
INFECTION AND IMMUNITY, May 2007, p. 2540–2547 Vol. 75, No. 5
0019-9567/07/$08.00�0 doi:10.1128/IAI.01957-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Gingival Epithelial Cell Transcriptional Responses to Commensal
and Opportunistic Oral Microbial Species�†

Yoshiaki Hasegawa,1 Jeffrey J. Mans,1 Song Mao,1 M. Cecilia Lopez,2 Henry V. Baker,2
Martin Handfield,1* and Richard J. Lamont1

Department of Oral Biology and Center for Molecular Microbiology, College of Dentistry,1 and Department of
Molecular Genetics and Microbiology, College of Medicine,2 University of Florida, Gainesville, Florida

Received 13 December 2006/Returned for modification 28 January 2007/Accepted 11 February 2007

Transcriptional profiling and ontology tools were utilized to define the biological pathways of gingival
epithelial cells modulated by coculture with the oral commensal Streptococcus gordonii and the opportunistic
commensal Fusobacterium nucleatum. Overall, F. nucleatum and S. gordonii perturbed the gingival epithelial cell
transcriptome much less significantly than the oral pathogens Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans perturbed the transcriptome, indicating that there was a greater degree of host adap-
tation by the commensal species (M. Handfield, J. J. Mans, G. Zheng, M. C. Lopez, S. Mao, A. Progulske-Fox,
G. Narasimhan, H. V. Baker, and R. J. Lamont, Cell. Microbiol. 7:811–823, 2005). The biological pathways
significantly impacted by F. nucleatum and S. gordonii included the mitogen-activated protein kinase (MAPK)
and Toll-like receptor signaling pathways. Differential regulation of GADD45 and DUSP4, key components of
the MAPK pathway, was confirmed at the protein level by Western blotting. Modulation of the MAPK pathway
is likely to affect host cell proliferation and differentiation. In addition, both the MAPK and Toll-like receptor
pathways ultimately converge on cytokine gene expression. An enzyme-linked immunosorbent assay of secreted
interleukin-6 (IL-6) and IL-8 demonstrated that F. nucleatum induced production of these cytokines, whereas
S. gordonii inhibited secretion from the epithelial cells. Stimulation of secretion of proinflammatory cytokines
from epithelial cells may reflect the invasive phenotype of F. nucleatum and contribute to the greater pathogenic
potential of F. nucleatum than of S. gordonii.

Humans are hosts of a complex and abundant population of
microorganisms that colonize the mucosal membranes and
skin. This commensal microbiota is an integral component of a
complex homeostasis mechanism that impedes the activity of
pathogenic microorganisms (6, 24). At optimal composition,
commensals can prevent both the attachment and into the
multiplication of pathogens and their invasion of epithelial
cells and into the circulation. In addition, commensals supply
essential nutrients, regulate epithelial development, and con-
tribute to the maturation and maintenance of the immune
system (5, 11, 25, 43). Thus, commensal inhabitants have be-
come host adapted during a long evolutionary relationship.
Under certain conditions, however, a subset of species can
escape host restraint mechanisms and initiate disease, and
these species have been called opportunistic commensals.
There is increasing evidence that the innate immune system
may discriminate among commensals, opportunistic commen-
sals, and overt pathogens, and it has been suggested that this
discrimination controls the balance between microbial intru-
sion and host integrity (21, 40, 50, 51, 55).

