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Oral commensal bacteria actively participate with gingival tissue
to maintain healthy neutrophil surveillance and normal tissue and
bone turnover processes. Disruption of this homeostatic host–
bacteria relationship occurs during experimental gingivitis studies
where it has been clearly established that increases in the bacterial
burden increase gingival inflammation. Here, we show that exper-
imental gingivitis resulted in three unique clinical inflammatory
phenotypes (high, low, and slow) and reveal that interleukin-1β, a
reported major gingivitis-associated inflammatory mediator, was
not associated with clinical gingival inflammation in the slow re-
sponse group. In addition, significantly higher levels of Streptococcus
spp. were also unique to this group. The low clinical response group
was characterized by low concentrations of host mediators, despite
similar bacterial accumulation and compositional characteristics
as the high clinical response group. Neutrophil and bone activation
modulators were down-regulated in all response groups, revealing
novel tissue and bone protective responses during gingival inflam-
mation. These alterations in chemokine and microbial composition
responses during experimental gingivitis reveal a previously unchar-
acterized variation in the human host response to a disruption in
gingival homeostasis. Understanding this human variation in gingival
inflammation may facilitate the identification of periodontitis-
susceptible individuals. Overall, this study underscores the variability
in host responses in the human population arising from variations in
host immune profiles (low responders) and microbial community
maturation (slow responders) that may impact clinical outcomes in
terms of destructive inflammation.
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The stability in host–microbial interface is essential for health
across mucosal surfaces in the human body. Barrier immunity

is not characterized by the absence of bacteria but by their reg-
ulated presence under healthy immune surveillance. This has
also been termed the parainflammatory state and is required for
tissues to respond to insult and restore homeostasis (1–3). This is
especially relevant on mucosal surfaces where there is a constant
microbial challenge to the host immune system (4). For example,
in oral mucosal surfaces, one of the main protective mechanisms
of tissue, and therefore host protection from unwanted microbial
colonization, is the constant highly orchestrated transit of neu-
trophils from the local periodontal vasculature through healthy
gingival tissue and into the gingival crevice (5). There, neutrophil
surveillance is essential for maintaining the proper amount and
composition of dental plaque (6), a highly evolved and organized
bacterial consortium found on the tooth surface that actively
contributes to normal periodontal tissue function (5, 7). Studies
in germ-free mice have revealed that dental plaque is essential for
proper neutrophil homing (8–10) and also contributes to normal
alveolar bone turnover processes (11, 12). Proper neutrophil mon-
itoring of the dental plaque microbial biofilm therefore results in a
process termed “healthy homeostasis,” with the consequence being
both 1) colonization resistant, a microbial protection mechanism
that resists infection, as well as 2) maintaining the appropriate

microbial composition for normal periodontal bone and tissue
function (13).
Accumulation of dental plaque in the human-induced gingivitis

experimental model is a convenient and reproducible model fa-
cilitating the study of the disruption of healthy tissue homeostasis
(14, 15). The human experimental gingivitis model offers the
unique advantage of monitoring disease development in real time
in order to study the change from a healthy to dysbiotic state in
human tissue. Studies employing this model have revealed rapid
alterations in clinical measures of inflammation that parallel
microbial plaque biomass increases and compositional changes
during the development of gingivitis (16, 17). Furthermore, it has
been reported that in human experimental gingivitis studies the
subject-based susceptibility to plaque-induced gingival inflammation
is an individual trait (18). Trombelli et al. (19) previously showed
that individual responses to induced gingivitis could be grouped
into high and low clinical phenotypes, with the high response phe-
notype being linked to a persistent hyperresponsive parainflammatory
state. Although nearly every human gingivitis study since 1965
(14, 17) has recognized there is variation in clinical parameters
to bacterial dental plaque accumulation, resulting tin high and
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low clinical response phenotypes, the factors responsible for the
significantly different individual host responses have not been
elucidated. In this report, three different clinical response groups
were identified and a granular parallel analysis of these groups
revealed unique host and microbiome characteristics during
induced inflammation.

Results
Variation in the Clinical Response to Human Experimental Gingivitis.
In order to more fully explore the variation in the human host
response to experimental gingivitis, we employed an experimental
design that incorporated both early and late clinical evaluation
and sampling time points (Fig. 1A). Clinical evaluation employed
the standard measures of gingivitis, which are the gingival index (GI)
(20) and bleeding on probing (BOP), both measures of gingival
inflammation. Plaque index (PI) (21) was used to qualitatively
measure visible bacterial accumulation on the tooth surface. As
observed in numerous previous analyses (22), our study revealed
dental plaque accumulation and clinical gingival inflammation in
all study subjects (Fig. 2 A–D). In order to further understand the
variability in the gingival host response, participants were clustered
based on the joint clinical data trajectories of gingivitis severity
represented by GI and BOP in response to plaque accumulation
represented by PI on their test sides between day 0 and day 21.
The clustering analysis was performed on all three parameters
using the k-means for longitudinal data method in the “kml3d” R
package (23) (SI Appendix, Fig. S1). This analysis revealed three
distinct clinical response groups that were then designated as either
high, low, or slow and represented 28.6%, 28.6%, and 42.9%, re-
spectively, of the study participants (Fig. 1B and SI Appendix, Fig.
S1). The high responder group included at a total of six participants
(three male, three female, mean age: 20.67 ± 0.82 y), the low re-
sponder group also included a total of six participants (four male,
two female, mean age: 24.5 ± 5.47 y), and the slow responder group
included nine participants (four male, five female, mean age 24.33 ±
4.61 y). There were no statistical significant differences between the

