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Abstract

Background Suboptimal maternal oral health during pregnancy is potentially associated with adverse birth out-
comes and increased dental caries risks in children. This study aimed to assess the oral microbiome and immune
response following an innovative clinical regimen, Prenatal Total Oral Rehabilitation (PTOR), that fully restores women'’s
oral health to a“disease-free status” before delivery.

Methods This prospective cohort study assessed 15 pregnant women at baseline and 3 follow-up visits (1 week,

2 weeks, and 2 months) after receiving PTOR. The salivary and supragingival plaque microbiomes were analyzed using
metagenomic sequencing. Multiplexed Luminex cytokine assays were performed to examine immune response fol-
lowing PTOR. The association between salivary immune markers and oral microbiome was further examined.

Results PTOR was associated with a reduction of periodontal pathogens in plaque, for instance, a lower relative
abundance of Tannerella forsythia and Treponema denticola at 2 weeks compared to the baseline (p <0.05). The alpha
diversity of plaque microbial community was significantly reduced at the 1-week follow-up (p < 0.05). Furthermore,
we observed significant changes in the Actinomyces defective-associated carbohydrate degradation pathway and
Streptococcus Gordonii-associated fatty acid biosynthesis pathway. Two immune markers related to adverse birth out-
comes significantly differed between baseline and follow-up. ITAC, negatively correlated with preeclampsia severity,
significantly increased at 1-week follow-up; MCP-1, positively correlated with gestational age, was elevated at 1-week
follow-up. Association modeling between immune markers and microbiome further revealed specific oral microor-
ganisms that are potentially correlated with the host immune response.

Conclusions PTOR is associated with alteration of the oral microbiome and immune response among a cohort of
underserved US pregnant women. Future randomized clinical trials are warranted to comprehensively assess the
impact of PTOR on maternal oral flora, birth outcomes, and their offspring’s oral health.
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Introduction

In mothers, suboptimal and untreated prenatal oral
health care is an essential contributor to poor mater-
nal oral health, potential adverse birth outcomes, and
increased risk for early childhood caries in children [1-
3]. First, pregnancy increases the risk of oral diseases in
the mother (periodontal disease and dental caries) due to
physiological, hormonal, and dietary changes [4], which
often leads to mothers needing more routine/urgent oral
health services than when they are not pregnant. Sec-
ond, there are well-documented observational associa-
tions between poor maternal oral health and increased
risk for preterm/low-birth-weight deliveries [5, 6]. Third,
poor maternal oral health is associated with an increased
risk for dental caries in children [7]. Mother’s oral health
impacts children’s oral health at multiple levels. In the
Fisher-Owens conceptual model for child oral health, the
mother heavily influences the child from biological and
environmental aspects [8]. This association likely results
from a substantial influence of maternal oral health/
behaviors on children’s oral health and well-documented
maternal-infant transmission of oral microorganisms [9].

Dental caries is an infectious disease caused by oral
pathogens, with diet and oral hygiene as additional con-
tributors. When assessing the longitudinal influence
of the mothers on the establishment of children’s oral
microbiome, the impact first occurs when the babies are
still in the womb [10]. Several oral microorganisms, such
as Streptococcus, Fusobacterium, Neisseria, Prevotella,
and Porphyromonas, were found in the human placenta
[11, 12]. In addition, studies have detected common
oral bacteria in the amniotic fluid [11], and the placen-
tal microbiome resembles the pregnant women’s oral
microbiome more than the gut microbiome [13]. After
the child is born, the mother’s influence is also shown
through some key oral pathogens’ transmission. For
example, 70% of mothers and children share genetically
identical S. mutans strains [14]. For C. albicans, one of
the early colonizers, our study found that>60% of moth-
ers and preschool children share genetically identical
strains [15].

