobic conditions. As was
found in the aerobic binding assay, Mcr2 was usually 15 to 30%
less adherent than 314 to HEp-2 cells (Fig. 3A). This was true
at all but the highest MOI and longest incubation time. Thus,
the S-layer of C. rectus enhances the interaction between the
bacteria and HEp-2 cells. Interestingly, the number of bacteria
bound under anaerobic conditions was seven- to ninefold
larger than the number bound in the aerobic assay. This sug-
gests either that the differences in metabolism between C.
rectus cells under anaerobic versus aerobic conditions can af-
fect bacterial binding to HEp-2 cells or that HEp-2 cells in-
crease their binding capacity under anaerobic conditions. We
favor the former possibility, since the binding increase occurs
within 30 min of the shift from aerobic to anaerobic conditions,
too short a period to allow the synthesis of additional recep-
tors.

Borinski and Holt had previously reported that an S-layer-
negative C. rectus strain bound better to fibroblasts than did an
S-layer-positive isolate (5). This apparent discrepancy with our
results could be because these investigators studied binding to

fibroblast cells and not epithelial cells. Alternatively, the dif-
ference could be because strain 33238, not 314, was used in the
earlier study. To test the latter possibility, an adhesion assay
was done on HEp-2 cells with strain 33328 (CrsA™") or its
spontaneously derived mutant, 33238/S™ (CrsA™) (Fig. 3B).
The results showed that the binding pattern of the 33238 strain
pair is the same as that of 314 pair, suggesting that the dis-
crepancy between our results and those of Borinski and Holt
(5) is due to a difference in the type of mammalian cell used.

C. rectus binding to HEp-2 cells increases certain cytokine
levels. Recent evidence has suggested that the host response to
periodontal pathogens is responsible, in part, for the chronic
inflammation in periodontal sites that leads to the destruction
of the supporting structures of the teeth (31, 48). Certain
cytokines such as IL-6, IL-8, and TNF-a appear to be proin-
flammatory, while others, such as IL-13, IL-1 receptor antag-
onist (IL-1ra), and transforming growth factor 8 (TGF-B) are
considered to be anti-inflammatory. To determine whether C.
rectus and its S-layer might modulate inflammation, the cyto-
kine responses to C. rectus 314 (CrsA™) and Mcr2 (CrsA™) in
epithelial cells were investigated. Epithelial cells were chosen
since they are the first host cells to come in contact with
microbial pathogens. As a preliminary screen for cytokines
whose synthesis may be altered by C. rectus or its S-layer,
RT-PCR was done on RNA samples from HEp-2 cells that had
been incubated with strain 314 or Mcr2 for various lengths of
time. Each RNA sample was subjected to RT-PCR for a range
of cycles (12 to 40 cycles) using a panel of primers specific for
different cytokine mRNAs. The amount of each PCR product
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FIG. 2. Quantitative assessment of CrsA* and CrsA~ strain binding to
HEp-2 cells under aerobic conditions. Each bar gives the mean value and stan-
dard deviation for four individual samples under each condition. (A) 314
(CrsA™) and Mcr2 (CrsA™) bacteria, labeled to specific activities of 0.036 and
0.045 cpm/cell, respectively, were incubated with HEp-2 cells for different lengths
of time and at the MOIs indicated. After the samples were washed, the number
of bacteria bound was determined by quantitating the radioactivity associated
with the HEp-2 cells. The background binding of labeled bacteria to wells with
no HEp-2 cells was low enough to allow the detection of 1 bacterium binding per
250 HEp-2 cells. The asterisks indicate samples in which the binding of 314 cells
to HEp-2 monolayers is statistically significantly higher (P < 0.01) than the
binding of Mcr2 bacteria to HEp-2 monolayers. (B) Competition of 314 and
Mcr2 for the binding of 314 to HEp-2 cells. Labeled 314 bacteria (specific
activity, 0.012 cpm/bacterial cell) at an MOI of 1,000 were incubated with HEp-2
cells in the presence of 10X, 30X, and 100X unlabeled 314 or Mcr2 cells. The
number of bound radiolabeled cells were determined by scintillation counting.