three groups in age [F(2, 18) = 1.668, P = 0.216] or sex (χ2 =
0.73182, P = 0.6936) (SI Appendix, Fig. S1).
However, in contrast, statistically significant differences in the

trajectories of clinical parameters (PI, GI, BOP) from both
baseline (day 0) and between the groups were evident (Fig. 2 E–
G and SI Appendix, Table S1). As previously found, significant
variations in the clinical response to gingivitis revealed both high
and low clinical response groups (Fig. 2 E–I), with the low re-
sponse group modulating GI and BOP between days 7 and 14,
resulting in lower measures of inflammation (19). However, the
inclusion of multiple early and late clinical evaluation measure-
ments facilitated the identification of a novel slow host response
group. These participants were characterized by a delayed in-
crease in PI, which is visible microbial plaque accumulation and
subgingival bacterial cell numbers as determined by quantification
of 16S rRNA gene copies with a corresponding delay in clinical
inflammatory indices (Fig. 2 E and I).
With the exception of significant differences at day 4 between

the high and slow groups, with respect to gingival crevicular fluid
(GCF) volume, there was no other significant difference between
groups with respect to GCF volume (Fig. 2H) or neutrophil
migration into the gingival crevice, as determined by quantitative
ELISA determination of GCF myeloperoxidase (MPO) concen-
trations (Fig. 2J). In contrast to the similar neutrophil migration
responses observed in the three groups, only the high response
group displayed a significant increase in interleukin (IL)-1β levels
at the end of the induction period (day 21), where clinical in-
flammation was the greatest (Fig. 2 K and L). Notably, at peak
inflammation at day 21, IL-1β levels within the high group are
significantly different (P < 0.05) than the slow group subjects,
which are tightly clustered around the time of inclusion (day −14)
and control side levels despite displaying similar clinical inflam-
mation (GI and BOP) as the high responder group by day 21
(Fig. 2 K and L and SI Appendix, Table S2). Within-group vari-
ability was relatively equal for the clinical and above-mentioned

Fig. 1. Experimental gingivitis study design. (A) Experimental cessation of oral hygiene leads to increased plaque biomass and induced gingivitis. Within-
subject contralateral teeth with regular oral hygiene served as controls. Baseline was established from day −14 to day 0. Induction of experimental gingival
inflammation was carried out from day 0 through day 21. Resolution of experimental gingivitis was observed from day 21 until day 35 when no residual
clinical inflammatory activity was detectable (see SI Appendix, Supplemental Materials and Methods). Comprehensive clinical, chemokine and microbiome
analysis were conducted to obtain highly granular multiplexed analyses of changes during induction and resolution of inflammation. (B) Percentages of
subjects that were clustered into the three clinical response groups (high, low, and slow) based on longitudinal trajectories of clinical parameters (GI, PI, and
BOP) (SI Appendix, Fig. S1).
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parameters, with no response group displaying a consistently higher
or lower variability over the study period.

Chemokine Utilization Is Significantly Altered during Experimental
Gingivitis. Differences in the host inflammatory mediator response
between the three different clinical responder groups was per-
formed with a bead-based multiplex analysis (Bio-Plex Pro
Human 40-plex Chemokine Panel). Fig. 3A displays the normalized
(row-wise z-score) log mean values for the expressed chemokines
(picograms per 30-s sample) in each responder group, as well as
the contralateral control teeth (all responder groups combined
for control teeth) at the indicated day. Comprehensive analysis
of host inflammatory mediators elicited by the different clinical
responder groups revealed significant changes in overall chemokine
expression patterns. Most notably, it was found that the low clinical

responder group displayed several SDs below the mean of all the
groups in most chemokines. This is consistent with these individuals
demonstrating the lowest levels of clinical inflammation throughout
this experimental gingivitis study (Fig. 2 E–G).
Uponmore detailed examination, the levels of the major neutrophil

chemokines observed on the panel revealed nearly all neutrophil
chemokines examined in this study either decreased or did not
significantly increase during experimental gingivitis (Fig. 3 and SI
Appendix, Fig. S2 and Table S2). Of particular note is the observation
that IL-8/CXCL8 and GCP-2/CXCL6 (Fig. 3 C–H), two chemotactic
and neutrophil-activating chemokines, did not increase during
experimental gingivitis, which is consistent with the reported dif-
ference in the neutrophil phenotypes found in gingivitis (24). In
contrast to the decreases found in neutrophil chemokine expression,
macrophage inhibitory factor (MIF), which has been reported to