More than 700 species, or phylotypes, of bacteria can inhabit
the oral cavity (1). Temporally distinct patterns of microbial
colonization result in biofilm formation on all surfaces in the

oral cavity. On the tooth surfaces, the initial colonizers of the
dental plaque biofilm are principally oral streptococci and ac-
tinomyces. Establishment of these organisms facilitates the
subsequent colonization of additional actinomyces and related
gram-positive rods along with gram-negative bacteria, such as
Fusobacterium nucleatum. Further maturation is characterized
by colonization by gram-negative anaerobes, such as Porphy-
romonas gingivalis (34, 52). Once colonization of the subgingi-
val area has occurred, organisms shed from the plaque biofilm
can interact with host epithelial cells that both have a barrier
function and act as sensors of microbial infection (28). While
many common oral organisms can adhere to gingival epithelial
cells, only a subset of these organisms, including F. nucleatum,
Aggregatibacter (Actinobacillus) actinomycetemcomitans, and P.
gingivalis, can invade host cells (22, 23, 39, 59). Although it is
well established that the bacterial inhabitants of the subgingi-
val crevice are direct precursors of periodontal disease, the
oral microbiota includes a spectrum ranging from commensals,
such as Streptococcus gordonii, to aggressive pathogens, such as
P. gingivalis. Some species, such as F. nucleatum, are located
near the center of this spectrum as opportunistic commensals
and are frequently found in individuals with good oral health
but are also potentially able to contribute to disease (4, 15, 17,
44, 58, 62).

Transcriptional profiling using microarrays provides a way to
monitor host cell responses to colonizing microorganisms on a
global scale (8, 41). Numerous innate immune factors, for
example, have been consistently found to be differentially reg-
ulated in host cells infected with pathogenic organisms com-
pared to the regulation in uninfected controls (23, 29, 42). In
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the oral cavity, the pathogens P. gingivalis and A. actinomyce-
temcomitans induce widespread changes in the gingival epithe-
lial cell transcriptome that are largely organism specific (23).
There have been only a limited number of studies of the tran-
scriptional responses to commensal organisms, and in these
studies the focus is almost exclusively on nonoral mucosal
ecosystems. For example, a study of the gastrointestinal tract
commensal Bacteroides thetaiotaomicron showed it can modu-
late expression of genes involved in several important intesti-
nal functions, including nutrient absorption, mucosal barrier
fortification, xenobiotic metabolism, angiogenesis, and postna-
tal intestinal maturation (25). Commensal bacterial reconsti-
tution of germfree mice has been shown to up-regulate expres-
sion of colonic epithelial cell genes associated with growth,
apoptosis, and immune responses (19). In contrast, genes that
may participate in extracellular oxidant defense and cellular
metabolism were down-regulated by a nonpathogenic bacterial
challenge (19). Hence, there is evidence that the host cell
transcriptional response can be specific for the infecting or-
ganism and that commensals and pathogens can regulate dis-
tinct physiological functions in host cells.

In this study we utilized expression microarrays to investi-
gate the transcriptional responses of oral epithelial cells to
challenge with the commensal S. gordonii and the opportunistic
commensal F. nucleatum. The transcriptional responses in-
duced by these organisms were very similar to each other yet
significantly different than the responses reported previously
for oral pathogens (23). Among the biological processes al-
tered most significantly in the host cells was the signal trans-
duction pathway associated with mitogen-activated protein ki-
nase (MAPK) and downstream effector molecules, including
interleukins. Understanding how the host has adapted to com-
mensals and how barrier cells respond to limit the impact of
commensals should provide a mechanistic biological basis for
health in the mixed bacterium-human ecosystem of the oral
cavity.

MATERIALS AND METHODS

Bacterial strains and culture conditions. F. nucleatum ATCC 25586 was cul-
tured anaerobically at 37°C in Trypticase soy broth supplemented with yeast
extract (1 mg ml�1), hemin (5 �g ml�1), and menadione (1 �g ml�1). S. gordonii
DL-1 was cultured anaerobically at 37°C in Todd-Hewitt broth with 0.5% yeast
extract and glucose (0.5%).

Epithelial cells. Human immortalized gingival keratinocytes (HIGK) were
originally generated by transfection of primary gingival epithelial cells with
E6/E7 from human papillomavirus (45). HIGK were cultured in the presence of
5% CO2 in keratinocyte serum-free medium (Gibco/Invitrogen, Carlsbad, CA)
supplemented with 0.05 mM calcium chloride, 200 mM L-glutamine, and an
antibiotic-antimycotic (Invitrogen).