was quantitated from the image of an ethidium bromide-
stained gel using Molecular Dynamics ImageQuant software.
The mRNAs for IL-10, IL-12, IL-13, and IL-1ra were unde-
tectable by RT-PCR in unchallenged or C. rectus-challenged
HEp-2 cells (data not shown). On the other hand, signals for
the IL-1e, IL-1pB, IL-6, IL-8, TNF-a, and TGF-3 mRNAs were
observed in samples from strain 314- and strain Mcr2-chal-
lenged cells, although the TGF-B levels were the same with
and without bacterial challenge. Thus, subsequent quantitative
experiments focused on IL-1a, IL-1B, IL-6, IL-8, and TNF-a
levels, since their levels changed in response to bacterial chal-
lenge.

To establish more accurately the effects of C. rectus and its
S-layer on the expression of IL-la, IL-1B, IL-6, IL-8, and
TNF-a from HEp-2 cells, the levels of these cytokines were
compared among HEp-2 cells challenged with either medium
alone, CrsA™ bacteria, or CrsA~ bacteria. Two different assays
were used; cytokine mRNA levels were measured by quanti-
tative RT-PCR, while the amounts of secreted cytokines were
assayed in parallel by ELISAs. In both assays, strain 314 in-
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duced increased expression and secretion of IL-6, IL-8, and
TNF-« relative to those in HEp-2 cells challenged by medium
alone (Fig. 4 and 5). However, the kinetics of the responses,
the extent of the inductions, and the effect of challenge with
the S-layer-negative strain Mcr2 differed for each cytokine.
A three- to fivefold increase in the IL-6 mRNA level was
seen only after 2 h of bacterial challenge (Fig. 4A). The re-
sponse was about twofold stronger to CrsA™ strain Mcr2 than
to CrsA™ strain 314. These results were confirmed by the assay
for the secretion of IL-6 (Fig. SA); the release of IL-6 into the
supernatants was seen as early as 2 h after C. rectus challenge,
and the levels increased up to 24 h after challenge but pla-
teaued at 48 h. Consistent with the mRNA data, higher levels
of IL-6 release were seen in the supernatants of Mcr2-chal-
lenged cultures than in those of the 314-challenged cultures.
The induction of IL-8 mRNA in HEp-2 cells by C. rectus was
rather similar to what was seen for IL-6; there was a four- to
eightfold increase after 314 challenge, and Mcr2 bacteria in-
duced an additional 2.5-fold increase (Fig. 4B). The cytokine
secretion data for IL-8 were a little different from those for
IL-6. Unlike IL-6, IL-8 was not found at detectable levels in
the supernatant until 6 h after challenge. Also, the levels in-
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FIG. 3. Quantitative assessment of CrsA* and CrsA~ strain binding to
HEp-2 cells under anaerobic conditions and binding of strain 33238. (A) Binding
of strains 314 and Mcr2 to HEp-2 cells under anaerobic conditions. Labeled 314
(CrsA*) and Mer2 (CrsA™) bacteria were incubated with HEp-2 cells in an
anaerobic chamber for different lengths of time and at the MOIs indicated. After
the samples were washed, the number of bacteria bound was determined by
quantitating the radioactivity associated with the HEp-2 cells. The asterisks
indicate samples in which the binding of 314 cells to HEp-2 monolayers is
statistically significantly higher (P < 0.05) than the binding of Mcr2 bacteria to
HEp-2 monolayers. (B) Binding of strains 33238/S™ and 33238/S™ to HEp-2 cells
under aerobic conditions. 33238/S™ bacteria are significantly (P < 0.01) more
adherent than 33238/S™ bacteria to HEp-2 cells at all MOIs and times, as
indicated by the asterisks.