Fig. 2. Differential clinical inflammatory responses and chemokine levels in the three response groups versus controls. (A–D) Distributions of clinical pa-
rameters comparing test side (no-brushing) versus control side (brushed) for all subjects over time. (E–H) Temporal changes in inflammatory-associated clinical
measures stratified by response group (high [n = 6], low [n = 6], slow [n = 9]). (I–L) Responses among sample-sites in each of three clinical inflammatory
response groups (high, low, and slow) before, during, and after resolution of bacterial-induced inflammation. (I) Bacterial load based on total 16S rRNA gene
copies; y axis log10-scaled. (J) Neutrophil marker MPO. (K and L) proinflammatory cytokine IL-1β. Boxes represent data and medians ± interquartile ranges
(IQR); whiskers and outliers > 1.5 IQR below (above) the 25th (75th) percentile. Trend lines represent mean values across time points. Different letters above
bars indicate the significant differences between groups at that time point (a, b, c) (FDR P < 0.05). In A–D statistical analyses were performed against the
controls by comparing all test samples (prior to responder group identification) and all pooled data from the control teeth data (intraoral control) for just
these select clinical parameters and only calculated for the induction phase. In E–L the responder groups are shown in relation to the pooled control group.
Control samples were never physically pooled; however, the data, for clarity in the figures, was reduced from the total six groups (three test and three
control) to four groups (three test and one pooled control). Differences of each group compared to baseline (day 0) are shown above the groups and their
significance level indicated by asterisks. Significance levels: *P < 0.05, **P ≤ 0.01, and ***P ≤ 0.001. (L) Comparison of IL-1β levels between groups at peak
clinical inflammatory endpoint (day 21) show the subjects in the slow group were significantly different from the high responder group that displayed
elevated IL-1β.
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Fig. 3. Relationship between chemokine levels and the three clinical response groups. (A) Normalized (row-wise z-score) mean values for chemokine expression by
responder groups and controls (all responder groups’ control side data are combined for clarity) by day. The low responder group displays several SDs below the mean of
all the groups in most chemokines. (B) Temporal relationships betweenmajor neutrophil chemokines IL-8/CXCL8 andMIF withMPO and bacterial load. MIF demonstrated
an inverted U-shape distribution during the induction-resolution human experiment that was similar to the temporal changes in microbial load (negative quadratic
coefficients; P < 0.01 for both MIF and bacterial load). MPO changes followed the same temporal pattern as MIF (negative quadratic coefficient; P < 0.001), while IL-8/
CXCL8 levels demonstrated a U-shape distribution with no association toMPO levels (positive quadratic coefficient; P = 0.09). (C–H) Temporal changes in major neutrophil
chemokines (MIF, IL-8/CXCL8, and GCP-2/CXCL6) across responder groups compared to each of the responder groups (C, E, G) and between their respective control side
sample in the split-mouth design (D, F, H). Boxes represents data andmedians ± IQR; whiskers and outliers > 1.5 IQR below (above) the 25th (75th) percentile. Trend lines
represent mean values across time points. ForD, F, and H, separate controls for each group in were displayed against their respective healthy controls. Differences of each
group compared to baseline (day 0) are shown above the groups and their significance level indicated by asterisks. Significance levels: *P < 0.05 and **P ≤ 0.01.
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demonstrate neutrophil chemotactic activity (25), trended to-
ward increased expression in all clinical response groups and was
significantly increased compared to baseline values (day 0) in the
high response group on days 4 and 7 (Fig. 3 C and D). In fact,
granular analysis of early gingival inflammation (days 0 to 4)
groups revealed that neutrophil migration into the gingival sulcus
changed in response to MIF and not IL-8/CXCL8 levels over
time (Fig. 3B). Since the experimental induction and resolution
interventions led to an inverted U-shape and the increase in MIF
and neutrophil migration (P < 0.0001), as well as the decrease in
IL-8/CXCL-8 (P < 0.0001), occurred in all clinical response
groups (Figs. 2 and 3), the analysis was performed with quadratic
regression models combining all the clinical response groups.
The time-course distributions of MIF and MPO mirrored one
another, with changes in MIF level preceding concordant MPO
levels (Fig. 3B). The temporal changes in bacterial load, MPO,
and MIF had very similar patterns across induction and resolu-
tion time points, while IL-8/CXCL-8 levels did not significantly
change (P = 0.09) (SI Appendix, Fig. S3).

Bone and Tissue Chemokine Modulators Are Significantly Altered
during Experimental Gingivitis. We further investigated the lack of
a strong host chemokine response among individuals within the
low inflammatory response group (Fig. 4). This analysis revealed
that MIP-1α/CCL3, a homeostatic regulator of bone resorption
(26, 27) and a proposed biomarker of periodontitis (28), was sig-
nificantly reduced in all three clinical response groups at the first
gingivitis measurement (day 4) and was restored at the first time

point in the resolution phase (day 28) (Fig. 4A). Furthermore,
it was found that five additional chemokines (MCP-1/CCL2, MIP-
3α/CCL20, SCYB16/CXCL16, GRO-α/CXCL1, andMPIF-1/CCL23),
which have been shown to contribute to either normal bone
turnover processes or inflammatory bone loss during periodontitis
(29–35), displayed overall significantly lower chemokine levels within
the low response group when compared to the high response group
(Fig. 4 B–F and SI Appendix, Table S2).