Microbe-host cell coculture. Bacteria in the mid-log phase were harvested and
washed by centrifugation and then resuspended in antibiotic-free keratinocyte
serum-free medium. HIGK (107 cells) were cocultured with bacteria to obtain a
total association (adherent plus invading bacteria) of approximately 100 bacteria
per epithelial cell. The numbers of adherent and invading organisms were con-
firmed in parallel experiments by plate counting (23). After 2 h of incubation at
37°C in the presence of 5% CO2, the HIGK were lysed with Trizol (Invitrogen)
prior to RNA extraction. Cocultures were carried out in quadruplicate.

RNA isolation, cDNA-cRNA synthesis, and chip hybridization. RNA isolation,
cDNA synthesis, labeled cRNA synthesis, and chip hybridization were performed
as previously described (23). Briefly, total RNA was extracted from Trizol-lysed
cells, treated with DNase I, purified, and quantified by using standard methods
(QIAGEN, Valencia, CA, and Affymetrix, Santa Clara, CA). cDNA was synthe-
sized by using the Affymetrix protocol (SuperScript double-stranded cDNA syn-
thesis kit; Invitrogen); 5 to 8 �g of total cellular RNA was used as a template to

amplify mRNA species for detection. Double-stranded cDNA was purified and
used as a template for labeled cRNA synthesis. In vitro transcription was per-
formed using a BioArray high-yield RNA transcript labeling kit (T7; Enzo Life
Science, Farmingdale, NY) to incorporate biotinylated nucleotides. cRNA was
subsequently fragmented and hybridized on Genechip human genome U133-A
oligonucleotide arrays (Affymetrix) with proper controls. RNA samples were not
pooled. The microarrays were hybridized for 16 h at 45°C, stained with phyco-
erythrin-conjugated streptavidin, and washed using the Affymetrix protocol
(EukGE-WS2v4) with an Affymetrix fluidics station, and then they were scanned
with an Affymetrix GeneChip 3000 scanner.

Microarray data analysis. Microarray data analysis was performed as previ-
ously described (23, 41). Briefly, expression filters were applied to remove Af-
fymetrix controls and probe sets whose signals were not detected in all samples.
The signal intensity values in the resulting data set were variance normalized,
mean centered, and ranked by their coefficients of variation. Normalization was
performed to give equal weight to all probe sets in the analysis, regardless of the
order of magnitude of the raw signal intensity. To reduce the confounding effect
of background signal variation on the analysis, only the half of the data set
exhibiting the most variation across samples was used to perform an unsuper-
vised hierarchical cluster analysis using the Cluster software (16). The resulting
heat map and cluster dendrograms were visualized with the Treeview software
(16) to determine the extent of characteristic host cell responses to each infection
state, defined as identical treatments clustering together. Additional quality
control data for the arrays are provided in the supplemental material.

Following the initial assessment of the host cell response to each condition, a
supervised analysis was performed to investigate differences in gene regulation
among experimental conditions. For this analysis, the raw signal intensities were
log transformed for all probe sets that passed the initial expression filters and
were correlated using BRB Array Tools (R. Simon and A. Peng-Lam, National
Cancer Institute, Rockville, MD). In each supervised analysis, biological repli-
cates were grouped into classes based on their infection states during coculture
experiments, and probe sets significant at the P �0.001 level for the class were
identified. To test the abilities of the significant probe sets to truly distinguish
between the classes, leave-one-out cross-validation (LOOCV) studies were per-
formed. In these LOOCV studies each array was left out in turn and a classifier
was derived for the three groups by selecting probe sets significant at a P value
of �0.001. The significant probe sets were then used with several prediction
models (compound covariate predictor, nearest-neighbor predictor, and support
vector machine predictor) to predict the class identity of the array that was left
out and not included when the classification model was constructed. The ability
of the classifier to correctly predict the class identity of the array that was left out
was estimated using Monte Carlo simulations with 2,000 permutations of the
data set.