1470 WANG ET AL.

Length of Challenge With:

A

IL-6 / GAPDH mRNA
5

(=]

=
(2]
[=3
(=]
1
o)

1000

500

IL-8 / GAPDH mRNA

*% *

-
T

o
(%]
T

TNF-o. /{ GAPDH mRNA
o

oh 15h 2h  6h

INFECT. IMMUN.

No Bacteria 0314 MEMCr2

<«
P4

(4

£

T

o)

o

<

o

—

o}

)

-

= 0h 15h 2h  6h
< 150 E
< 150
4

£

T 100
o

o

& 50
(<ol

-

4 o

FIG. 4. Cytokine mRNA expression in HEp-2 cells challenged with C. rectus strains 314 (CrsA*) and Mcr2 (CrsA ™). The ordinate represents the amount of specific
cytokine RNA normalized to the amount of GAPDH RNA from the same sample. At time zero, the HEp-2 cells were shifted from medium containing 5% FCS to
medium containing 2% FCS (No Bacteria), and a sample was taken. The bacteria were then added at an MOI of 1,000, and the HEp-2 cells were harvested for RNA
isolation at the indicated times. Each bar gives the mean and standard deviation for three cDNA samples. The asterisks indicate samples in which the cytokine mRNA
levels are statistically significantly different from those for medium alone (single asterisk) or from those for the other bacterial strain and medium alone (double asterisk).

duced by CrsA™" and CrsA™~ bacteria differed at 6 h but were
the same at later times (Fig. 5B). These difference in the
kinetics of response may or may not be important. Interest-
ingly, IL-8 appears to be the most abundant of all the cytokines
tested.

The pattern of the response of TNF-ao mRNA to C. rectus
was also very similar to those seen for IL-6 and IL-8 (Fig. 4C).
TNF-a mRNA was first seen at 1.5 h, and its level was as much
as eightfold higher than that in the presence of medium alone.
Once again, the Mcr2-challenged HEp-2 cells usually had
higher levels of TNF-a mRNA than did the 314-challenged
HEp-2 cells, although only the difference at 2 h was statistically
significant. Consistent with the mRNA data, the level of re-
leased TNF-a increased significantly in HEp-2 cells after the
challenge with C. rectus (Fig. 5C). Interestingly, the CrsA™
bacteria induced a much stronger TNF-a response than did the
wild-type parental bacteria, strain 314, at the early time points
(2, 6, and 24 h).

Increased levels of IL-1a and IL-18 mRNAs were detected
in bacterially challenged HEp-2 cells (Fig. 4D and E). Unlike
the increases in IL-6, IL-8, and TNF-o mRNA levels the in-
creases in IL-1a and IL-1B levels were transient (Fig. 4). The
highest levels of IL-1a and IL-1B were found at 1.5 or 2 h after
challenge, and they returned to basal level at later times. Un-

like what was found with IL-6, IL-8, and TNF-«, the IL-1a and
IL-18 mRNA responses did not differ significantly in HEp-2
cells challenged with 314 or Mcr2 bacteria. IL-1p release was
not detectable in the ELISA in either bacterially challenged or
control cultures at any time points (data not shown). This may
reflect the transient nature of the response or may simply
indicate that low levels of the cytokine were made. IL-la
release was not assayed, since IL-1a is predominantly a cell-
bound cytokine.

Finally, the levels of IL-6, IL-8, and TNF-a mRNA were
higher at time zero than at 1.5 h after exposure to medium
alone (Fig. 4A to C). This appears to be an artifact of the
manner in which the experiment was done. Prior to the exper-
iment, the HEp-2 cells were growing in 5% FCS to maximize
growth. However, just before the challenge with C. rectus, the
HEp-2 cells were maintained in 2% FCS to maximize C. rectus
binding. Thus, at time zero, the levels of IL-6, IL-8, and TNF-a
would appear to be induced by a stress response, which de-
creased once the cells had adapted to the 2% FCS at 1.5 h.