Characterization of the Microbial Compositional Changes in the Different
Clinical Response Groups. The high-resolution DADA2 approach
for 16S rRNA gene data implemented in QIIME2 (36) was used
to determine the unique amplicon sequence variants (ASVs) for
the dataset (n = 11,885 in 334 samples). Changes in the α-diversity
within the microbial community for all subjects’ test and control
sides (SI Appendix, Table S3), as well within each clinical response
group (SI Appendix, Table S4) during gingivitis induction, was
examined using five different metrics across different time points.
At the time of inclusion and baseline (day −14 and day 0), there
were no significant differences in any of α-diversity or β-diversity
indices between control and test sides or between the response
groups (Fig. 5 A and B). This lack of diversity and compositional
differences between groups, prior to and after the first cleaning,
was not unexpected given that these were all relatively young and
healthy subjects with regards to oral health. In general, all α-diversity
metrics using ASV data showed an increase above the control
side during the induction phase (day 0 to day 21), corresponding
to increased gingivitis severity (Fig. 5A and SI Appendix, Table S4).

Fig. 4. (A–F) Changes in levels of chemokines involved in bone homeostasis following induction of reversible bone-sparing gingival inflammation. Responses
among sample-sites in each of three clinical inflammatory response groups before, during, and after resolution of bacterial-induced inflammation. Boxes
represents data and medians ± IQR; whiskers and outliers > 1.5 IQR. Trend lines represent mean values across time points. Different letters above bars indicate
the significant differences between groups at that time point (a, b, c) (FDR P < 0.05). Differences of each group compared to baseline (day 0) are shown above
the groups and their significance level indicated by asterisks. Significance levels: *P < 0.05, **P ≤ 0.01, and ***P ≤ 0.001.
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β-Diversity analysis revealed shifts in community composition over
the same period (Fig. 5B). Together, both α- and β-diversity showed
a return to highly similar compositions after resolution (days 28 and
35). Notably, as early as day 4, the slow response group demon-
strated a distinct delay in phylogenetic diversity (Fig. 5A) and
showed a trend toward separation in β-diversity from the high and
low response groups, which remained more similar to the control
side (Fig. 5B). This observation was consistent with the rapid ac-
cumulation of plaque and development of inflammation in high
and low compared to slow responders (Fig. 2 E–G and I).
Taxonomic analysis of subgingival plaque samples during the

onset of experimental gingivitis confirmed the well-known and
characteristic shift (37, 38) from a health-associated gram-positive
to a disease-associated gram-negative composition associated with
gingivitis. For example, in all three clinical response groups, the two
most-abundant gram-positive phyla, Firmicutes and Actinobacteria,

decreased in relative abundance (Fig. 5C). In contrast, the most-
abundant gram-negative phyla, Bacteroidetes, increased in its relative
abundance (Fig. 5C). However, group-level analysis at the genus level
revealed novel differences in the relative abundance profiles
during the development of gingivitis among the three different
response groups (Fig. 5 D–F and SI Appendix, Fig. S4 and Table
S5). An increase in genera within the phylum Bacteroidetes was
not uniform across all three clinical response groups described in
this study. For example, Tannerella increased late in gingivitis in
both low and slow response groups, but was dramatically reduced
in comparison to the high response group (Fig. 5E). In contrast,
Prevotella displayed the greatest increase within the low response
group, even though the high and slow groups eventually showed a
significant increase later during gingivitis development (Fig. 5E).
Other abundant gram-negative–associated genera, such as Por-
phyromonas and Fusobacterium, also displayed intergroup variations