Functional categorization by gene ontology and bioinformatics analyses. Gene
ontology trees were populated using Pathway Express (33), available at http:
//vortex.cs.wayne.edu/projects.htm.

Immunoblotting. HIGK were infected with F. nucleatum or S. gordonii as
described above, using a time course of 1, 2, or 6 h. Cells were washed three times
with phosphate-buffered saline and lysed in radioimmunoprecipitation buffer
with proteinase inhibitors (Sigma, St. Louis, MO). Twenty-five micrograms of
protein was separated by 10% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis, electrophoretically transferred to polyvinylidene difluoride mem-
branes (Millipore, Billerica, MA), and blocked with 5% skim milk in Tris-
buffered saline–0.1% Tween 20. The membranes were incubated for 1 h with
primary antibodies to GADD45� (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA), GADD45� (1:200; Santa Cruz Biotechnology), DUSP4 (1:2,000; Abcam,
Cambridge, MA), and �-actin (1:10,000; Abcam). After three washes in Tris-
buffered saline–0.1% Tween 20, each membrane was reacted with the species-
appropriate peroxidase-coupled secondary antibody (1:1,000). Visualization was
performed with the enhanced chemiluminescence system (Amersham, Bucking-
hamshire, United Kingdom). Band intensities were scanned and quantified using
the Kodak 1D image analysis software (v.3.6.1).

Detection of cytokines. Supernatants of HIGK infected with F. nucleatum or S.
gordonii were collected and filter sterilized. Interleukin-6 (IL-6) and IL-8 con-
centrations were determined by an enzyme-linked immunosorbent assay (Quan-
tikine, Minneapolis MN) performed according to the manufacturer’s protocol.
Experiments were conducted in triplicate.

Microarray data accession numbers. The array results have been deposited in
the GEO repository (http://www.ncbi.nlm.nih.gov/geo/index.cgi) under accession
numbers GSM159477 to GSM159488, series GSE6927.
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RESULTS

Association of F. nucleatum and S. gordonii with HIGK. F.
nucleatum and S. gordonii exhibited different capacities to in-
vade HIGK. At a concentration of approximately 100 organ-
isms per epithelial cell, 55% of F. nucleatum cells were recov-
ered intracellularly, whereas S. gordonii remained essentially
extracellular (99.5%).

Comparison of the transcriptional profiles of HIGK infected
with F. nucleatum and HIGK infected with S. gordonii. All
samples of uninfected HIGK, F. nucleatum-infected cells, and
S. gordonii-infected cells were used to determine the overall
similarity of the transcriptional responses. After elimination of
probe sets whose signals were not greater than background
levels on all arrays, signal intensity data for the 12,125 probe
sets that passed the initial expression filters were included in an
unsupervised cluster analysis and supervised class prediction
analysis. The unsupervised hierarchical cluster analysis re-
vealed an infection state-dependent host cell transcriptional
profile, as biological replicates clustered together (data not
shown). In a supervised analysis based on the infection state, at
a significance level of P � 0.001, 240 probe sets were differ-
entially expressed. Assuming normality of the data set, the 240
significant genes is 20-fold higher than the 12 probe sets that
would be expected by chance at a significance threshold of P �
0.001, given that 12,125 probe sets passed the expression filter.
Treeview visualization of the 240 probe sets differentially ex-
pressed in the three classes is shown in Fig. 1. The major
separation node occurred between uninfected cells and in-
fected organisms, independent of bacterial species, and the
differences between the uninfected and infected states ex-
ceeded the observable differences between F. nucleatum and S.
gordonii, although organism-specific gene signatures could be
discerned. Overall, 84% of the probe sets were regulated sim-
ilarly by F. nucleatum and S. gordonii, which may reflect the
degree of adaptation to the host of both these species.