Poor maternal and child oral health has become an
increasingly recognized public health problem in the US
(and worldwide), affecting the most vulnerable popula-
tion who are racially and socioeconomically deprivileged
[16-18]. With the intent to improve maternal and chil-
dren’s oral health, we proposed a new therapy regimen—
Prenatal Total Oral Rehabilitation (PTOR), that targets
the critical prenatal period to fully restore women’s oral
health to a “disease-free status” before the delivery. The
PTOR includes a comprehensive examination, dental
cleaning, fillings to restore dental caries, tooth extrac-
tions, root canal therapy, and periodontal treatment as
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needed. Our previous study among 15 pregnant women
and their controls revealed that PTOR was associated
with improved oral health conditions, perinatal oral
health literacy, and a reduction in S. mutans carriage
within a 2-month follow-up period [3]. Here, we com-
prehensively assessed the impact of PTOR on the mater-
nal oral flora other than S. mutans and Candida, and the
immune response among pregnant women.

Materials and methods

Study population

This study included 15 pregnant women who received
PTOR at the Perinatal Dental Clinic at the University of
Rochester Medical Center (URMC) Eastman Institute for
Oral Health (EIOH). The PTOR treatment was completed
in 1-2 clinical visits. The reported study was approved
by the University of Rochester Research Subject Review
Board (#4628). All participants were informed of the
study objects and protocols and gave written consent
prior to study activities.

Eligibility
Individuals who met the following criteria were enrolled.

The inclusion criteria were: (1) > 18 years old; (2) preg-
nant, <28 gestational weeks; (3) 1-5 untreated cari-
ous teeth. (4) did not receive dental cleaning in the past
5 months. (5)<4 mm periodontal pocket depth for all
teeth.

The exclusion criteria were: (1) decisional impairment;
(2) received oral and/or systemic antifungal therapy
within 90 days of the baseline study visit; (3) required
premedication before dental treatment; (4)>8 missing
teeth, except third molars and orthodontically extracted
teeth; (5) removable dental prosthesis; (6) orofacial
deformity (e.g., cleft lip/palate); (7) had severe systemic
diseases (e.g., HIV).

Data collection, examination and sample collection

The participants were examined at four time points: (1)
baseline visit (V1), before receiving PTOR; (2) 1 week
after receiving PTOR (V2); (3) two weeks (V3) and two
months (V4) after PTOR. Demographic-socioeconomic
characteristics and oral hygiene behavior were collected
using a questionnaire, detailed previously [3]. In addition,
medical background, medications, and smoking status
were self-reported and confirmed by electronic medical
records.

A comprehensive oral examination was performed
at each visit by one of two calibrated dentists in a dedi-
cated examination room at the URMC, using standard
dental examination equipment, materials, and supplies.
Caries were scored using DMFT (decayed, missing, and
filled teeth) and the International Caries Detection and
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Assessment System (ICDAS) [19]. Bleeding on prob-
ing (BOP) was used to assess the gingival inflamma-
tion. Supragingival plaque was assessed using the Plaque
Index (PI) described by Loe [20]. Inter- and intra-exam-
iner agreement for the evaluated criteria was calculated
by Kappa statistics and exceeded 90% at the calibration.
Saliva/plaque sample collection was detailed previ-
ously [3]. The study participants spit approximately 2 ml
of whole non-stimulated saliva into a sterile 50 ml cen-
trifuge tube. Study subjects were instructed not to eat,
drink or brush their teeth 2 h before oral sample collec-
tion prior to their study visit. Supragingival plaques from
the whole dentition were collected using a sterilized peri-
odontal scaler. The plaque samples were resuspended in
1 ml of a 0.9% sodium chloride solution in a sterilized
Eppendorf tube. All samples were transported to the lab
within 2 h of collection and stored in a — 80 C freezer.

DNA extraction

The whole genome shotgun DNA Extraction Samples
were extracted with Dneasy PowerSoil Pro Kit (Qia-
gen, Maryland, US), automated for high throughput on
the QiaCube HT instrument (Qiagen, Maryland, US),
using Powerbead Pro Plates (Qiagen, Maryland, US)
with 0.5 mm and 0.1 mm ceramic beads. Samples were
quantified with Quant-iT PicoGreen dsDNA Assay Kits
(Invitrogen™, ThermoFisher, US).