DISCUSSION

As the first host cells to come to contact with microbial
pathogens, epithelial cells are in a unique position to function
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FIG. 5. ELISAs of cytokine secretion in HEp-2 cells challenged with C. rectus
314 and Mecr2. At time zero, the HEp-2 cells were shifted from medium con-
taining 5% FCS to medium containing 2% FCS (No Bacteria). The bacteria were
added to the host cells at an MOI of 1,000, the HEp-2 cell supernatants were
collected at the indicated times, and the cytokine levels were determined by
ELISA. Each bar gives the mean and standard deviation for three individual
samples of each treatment. All of the Mcr2-challenged samples were statistically
significantly different from those for the medium alone. The ones marked by an
asterisk were also statistically significantly different from the corresponding 314
sample.

as a barrier to the attachment of bacteria and to serve as an
early host signaling system to the immune system cells located
in the underlying mucosa. To test whether the C. rectus S-layer
can alter these initial responses of epithelial cells, isogenic
S-layer-negative strains were constructed and compared to
their isogenic S-layer-positive parental cells for the ability to
bind to and increase cytokine secretion from a human epithe-
lial cell line, HEp-2. The binding experiments showed that the
CrsA™ strain 314 was 30 to 50% more adherent to HEp-2 cells
than were CrsA~ strains. The relatively small effect of the
S-layer on binding to epithelial cells is seen consistently, but it
is uncertain whether it is significant during the course of an
infection. However, the availability of an isogenic pair of C.
rectus strains, one with and one without the S-layer, will facil-
itate a direct evaluation of the role of the S-layer when tested
in an animal model.

S-layers on other bacteria also affect bacterium-host inter-
actions. For example, the S-layer of Aeromonas salmonicida,
which is required for the virulence of this fish pathogen (30),
increases the adherence of the bacteria by as much as 10-fold
to murine (11, 45) and rainbow trout (10, 45) macrophages.
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Attachment of Clostridium difficile to several host cell types is
also dependent upon the S-layer of that organism (37). Simi-
larly, a subcultivated isolate of Lactobacillus acidophilus which
had lost its S-layer was less adherent to avian epithelial cells
than was the parental S-layer-containing isolate (38). All of
these results are similar to what we observed for the C. rectus
S-layer, although the C. rectus S-layer, which increased binding
to HEp-2 cells by 30 to 50%, did not enhance binding as much
as did the S-layers from these other organisms. Interestingly,
Graham and McDonald (15) reported that the C. fetus S-layer
could cause a small (~50%) decrease in the binding of C. fetus
to HEp-2 cells. Thus, the role of the S-layer in binding to host
cells appears complex and is both S-layer and, possibly, host
cell type dependent.

Since we have shown that CrsA™ C. rectus cells can bind
epithelial cells, it is clear that the S-layer is not essential for
binding. Nevertheless, the S-layer does enhance the binding of
C. rectus to epithelial cells. How might the S-layer increase
binding? Reddi and Holt (personal communication) have
found that polymyxin B inhibits the binding of C. rectus 33238
to human gingival fibroblast (HGF) cells, suggesting that lipo-
polysaccharide (LPS) is involved in the binding (40). Perhaps
the S-layer helps to organize the outer core or side chain of C.
rectus LPS so that it can interact more effectively with host cells
and thus increase bacterial binding. This needs to be tested
more rigorously.