Ontology analysis. While it is becoming increasingly clear
that the predictive power of regulation of individual genes is
limited due to the extensive interconnectivity among regula-
tory networks, the assembly of regulated genes into biologically
relevant pathways by ontology analysis has greater biological
resolution. Therefore, in order to mine the array data for
biologically relevant information, an ontology analysis of
known metabolic pathways was performed using individual
comparisons of the F. nucleatum-infected state or the S. gor-
donii-infected state with the corresponding baseline uninfected
state. A pairwise comparison was performed by using the on-
tology algorithms described above. For this analysis, signal
intensities were renormalized across all samples, and super-
vised analyses were repeated as described above. In F. nuclea-
tum-infected HIGK, 11,909 genes passed the initial expression
filters, while 11,835 genes were analyzed for S. gordonii-in-
fected cells. At a significance level of P � 0.001, 145 genes were
differentially expressed in the F. nucleatum-infected cells com-
pared to the expression in uninfected controls, whereas 268
genes were differentially expressed in the S. gordonii-infected
cells. At a less stringent significance level, P � 0.05, class
prediction analysis revealed 1,917 F. nucleatum-regulated
genes and 2,910 S. gordonii-regulated genes. The abilities of
probe sets with significance at P � 0.001 or at P � 0.05 to

correctly identify treatment groups were confirmed by
LOOCV analysis. The classifiers performed flawlessly and cor-
rectly predicted the treatment group with 100% accuracy. To
populate biological pathways to the maximal extent and thus
enhance their predictive power, probe sets at a significance
level of P � 0.05 were analyzed by the Pathway Express algo-
rithm (12–14, 31–33). Table 1 shows the most impacted epi-

FIG. 1. Hierarchical clustering of variance-normalized gene ex-
pression data. The expression pattern of the cRNAs analyzed by using
microarrays was determined by a supervised analysis of the variance-
normalized data set of differentially expressed genes (P � 0.001, BRB
ArrayTools) with the algorithm Cluster and was displayed with Tree-
view. Each row represents an individual gene element on the array,
and each column represents the expression states of cRNAs for the
challenge condition indicated. Each expression data point represents
the relative fluorescence intensity of the cRNA from F. nucleatum-
infected cells (columns Fn R1 to Fn R4) or S. gordonii-infected cells
(columns Sg R1 to Sg R4) to the fluorescence intensity of the cRNA
from uninfected cells (columns CTRL R1 to CTRL R4). The distance
matrix used to determine the relatedness of samples through gene
expression space was 1 � Pearson’s correlation coefficient. The cluster
is subdivided into three groups consisting of genes that were repressed
(green), genes that were induced (red), and genes whose expression
did not change (black). The variation in gene expression for a given
gene is expressed as the distance from the mean observation for that
gene according to the color scale below the heat map.
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thelial pathways generated in this analysis in order of their
impact factors. Pathways impacted by F. nucleatum or S. gor-
donii showed considerable overlap, and the MAPK pathway
and the Toll-like receptor signaling pathway were two of the
top three most affected pathways for both organisms. Thus,
recognition of and response to these oral commensals by gin-
gival epithelial cells involve the “classical” system of microbe-
associated molecular pattern-pattern recognition receptor
binding and signaling propagation through MAPK pathways.
Coupled with the absence of a danger signal (46), this inter-
action may maintain a physiologic balance between the host
and the organism.

Correlation between mRNA and protein levels in the MAPK
pathway. As the MAPK pathway was significantly (P � 0.001)
impacted at the transcriptional level by both organisms, we
investigated the correlation between mRNA and protein levels
for three of the most statistically significantly regulated genes.
Genes encoding GADD45� and GADD45� were transcrip-
tionally up-regulated following F. nucleatum infection (P �
0.0005 and P � 10�6, respectively), whereas expression of the
gene encoding DUSP4 (one of several MAPK phosphatase
family members) was down-regulated (P � 10�6). S. gordonii
up-regulated GADD45� gene expression (P � 10�6), down-
regulated DUSP4 gene expression (P � 10�6), and had no
detectable effect on GADD45� gene expression. The protein
expression data obtained by Western blotting (Fig. 2) were
consistent with the transcriptional data. Both F. nucleatum and