Fig. 5. Temporal changes in microbial diversity and taxonomy vary by inflammatory responder type. (A) Faith’s phylogenetic diversity by responder group
and controls from day −14 to day 35 (n = 334 samples from 21 subjects). Boxplots show median and 25th/75th quartiles; whiskers show inner fences. Lines
showmean richness by clinical responder group (high, low, and slow) and controls (within-subject noninflamed gingival sites). (B) Nonmetric multidimensional
scaling (NMDS) plots of β-diversity (unweighted Unifrac distance matrices) by responder group and controls from day −14 to day 35 (n = 334 samples from 21
subjects). Tests for significance in β-diversity between groups determined by PERMANOVA. (C) Phylum-level distributions of relative abundance by responder
group and controls from day −14 to day 35 (n = 334 samples from 21 subjects). (D and E) Genus-level mean relative abundance by responder group and
controls from day −14 to day 35. Linear regression (Loess) shown with 95% confidence bound (SI Appendix, Supplemental Materials and Methods) (n = 334
samples from 21 subjects). (F) Streptococcus mean relative abundance by responder group and controls from day −14 to day 35 (n = 334 samples from 21
subjects). Also shown are center log-transformed (CLR) relative abundances of ASVs taxonomically assigned to S. sanguinis and S. oralis species in high, slow,
and low inflammatory response groups from day −14 and day 35. Boxplots show median and lower/upper quartiles; whiskers show inner fences (Materials
and Methods) (n = 84 from 21 subjects), (Wilcoxon test; adjusted by FDR) (SI Appendix, Supplemental Materials and Methods and Table S5). Asterisks show
FDR-corrected statistical significance levels (FDR **P ≤ 0.01 and ****P ≤ 0.0001).
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throughout the induction phase (day 0 to day 21). Interestingly, a
gram-positive member of the candidate phyla radiation, “Candidatus
Saccharibacteria” (formerly TM7), which are ultrasmall parasitic
bacterial epibionts (39), selectively increased during the induc-
tion phase among high and low responders, but not in the slow
response group.
Consistent with the changes in α- and β-diversity, the most

notable differences overall were observed in the slow response
group, with the rate of Firmicutes decreasing and the concomi-
tant increase in Bacteriodetes being markedly delayed (Fig. 5C).
At the genus level, Streptococcus, which is a member of the phyla
Firmicutes, decreased at a slower rate in comparison to the high
and low groups, and was initially higher at the time of inclusion
and baseline (day −14 and day 0), and even regained prominence
at the end of the study (day 35) (Fig. 5F). The observed delay in
both the α- and β-diversity among the slow response group is,
therefore, most likely a consequence of the prolonged presence
of Streptococcus, which is both the most abundant genera within
the healthy subgingival pocket and uniquely characteristic of this
response group. These observations are entirely consistent with
the distinct delay in the clinical manifestations of gingivitis within
the slow group (Fig. 2 E–G). Of particular note, we observed that
the slow group had statistically significant higher relative abundance
of ASVs classified as Streptococcus sanguinis and Streptococcus oralis
species at the time of inclusion and at baseline (day −14 and day 0),
as well as during resolution phase at the end of this study (day 35),
which resulted in trends toward preinduction levels (Fig. 5F).
Overall, the trajectory of the slow response group can be readily

discerned from the other community profiles and, as shown above,
this group can elicit significantly lower IL-1β responses (Fig. 2 K
and L). In contrast, the high and low clinical response groups
displayed a lack of clear separation in α- and β-diversity measures
during the microbially induced inflammation, which correlates
with their highly similar plaque accumulation rates (Fig. 2E).

Discussion
The human experimental gingivitis model provides a unique oppor-
tunity to study bacterial community succession during plaque ac-
cumulation and the subsequent host response in real time (14). The
first human experimental gingivitis study (14), as well as several
subsequent studies (17–19), have identified high and low clinical
response groups based upon the GI, a measure of local gingival
inflammation. In our study, these two clinical host response groups
were also found and were characterized by significantly lower GI
and BOP within the low response group compared to the high
response group (Fig. 2 F and G). Furthermore, by conducting a
longitudinal trajectory-based clustering of inflammatory changes,
compared to cross-sectional clustering previously performed, an
additional slow clinical response group characterized by a delayed
increase in microbial plaque accumulation and a corresponding
delay in clinical inflammatory indices was identified (Fig. 2 E–G).
Characterization of the clinical response groups revealed pre-

viously unrecognized variability in the microbial succession and
host response that occurs during gingivitis. Here we observed that
the α-diversity within the slow response group showed a completely
separate community in terms of both the rate of plaque growth and
community compositional changes in comparison to the high and
low response groups (Figs. 2E and 5A), together demonstrating the
great degree of variation in gingivitis within the human population.
Variation in plaque accumulation rates in the human population
have been reported previously (40); however, this has not been
reported in association with subgingival plaque rates or in regards
to the impact on inflammation. In this study, which defines three
clinical response groups, we found the slow response group had
statistically significant higher relative abundance of ASVs classified
as S. sanguinis and S. oralis species at day −14, at the time of in-
clusion prior to the start of the study, and day 35 during the reso-
lution phase (Fig. 5F). This suggests the possibility that participants

belonging to the slow response group may be identifiable prior to
the study and are predisposed to reduced plaque formation rates
and a slower shift to gram-negative species. This delay in the gram-
negative shift, where inflammophilic bacterial (41) species increase
in relative abundance, may contribute to less-frequent episodes of
gingivitis in these individuals. The genus Streptococcus is composed
of predominantly health-associated species known to inhibit other
gram-negative species by the production of bacteriocins and hy-
drogen peroxide. S. sanguinis and S. oralis species have been shown
to inhibit Aggregatibacter actinomycetemcomitans, Porphyromonas
gingivalis, and Prevotella intermedia (42); therefore, by remaining
persistent within the community at a high abundance, they may
be delaying the overall microbial succession and plaque growth
rates seen in the high and low response groups during the onset
of experimental gingivitis.
It was also observed that the lack of expression of IL-1β in the