Breakdown of periodontal attachment is the pathognomonic
feature of periodontitis. There is increasing evidence suggest-
ing that periodontal tissue degradation is, in part, the conse-
quence of host cells releasing inflammatory mediators and
cytokines in response to periodontal pathogens (3, 16, 17, 20,
44). Therefore, we examined the ability of CrsA™ and CrsA™
C. rectus cells to alter the cytokine responses of epithelial cells.
Our results showed that C. rectus significantly induced the
expression of several cytokine genes and the secretion of the
corresponding cytokines. The synthesis and secretion of IL-6,
IL-8, and TNF-a were seen with both CrsA™ and CrsA~
strains of C. rectus. Increased levels of IL-1 mRNA were also
found at some time points after exposure of HEp-2 cells to C.
rectus. Interestingly, the kinetics of cytokine induction differed
for CrsA" and CrsA~ bacteria. At early time points, the
CrsA™ bacterium-challenged HEp-2 cells produced higher lev-
els of IL-6, IL-8, and TNF-a mRNA and protein than did the
CrsA™ bacterium-challenged host cells. The differences be-
tween cytokine secretion induced by CrsA™ and CrsA ™~ bacte-
ria disappeared at later times after bacterial challenge. Since
the levels of anti-inflammatory cytokines IL-1ra, IL-13, and
TGF-B were not altered by C. rectus challenge of HEp-2 cells,
we conclude that a major role of C. rectus appears to be the
induction of the proinflammatory cytokines IL-6, IL-8, TNF-a,
and, possibly, IL-1. The significantly increased production of
the proinflammatory cytokines IL-6, IL-8, and TNF-a by epi-
thelial cells in response to C. rectus challenge is important for
recruiting inflammatory cells to the site of infection. The re-
sulting inflammation could potentially have both protective
and deleterious effects. Although the C. rectus S-layer amelio-
rates this response somewhat at early times after challenge, the
biological role, if any, of this difference between CrsA™* and
CrsA™ bacteria is unclear. Perhaps the S-layer may modulate
the host cytokine response to a lower level to facilitate the
survival of C. rectus at the site of infection. Persistence of the
bacteria in periodontal sites could lead to a long-term stimu-
lation of cytokine induction with resulting chronic inflamma-
tion involving destruction of the supporting structures of the
teeth, as is seen in periodontitis.

C. rectus is a potent inducer of cytokines and mediators in
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other host cells. Dongari-Bagtzoglou and Ebersole (7) re-
ported that formalin-killed C. rectus induces human gingival
fibroblasts to produce IL-6, IL-8, and prostaglandin E,. Reddi
et al. (33) found that surface-associated material released from
C. rectus stimulates the production of IL-6 and TNF-a in HGF
cells and a myelomonocytic cell line. Gillespie et al. (14) also
found that purified LPS of Wolinella recta (C. rectus) can in-
duce the production of prostaglandin E and IL-1 in mouse
macrophages. Therefore, C. rectus, in general, appears to in-
duce a proinflammatory cytokine response in a variety of host
cells. It will be interesting to see if the C. rectus S-layer also
modifies the cytokine response in these other host cell types.

Although the physiological importance of the alteration of
the cytokine response by the C. rectus S-layer is unproven,
components from other bacteria are biologically relevant in
suppressing cytokine induction by host cells. Most of these
other suppressor molecules are proteins or toxins which inhibit
proinflammatory cytokines (49). For example, a plasmid-en-
coded YopB virulence protein from Yersinia enterocolitica can
act as a potent suppressor of both TNF-a expression in mac-
rophages (4) and IL-8 secretion in epithelial cells (39). This
modulation of the host cytokine response appears to be im-
portant for the survival and proliferation of Y. enterocolitica in
host tissue and contributes significantly to the ability of the
bacteria to evade antibacterial host defenses. The results of our
study suggest that the S-layer protein of C. rectus can be added
to the list of cytokine suppressor molecules, since it reduces the
cytokine response at certain times after initial bacterium-host
cell contact. The mechanism by which the C. rectus S-layer
alters the production of proinflammatory cytokines remains to
be determined.

Finally, the inflammatory response can be modified by com-
ponents of the host innate immune defenses, such as neutro-
phils and the complement pathway. Interestingly, in A. salmo-
nicida, the S-layer is able to protect the bacteria from
complement-mediated lysis (37). Similarly, the S-layer of C.
fetus can confer serum resistance in the absence of opsonizing
antibodies (37). The availability of defined S-layer-negative
mutants in C. rectus will allow us to assess whether the C. rectus
S-layer has similar functions that might contribute to patho-
genesis.
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