S. gordonii decreased the levels of DUSP4; F. nucleatum up-
regulated GADD45� and GADD45� expression; and S. gor-
donii infection resulted in an increase in the GADD45� level.
In general, the amount of regulated protein continued to
change over a 6-h period, corroborating the predictive power
of the transcriptional “snapshot” for the longer-term pheno-
type of the epithelial cells, at least for these genes. The roles of
these genes in signal transduction through the MAPK pathway
and their impact on cell physiology are shown diagrammati-
cally in Fig. 3.

Correlation between mRNA and secreted cytokines. Both
the MAPK and Toll-like pathways can converge on expression
of cytokines. While recognizing that control of cytokine secre-
tion is hierarchical and can occur at the transcriptional and
posttranscriptional levels, we assessed the phenotypic signifi-
cance of the ontology analysis by directly assaying at the pro-
tein level the proinflammatory cytokines IL-6 and IL-8. Secre-

FIG. 2. Western immunoblots of HIGK infected with F. nucleatum
(Fn) or S. gordonii (Sg) and uninfected controls (CTRL) for 1, 2, or
6 h. The blots were probed with antibodies to GADD45� (upper
panel), GADD45� (middle panel), and DUSP4 (lower panel) and then
stripped and reprobed with antibodies to �-actin. The graphs show the
results of densitometric analyses of the ratio of test protein band
intensity to �-actin band intensity.

TABLE 1. Ontology analysis of epithelial cell pathways impacted by
infection with F. nucleatum or S. gordoniia

Impacted
pathwayb

Impact
factorc

No. of input
genes/no. of

pathway genesd

F. nucleatum-infected cells
Phosphatidylinositol signaling pathway 178.648 11/79
MAPK signaling pathway 173.395 43/273
Toll-like receptor signaling pathway 105.509 13/91
Regulation of actin cytoskeleton 91.253 31/206
Cell cycle 75.558 20/112
Wnt signaling pathway 69.173 26/147
Cytokine-cytokine receptor interaction 61.258 24/256
Focal adhesion 55.455 25/194

S. gordonii-infected cells
MAPK signaling pathway 248.404 57/273
Toll-like receptor signaling pathway 179.365 20/91
Phosphatidylinositol signaling pathway 172.608 9/79
Cell cycle 95.198 30/112
Regulation of actin cytoskeleton 93.062 39/206
Wnt signaling pathway 74.227 31/147
Cytokine-cytokine receptor interaction 72.52 29/256
Focal adhesion 72.117 37/194
Tight junction 64.433 21/119
Jak-STAT signaling pathway 56.993 25/153
Apoptosis 52.94 20/84

a The epithelial cell pathways were determined by Pathway Express (33).
b Kyoto Encyclopedia of Genes and Genomes pathways (http://www.genome.jp/

kegg/).
c The impact factor measures the pathways most affected by changes in gene

expression by considering the proportion of differentially regulated genes, the
perturbation factors of all pathway genes, and the propagation of these pertur-
bations throughout the pathway. Only pathways with an impact factor greater
than 50 are included.

d Number of regulated genes in a pathway/total number of genes currently
mapped to this pathway.
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tion of IL-6 and IL-8 following infection with F. nucleatum or
S. gordonii was monitored over time (Fig. 4). After 4 h of
coculture, F. nucleatum stimulated secretion of IL-8, which is
consistent with previous reports (9, 26, 36), and of IL-6. In
contrast, S. gordonii reduced the levels of secreted IL-6 and
IL-8 compared to the levels in uninfected control cells over an
8-h incubation. Inhibition of proinflammatory cytokine secre-
tion by S. gordonii may eliminate initiation of a potentially
destructive immune response and contribute to the mainte-
nance of oral health.