Library preparation and metagenomic sequencing
Libraries were prepared with a procedure adapted from
the Nextera Library Prep kit (Illumina, San Diego, Cali-
fornia). For Deep Sequencing, libraries were sequenced
on an Illumina NovaSeq using paired-end 2 x 150 reads
(Ilumina, San Diego, California). DNA sequences were
filtered for low quality (Q-Score<30) and length (<50),
and adapter sequences were trimmed using cutadapt.
Fastq files were converted to a single fasta using shi7.
Sequences were trimmed to a maximum length of 100 bp
prior to alignment. The library size of the sequenced
files is shown in Additional file 1: Figure S1. The Median
Quality Scores are shown in Additional file 1: Figure S2.

OTU and functional genome content (DeepSeq)

DNA sequences were taxonomically classified using the
MetaPhlAn2 analysis tool MetaPhlAn2 maps reads to
clade-specific marker genes identified from ~ 17,000 ref-
erence genomes and estimates clade abundance within
a sample from these mappings. The rarefaction curve is
shown in Additional file 1: Figure S3. Functional profiling
was carried out using the HUMAnNN2 analysis pipeline.
HUMANN2 uses a combination of pangenome map-
ping, results from MetaPhlAn2, and translated BLAST
searches using Diamond and the UniRef90 database to
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estimate the abundance of genes in a sample, as well as
the abundances of the complete functional pathways.

Salivary cytokine level

Cytokine/chemokine assessment for 25 analytes was per-
formed in the University of Rochester Human Immunol-
ogy Center Core Lab facility on saliva samples collected
at 4 time points (Baseline, 1-week, 2-week and 2-month
after PTOR). Samples were centrifuged for 5 min at
125000 rcf at 4 °C prior to incubation of the sample at
neat concentration overnight at 4 °C in two multiplexed
magnetic bead array assays, an 18-Plex Milliplex MAP
high sensitivity human cytokine panel (Cat#HSTCMAG-
28SK) for GM-CSEF, IFNg, IL-1B, IL-2, IL-4, IL-5, IL-6,
IL-7, IL-8, IL-10, IL-12(p70), IL-13, IL-17A, IL-23, ITAC,
MIP-1a, MIP-1B, and TNFa and a 7-Pex Milliplex MAP
human cytokine/chemokine panel (Cat#HCYTOMAG-
60K) for Eotaxin, IL-la, IL-1RA, IL-15, IP-10, MDC,
and MCP-1. Both assays were performed following kit
instructions and read on a Luminex 200 instrument.
Results were reported in pg/mL based on standard curve
values.

Statistical analysis

For alpha diversity, the Shannon index was used to cap-
ture the richness (number of types of organisms) and
evenness (uniformity across organisms) for each par-
ticipant at each time point. Alpha diversity across time
was analyzed using a mixed-effects model for repeated
measures (MMRM) with an unstructured covariance
matrix [21]. For beta diversity, the Bray-Curtis distance
was used, and the results were visualized using princi-
pal coordinate analysis (PCoA) and assessed using PER-
MANOVA with permutations blocked in participants
[22]. To determine differentially abundant (DA) path-
ways and the corresponding DA taxa, an MMRM with an
unstructured covariance matrix was used for each path-
way, and then for an identified DA pathway, an MMRM
with an unstructured covariance matrix was used for
each taxon to determine DA taxa. All analyses included
race, Decayed teeth (DT), frequency of brushing, and
BOP as covariates. For multiple testing correction, the
Benjamini-Hochberg procedure was used to control false
discovery rate (FDR) at a 5% level [23].

To assess the PTOR-related longitudinal association
between immune markers and possibly related factors,
we first fitted linear mixed effects models with random
intercepts for participants of salivary cytokine levels
(pg/ml) of 10 immune markers that had valid detection
value over time on demographic and clinic factors. These
immune markers were Eotaxin, MDC, IL15, IL1RA, IL1a,
IP10, MCP1, ITAC, IL1B, and IL8. The model allows us
to compare the cytokine levels of immune markers at
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follow-up visits to those at baseline by setting the time
points as categorical. Other variables included were race,
education, vaginal yeast infection, work status, whether
brushing teeth twice daily, gestational age (equal or over
20 weeks), ICDAS level, BOP, pain score, and the number
of decayed teeth. The 10 models were fitted using statisti-
cal software SAS 9.4 (SAS Institute Inc, Cary, NC). We
then assessed the association between the species and
the immune markers using Lasso-penalized linear mixed
effects models with random intercepts using saliva and
plaque samples, respectively. The microbiome data in
both samples, together with the same set of covariates as
in the previous models, were used as candidate variables.
The tuning parameters were chosen using Jones’ BIC cri-
terion [24] for longitudinal data. A p-value less than 0.05
(p<0.05) was considered statistically significant.