slow clinical response group did not significantly contribute to
gingival inflammation among individuals within this group, even
though this inflammatory mediator has been considered a hallmark
of gingival inflammation and repeatedly shown to be strongly as-
sociated with experimental gingivitis in a number of clinical studies
(43–47). Therefore, the significantly different IL-1β responses in
the high and slow clinical response groups clearly demonstrates
that multiple inflammatory etiologies can elicit the clinical mani-
festations of gingivitis. It is not known at this time if a different
microbial composition or a unique inflammatory phenotype
accounts for the lack of IL-1β expression in these individuals.
However, the data underscore the need for further characteriza-
tion of the different gingivitis phenotypes to administer effective
therapeutic interventions.
In contrast to the slow clinical response group, both the high

and low clinical response groups displayed a similar rapid increase
in bacterial plaque accumulation and microbial ecological suc-
cession patterns. Although several differences in the microbial
composition were noted, the overall lack of host chemokine in-
flammatory mediator expression with a high microbial load is
strongly suggestive that in low clinical response individuals it is the
host response, as opposed to the microbial composition, that is
primarily responsible for the low gingival inflammation. This was
observed in that both the GI and most notably the BOP scores
never attained the same degree of clinical inflammation in com-
parison to the high clinical response group, although the microbial
load continued to increase until the end of the induction phase of
the study (day 21). Furthermore, it was found that five chemokines
(MCP-1/CCL2,MIP- 3α/CCL20, SCYB16/CXCL16, GRO-α/CXCL1,
and MPIF-1/CCL23), which have been shown to contribute to
either normal bone turnover processes or alveolar bone loss dur-
ing periodontitis (31–33, 35, 48), displayed overall significantly
lower chemokine levels in our low response group when compared
to our high response group (Fig. 4). However, further investiga-
tions are needed to determine if minor microbiome differences or
host immune variability, or both, contribute to the difference be-
tween high and low clinical response groups.
Examination of chemokines that regulate neutrophil migration

revealed that all individuals, regardless of their clinical response
phenotype, modulated expression of neutrophil activation. Healthy
gingival homeostasis requires a chemokine-controlled neutrophil
migration process from the gingival vasculature, through the
junctional epithelium, and into the gingival crevice (6). In mice,
this process has been shown to require select chemokine receptors
(9, 10) and ligands, as well commensal bacterial colonization (12,
49). In humans, IL-8/CXCL8 has been shown to be selectively
expressed in clinically healthy junctional epithelial tissue, providing
a concentration gradient for constant neutrophil surveillance of the
periodontium (6). However, during experimental gingivitis it was
found that this process was disrupted in that the levels of five (IL-8/
CXCL8, GRO-α/CXCL1, GRO-β/CXCL2, ENA-78/CXCL5, GCP-
2/CXCL6) of the six neutrophil chemokines we examined did not
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increase, even though more neutrophils migrated into the junc-
tional epithelium and is typically observed in gingivitis (50).
Although a decrease in IL-8/CXCL8 during gingivitis has been

previously reported by several groups (44, 47, 51), the more ex-
tensive failure to increase a variety of other neutrophil chemokines
has not been previously reported. In contrast, MIF, not previously
recognized as a major gingival-associated neutrophil chemokine
although reported to be present in GCF (52), increased in all re-
sponse groups after the induction of experimental gingivitis. In fact,
analysis comparing MIF, IL-8/CXCL8, and neutrophil migration
clearly demonstrated that MIF replaced IL-8/CXCL8 as the
neutrophil chemokine that recruits neutrophils during experimental
gingivitis (Fig. 3B). The decrease in two CXCR1 neutrophil-activating
chemokines, GCP-2/CXCL6 and IL-8/CXCL8, provides a mech-
anism for the reduced neutrophil activation state previously de-
scribed during experimental gingivitis (24). In addition, the selective
increase in MIF, which does not engage the neutrophil-activating
receptor CXCR1 (53), provides a mechanism by which neutrophil
migration is maintained without activation and potential tissue
damage during experimental gingivitis in each clinical response
group. However, due to the association between MIF and alveolar
bone loss, it is possible that continued MIF secretion may directly
or indirectly contribute to bone loss in the transition from gingi-
vitis to periodontitis (54).
Experimental gingivitis also modulated the expression of MIP-