DISCUSSION

The epithelial cells that line the gingival crevice form the
initial interactive interface between the host and subgingival
bacteria. The bacterial inhabitants of this area are diverse and
have a spectrum of pathogenic potentials, ranging from com-
mensal (such as S. gordonii) through opportunistic commensal
(such as F. nucleatum) to overtly pathogenic (such as P. gingi-
valis and A. actinomycetemcomitans). The outcome of the bac-

FIG. 3. MAPK-related pathways containing F. nucleatum and S. gordonii differentially regulated genes at P � 0.05, adapted from Pathway Express
and using the Kyoto Encyclopedia of Genes and Genomes nomenclature (see text for details). Red indicates up-regulation, green indicates down-
regulation, and gray indicates no change in expression. �P indicates phosphorylation, and �P indicates dephosphorylation. An arrow indicates a
molecular interaction resulting in activation, and a line without an arrowhead indicates a molecular interaction resulting in inhibition. e, expression.

FIG. 4. Enzyme-linked immunosorbent assay of IL-6 (A) and IL-8
(B) accumulation in HIGK supernatants following coculture with F.
nucleatum or S. gordonii for 2, 4, 6, or 8 h. Ctrl, uninfected control. The
error bars indicate standard deviations (n � 3). One asterisk, P � 0.05;
two asterisks, P � 0.001 (as determined by a t test).
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terium-epithelial cell interaction, in which the host cells distin-
guish the infecting bacteria and tailor a response while the
bacteria attempt to manipulate host cell responses, is an im-
portant component in establishing pathogenic potential. Tran-
scriptional profiling provides insights into these extremely
complex systems. In a previous study Handfield et al. (23)
reported that HIGK responses to the pathogens P. gingivalis
and A. actinomycetemcomitans reverberated throughout the
transcriptome and impacted biological pathways, including cell
development and morphogenesis pathways. In contrast, the
HIGK response to the less pathogenic organisms F. nucleatum
and S. gordonii was much more restrained. The similar tran-
scriptional responses to F. nucleatum and S. gordonii provide
experimental support for the concept that commensals and
opportunistic commensals have developed a more balanced
evolutionary relationship with the host than pathogens have
developed (17, 24). Future studies will be directed toward
trying to identify host cell genes and pathways that can be used
to predict a commensal or pathogenic challenge. Such genes
and pathways could be used as markers to assess the patho-
genic potentials of the hundreds of species or complex mix-
tures of subgingival bacteria for which no virulence informa-
tion or culture methods are available (38). An additional
distinction between the gingival cell responses to more patho-
genic and less pathogenic organisms was that the core common
transcriptional responses to P. gingivalis and A. actinomycetem-
comitans were very limited (around 15% of the regulated
genes), and organism-specific responses predominated (23).
However, the core transcriptional responses to F. nucleatum
and S. gordonii were more extensive, with 84% of the genes
similarly regulated by these two organisms, including the genes
phenotypically validated and described here. Considering that
F. nucleatum possesses an outer membrane while S. gordonii
does not and that F. nucleatum is orders of magnitude more
invasive than S. gordonii, it appears that transcriptional re-
sponses are not strictly dependent on the physical nature of the
bacterial microbe-associated molecular patterns or on the ex-
tra- or intracellular location of the bacteria.

One pathway that was significantly impacted by F. nucleatum
(P � 0.00825) and S. gordonii (P � 0.00437) involves MAPK
signal transduction. This signaling pathway, which is evolution-
arily conserved, connects cell surface receptors to regulatory
targets within cells. MAPK signaling is involved in a vast array
of physiological processes, including cell growth, migration,
proliferation, differentiation, survival, development, and innate
immunity (37, 49, 64). Consistent with these diverse roles, a
variety of stimuli can activate MAPK pathways; these stimuli
include growth factors, cytokines, ligands for G protein-cou-
pled receptors, transforming agents, environmental stress, and
viral and bacterial ligands. In the MAPK pathway, expression
of GADD45� and GADD45� was up-regulated by F. nuclea-
tum infection, whereas expression of DUSP4 was down-regu-
lated. Similarly, S. gordonii up-regulated GADD45� expres-
sion and down-regulated DUSP4 expression. Regulation
occurred at both the mRNA and protein levels. The GADD45
gene was originally identified as a gene that is rapidly induced
by agents that cause DNA damage (18, 48). Transcriptional
regulation of the GADD45 gene is mediated by both p53-depen-
dent and p53-independent mechanisms (56), and GADD45 fam-
ily members (�, �, and �) are involved in the activation of the