Results

The demographic-socioeconomic-medical-oral back-
ground information of 15 pregnant women was reported
previously [3]. Briefly, 73% of the pregnant women were
African American, and 27% had college or more educa-
tion. The average decayed teeth number was 2.4 (SD 0.9)
before receiving PTOR. The majority of the pregnant
women were healthy, with a few individuals with hyper-
tension (13%), diabetes (7%), and smoking during preg-
nancy (7%). The gestational age of the pregnant women
when they entered the study was 26.1£7.5 weeks.

Oral microbial diversity changes following PTOR

PTOR did not alter the alpha diversity of the salivary
microbiome (Fig. 1A-1); however, it was associated with
a less diverse plaque microbial community after PTOR
(V2 vs. V1, p=0.021) (Fig. 1B-1). The reduction of alpha
diversity in the plaque microbiome was short-term
(within one week); the effect became insignificant two
weeks and two months post-PTOR. Differences in saliva
and plaque beta diversity were observed in Fig. 1A-2 and
B-2. Interestingly, although without statistical signifi-
cance, the plot indicates that the V2 microbiome in saliva
and plaque was far apart from the V1 microbiome, and
V3/V4 tends to bound back closer to V1 (saliva p=0.140,
plaque p=0.066).

Relative abundance changes following PTOR

A shift of microbial profiling occurred following receiv-
ing PTOR (Fig. 2A top 15 species in saliva and Fig. 2B
top 15 species in plaque). The relative abundance of cari-
ogenic pathogen Streptococcus parasanguinis in suprag-
ingival plaque was significantly reduced in the short
term (within one-week post-PTOR) (p=0.048). Intrigu-
ingly, the relative abundance of periodontal pathogens
[Tannerella forsythia (p=0.021), Treponema denticola
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(p<0.001), and Campylobacter rectus (p=0.039)] was
significantly reduced two weeks after PTOR (Fig. 2C).
Species-level salivary and plaque microbial profiling
sorted by individual participant seen in Additional file 1:
Figures S4 and S5.

Altered oral microbial functional pathways following PTOR
The abundance of multiple metabolic pathways of sali-
vary and plaque microbiome was identified to be signifi-
cantly different between baseline and post-PTOR visits
(Fig. 3A saliva and Fig. 3B plaque). In addition, metagen-
omic sequencing functional pathway analysis indicated
changes occurred not only at the microbial level but also
at the functional level. For example, significant changes
in the Actinomyces defectiva-associated carbohydrate
degradation pathway and Streptococcus gordonii-asso-
ciated fatty acid biosynthesis pathway were noted in the
plaque microbiome.

Modified host immune response following PTOR

Overall, the salivary load of three immune markers was
significantly different after PTOR compared to the base-
line. Factors associated with the salivary load of the
immune markers after PTOR over time (mixed effect
model) was assessed. For significant findings, see Addi-
tional file 1: Table S1. Among the panel of 25 salivary
immune markers, two immune markers are related to
adverse birth outcomes, which showed significant differ-
ences after receiving PTOR. Interferon-inducible T-cell
alpha chemoattractant (ITAC), which negatively corre-
lates with preeclampsia severity, significantly increased
at V2. Monocyte chemoattractant protein-1 (MCP-
1), which attracts or enhances the expression of other
inflammatory factors and cells, is positively correlated
with gestational age and was elevated in saliva following
PTOR.