1α/CCL3, a bone remodeling chemokine through activation of
osteoclastogenesis (29). Furthermore, because it is well established
that the parainflammatory state during episodes of gingivitis can
develop into periodontitis (22), significantly lower levels of MIP-
1α/CCL3 in all response groups may represent a previously un-
recognized host protection mechanism to protect against bone
loss during gingivitis. Consistent with this, it has been previously
demonstrated that germ-free mice display an increase in alveolar
bone height, revealing the contribution of oral commensal
bacteria to oral alveolar bone homeostasis though a balance of
osteoblastogeneisis and osteoclastogenesis (11, 12). Significant
reduction in MIP-1α/CCL3 in all clinical response groups is con-
sistent with a change in alveolar bone homeostasis that favors less
bone resorption. The shift in both neutrophil activation and bone
homeostasis mediators reveals a previously unrecognized host
response mechanism that serves to protect the host from localized
tissue and bone damage during periods of gingival inflammation.
This study has several strengths, including the incorporation of

a large panel of subgingival GCF mediators and culture-independent
subgingival plaque microbiomes in parallel at high temporal res-
olution, including capturing changes as early as day 4. The present
study also has some limitations. Results should be interpreted with
caution due to the small sample size. Although the number of
subjects was just 21, there were 42 samples at each time point
(including test and control sides) for a total of 336 samples (210
total samples for the induction-phase experimental time points)
for each measured parameter. However, with the sample size
being 42 (including test and control sides) and the number of
independent observations being 21, statistical power for some
analyses was limited. In addition, as is typical with the analysis of
high-dimensional datasets as with this study, a large number
of statistical tests were performed, which raises the likelihood of
some false-positive results. Hence, the results should be viewed as
hypothesis-generating and replication of the results is needed.
However, it also should be noted that several of the findings
reached a very high level of statistical significance (P < 0.001),
which lessens concerns about limited power and false positives.
In conclusion, by providing the most comprehensive temporal

characterization of human inflammatory responses to oral bacterial-
induced inflammation, we identified three distinct clinical phenotypes
inducing a high, low, or slow gingival inflammatory response. The
slow clinical inflammatory phenotype was characterized by linear
responses to microbial biomass accumulation in the gingiva and

exhibited higher relative abundances of Streptococcus spp. than
the other phenotypes, which led to a clinically more resistant
homeostatic state. In addition, it is particularly noteworthy that
the slow clinical response group did not contain high gingival
crevicular fluid levels of IL-1β, revealing a novel inflammation re-
sponse for this group of individuals. In contrast, the high and low
clinical response groups demonstrated strikingly similar microbial
succession patterns that led to significantly different inflammatory
responses.
Furthermore, two protective mechanisms were identified. First,

although during bone destructive periodontitis neutrophil migra-
tion is associated with an increase in IL-8/CXCL8 in the junctional
epithelium (6), in reversible bone sparing gingival inflammation,
MIF, a neutrophil chemokine not normally associated with healthy
homeostasis increases, demonstrating a shift in the neutrophil
recruitment regime during gingivitis. Importantly, MIF-mediated
neutrophil recruitment is associated with an alternative neutrophil
chemokine expression regime with near shut down of CXCR1-
binding chemokines GCP-2/CXCL6 and IL-8/CXCL8, which ac-
tivate the oxidative killing pathway that causes tissue collateral
damage (24, 55). The lack of activation of neutrophil oxidative
killing during gingivitis has been reported previously as a tissue
saving response (24); however, the mechanism for this has not been
previously shown. Second, MIP-1α/CCL3, a chemokine associated
with bone homeostasis (26), is completely shut down during ex-
perimental gingivitis, indicative of a significant alteration in bone
turnover processes. Collectively, these findings pave the way for
the more attention to be paid to individual differences in both the
microbial composition and host response to more fully understand
bacterial dysbiosis-driven diseases.

Materials and Methods
Human Induced Gingivitis Experiment. The study methodology was based on
the established protocol by Löe et al. (14) for induction of reversible bacterial-
induced inflammation via cessation of oral hygiene in humans. Our full study
protocol was approved by the University of Washington’s Institutional Review
Board (HSD# 50151). Twenty-one generally healthy adults aged 18 to 35 y
gave consented and enrolled. For inclusion, subjects had gingival health with
no clinical signs of gingival inflammation at >90% of sites at time of screening
and had no signs of periodontal disease. Detailed inclusion and exclusion cri-
teria are presented in SI Appendix, Supplementary Materials and Methods.
The study included the following phases: 1) preinduction phase with normal
hygiene for 2 wk prior to baseline (day −14 to day 0); 2) gingivitis induction
phase lasting for 3 wk (day 0 to day 21); and 3) resolution phase for 2 wk (day
21 to day 35) (Fig. 1). During the experimental induction phase, the subjects
were given customized intraoral stents with detailed instructions for use
during regular brushing, with the purpose of preventing accidental brushing
of the experimental sites. Fidelity monitoring of the intervention was con-
ducted at each time point throughout the experiment by clinical assessment of
the plaque index. The different clinical response groups were identified at the
end of the study, as described in SI Appendix, Fig. S1.