p38 and JNK pathways through MEKK4. Up-regulation of
GADD45 expression may ultimately converge on growth arrest
and on the activation of the nuclear transcription factor NF-	B
(47, 56, 57, 63). The dual-specificity phosphatase DUSP4 is
involved in the inactivation of the MAPKs by dephosphorylat-
ing both Thr and Tyr residues of ERK1 and ERK2 (30). One
role of the DUSP family of phosphatases may be in the postin-
duction repression of MAPK activity (60). Hence, both up-
regulation of GADD45 expression and down-regulation of
DUSP4 expression by F. nucleatum or S. gordonii engender the
concordant phenotype of enhanced information flow through
the MAPK pathway. Together, these results provide a mech-
anistic framework for previous reports which showed that F.
nucleatum and S. gordonii activated MAPK and NF-	B in
gingival epithelial cells (7, 9, 26, 27, 35, 61).

One of the downstream targets of MAPK signaling is the
production of cytokines. F. nucleatum induced IL-6 and IL-8
secretion, whereas S. gordonii repressed secretion of both of
these proinflammatory cytokines. Differences in the cytokine
secretion profiles may be related to differential regulation of
individual components of the MAPK pathway, such as the
ability of F. nucleatum to up-regulate both GADD45� expres-
sion and GADD45� expression. In addition, F. nucleatum, but
not S. gordonii, down-regulated expression of RSK2, whereas
S. gordonii, but not F. nucleatum, down-regulated expression of
Sap1a. RSK2 is a serine/threonine kinase that may play a role
in mediating the growth factor- and stress-induced activation
of the transcription factor CREB. SAP1a is a nuclear protein
that stimulates transcription via the c-fos serum response ele-
ment and also via an Ets binding site independent of the serum
response factor. However, although RSK2 and Sap1a are in-
volved in distinct aspects of MAPK signaling, their precise
physiological roles are not known. The induction of expression
of proinflammatory cytokines in gingival tissues and the sub-
sequent inflammatory tissue damage are considered contribu-
tory factors in the pathogenesis of periodontal disease (10, 20,
53). Hence, stimulation of IL-6 and IL-8 by F. nucleatum may
be one property that increases the pathogenicity of this organ-
ism compared to the pathogenicity of S. gordonii. Indeed, a
general hyporesponsiveness to commensals may be advanta-
geous in order to limit tissue destruction that might occur if a
strong proinflammatory response were induced. Furthermore,
it has been proposed that commensal species can “program”
host cells to limit subsequent responses to more pathogenic
organisms (2, 54) Conversely, in gingival epithelial cells, prior
infection with the pathogen P. gingivalis can paralyze the local
chemokine response to F. nucleatum (9). The extent to which
challenge with S. gordonii can modulate subsequent host cell
responses to other organisms is currently being investigated.
Of possibly greater in vivo relevance is the potential of a
complex microbial community to impact the transcriptional
profile and phenotypic responses of host cells in a manner
distinct from the summed activities of its constituents. Such
community-based responses could partially explain apparent
discrepancies that are observed between certain oral clinical
manifestations and the putative pathogenic potentials of caus-
ative microbial species. For example, it is generally recognized
that clinical cases of localized aggressive periodontitis that are
associated with proapoptotic and proinflammatory A. actino-
mycetemcomitans do not result in significant inflammation or
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gingival destruction (3). It is tempting to speculate that the
anti-inflammatory nature of certain commensal species has the
potential to restrain the proinflammatory capability of patho-
genic species.
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