Characterization of In Vivo Chemokine Responses during Experimental Gingivitis.
At each time point, local chemokine responsiveness was measured in gingival
transudate (i.e., GCF). Eight index tooth sites were isolated and sampled
without disrupting supragingival plaque by gentle insertion of sterile paper
strips (Periopaper; Oraflow Inc.) into the gingival crevice. Samples from the sites
were pooled and placed immediately on ice and transported to the laboratory
for processing. Samples from contralateral control teeth were also collected.
The volume of GCF samples was collected and immediately quantified with a
previously calibrated measuring device (Periotron 8010; OraFlow Inc.). GCF
samples were eluted to retrieve GCF proteins as described in SI Appendix,
Supplementary Materials and Methods. The concentrations of MPO, a good
marker of neutrophils infiltration (56), were quantified using a commercially
available ELISA kit and simultaneous quantification of multiple chemokines
was performed via a 40-plex chemokine bead-based multiplex assay (Bio-Plex
Pro Human 40-plex Chemokine Panel; Bio-Rad Laboratories).

Characterization of Microbial Changes in Response to Plaque Accumulation.
Subgingival plaque samples were collected at each study visit from both
control and test sides. Sterile paper points were inserted into the gingival
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sulcus of the six maxillary teeth for 30 s. At each study visit, a total of six
samples per study side were collected and pooled and samples were trans-
ported to the laboratory on ice and then frozen at −80 °C until further
analysis. DNA was extracted and 16S rRNA libraries were created as previ-
ously described (57, 58). For DNA extraction negative controls were imple-
mented by performing the DNA extraction protocol without plaque samples
with either kit reagents only or kit reagents with the sterile paper points
to assess for contamination. In addition, to validate the efficiency of the
technique, positive controls using known bacterial cultures were included.
Quantitative real-time PCR was performed to determine the total bacterial
load in each sequenced sample. A qPCR standard curve was generated from
serially diluted Fusobacterium nucleatum ATCC 10953 genomic DNA.

Analysis of merged 300-bp paired-end reads (average length 450 bp) was
performed as previously described (57, 58) using the Quantitative Insights into
Microbial Ecology (QIIME2, version 2018.2) (59) following the Divisive Amplicon
Denoising Algorithm 2 (DADA2) pipeline workflow (36, 60) to generate ASVs.
Taxonomic assignment to classify ASVs was performed using the Human Oral
Microbiome Database (HOMD 16S rRNA RefSeq v15.1) (61, 62). Data were in-
tegrated into a single object using the “phyloseq” R package (63) and further
analyzed (SI Appendix, Supplementary Materials and Methods).

Variation in Clinical Gingival Inflammatory Responses. Clinical data, including
PI (21), GI (20), and BOP, were assessed at each time point as measures of
clinical inflammation. All measurements were performed by a single, trained
examiner using the same type of graded periodontal probes during the
following study phases: preinduction phase (days −14 to 0), induction phase
(days 4, 7, 14, and 21), and resolution phase (days 28 and 35) (Fig. 1A). To
identify clusters of inflammatory responses among participants, we assessed
joint clinical data trajectories of gingivitis severity represented by GI and
BOP in response to plaque accumulation represented by PI from day 0 to day
21 in the test sides using an implementation of k-means specifically design to
cluster joint trajectories (23, 64).

Statistical Analysis. Clinical and mediator data were summarized into single
average scores for test and control per person at each time point and were
reported using boxplots showing medians and interquartile ranges. The
comparisons between test and control sides over time were performed using
linear mixed-models with individual subjects as random effects and implemented

in the “lme4” package version 1.1-27 (65) in R statistical software. Fixed-
effects comparisons between test and control sides, and over-time changes
within each group, were performed and post hoc false-discovery rate (FDR)
(66) corrected pairwise comparisons were reported using the emmeans()
function in the “emmeans” package in R (67). As summarized above, sta-
tistical tests based on a linear mixed-model were used to compare clinical
and chemokine data between different responder groups during the in-
duction phase (days 0, 4, 7, 14, and 21), and within each responder group
between baseline (day 0) and different time points during the induction
phase (day 4, 7, 14, and 21).

To determine themechanisms responsible for homing neutrophils through
inflamed oral junctional epithelia in bacterial-induced inflammation, we ana-
lyzed the distributions of neutrophil MPO levels, which are reflective of neu-
trophil numbers, and known mediator chemokines responsible for neutrophil
migration over time. Because the experimental bacterial-driven induction and
resolution of gingivitis led to an inverted U-shape distribution of bacterial
biomass (total bacterial 16S rRNA gene copies) in vivo, we employed quadratic
regression models to better study the temporal changes of MPO and the two
major neutrophil signaling chemokines: MIF and IL-8/CXCL8 in response to
microbial accumulation across study time points. Quadratic regression models
were implemented in R using second degree polynomials and coefficient di-
rections and P values representing the quadratic terms are reported.

Data Availability. Raw read and sample meta data have been deposited in
the National Center for Biotechnology Information Sequence Read Archive,
https://www.ncbi.nlm.nih.gov/sra (BioProject PRJNA615201) (68). The data
that support the findings of this paper and the R code used for generating
the analysis has been made publicly available in the format of an R markdown
(PDF and .html) published on a GitHub repository (https://github.com/mcleanlab/
HVGI_Study) (69). This HGVI repository contains all necessary raw and processed
files, (i.e., .biom, metadata.txt, .tree) to recreate these analyses as well as addi-
tional supplemental material derived from this study.
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