Furthermore, we fitted a Lasso penalized linear fixed
effects model for assessing the longitudinal association
between each of the ten immune markers and its most
relevant demographic/clinic factors and oral microorgan-
isms among ~ 300 candidate variables in saliva and plaque
samples. The number of selected variables depends on
the tuning parameters that were chosen with Jones’ BIC
for longitudinal data (29), which calculates the “effec-
tive sample size” based on the covariance matrix of the
mixed model. As expected, the “effective sample size” is
between independent observations and perfectly linearly
correlated observations within each participant. Figure 4
shows that each immune marker was associated with the
same demographic or clinical variables but with differ-
ent salivary and plaque microorganisms. For example,
Eotaxin is positively associated with gestational age in
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Fig. 1 Changes of oral microbiome diversity following Prenatal Total Oral Rehabilitation (PTOR). Microbial variation between PTOR visits measured
by Shannon (A1, B1). MMRM was used for statistical analysis. Principle coordinate analysis (PCOA) plot was generated using OTU metrics based on
beta diversity Bray—Curtis index (A1, B2). PERMANOVA was used for statistical analysis

both saliva and plaque models but with different micro-
organisms in those samples.

Discussion/conclusion

Maternal oral health impacts children’s oral health,
including the transmission of oral microorganisms from
mothers to children in early life [15]. Therefore, reduc-
ing maternal oral pathogens during pregnancy is critical
since it could potentially reduce or delay the colonization
of oral pathogens in the infant’s oral cavity. Interestingly,
although studies from us and others [3, 25, 26] have dem-
onstrated that receiving atraumatic dental restorative
treatment during pregnancy led to a significant reduction
of S. mutans carriage, and receiving periodontal treat-
ment such as scaling and root planning decreased the

oral carriage of periodontal pathogen level, the impact
of prenatal oral health rehabilitation on the oral micro-
biota in a whole remains unclear. This pilot study, to
our knowledge, is the first study that comprehensively
assessed the changes in the oral microbiome and salivary
immune responses following PTOR among pregnant
women. PTOR was associated with an abundance reduc-
tion of periodontal pathogens in supragingival plaque, for
instance, a lower relative abundance of T. forsythia and T.
denticola at two weeks compared to the baseline. In addi-
tion, the diversity of the plaque microbial community
was significantly reduced following PTOR at a 1-week
follow-up. Furthermore, metagenomic sequencing func-
tional pathway analysis indicated changes occurred at the
microbial and functional levels. We observed significant
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supragingival plaque

changes in the A. defectiva-associated carbohydrate deg-
radation pathway and S. gordonii-associated fatty acid
biosynthesis pathway.

Another study highlights the assessment of immune
response following PTOR and the association between
immune markers and oral microbiome. Since limited
previous research has revealed the association between
immune response and oral microbiome, we surveyed
a panel of 25 immune markers to understand the

(See figure on next page.)

potential association. These markers have recently been
assessed by a cross-sectional study among 5-10 years
old children [27], where a significant elevation of sali-
vary cytokines, e.g., IL-6, IL-10, IL-13, IL-15, were
found among children with caries. In addition, immune
markers, such as IL17 [28], have established roles dur-
ing anti-fungal immunity. Several salivary immune
markers (Eotaxin, MCP-1, and ITAC) were associated
with PTOR treatment in this study. Worth noting that

Fig. 3 Changes of oral microbial abundance and functional pathway following Prenatal Total Oral Rehabilitation (PTOR). A Changes of oral
microbial abundance and functional pathway in saliva. B Changes of oral microbial abundance and functional pathway in supragingival plague. To
determine differentially abundant (DA) pathways and the corresponding DA taxa, an MMRM with an unstructured covariance matrix was used for
each pathway; for an identified DA pathway, an MMRM with an unstructured covariance matrix was used for each taxon to determine DA taxa. All
analyses included race, Decayed teeth (DT), frequency of brushing, and BOP as covariates. For multiple testing correction, the Benjamini-Hochberg
procedure was used to control false discovery rate (FDR) at a 5% level. Arcs in different colors correspond to different superclasses. For instance, the
orange-colored arc represents superclass “fatty acid” that include pathways P8 and P24
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2000 3 Marital status (married) + Marital status (married) +
. Gestational age (>20 weeks) + Gestational age (>20 weeks) +
F 3000 Actinomyces HPA0247 + Actinomyces OT 848 +
§ s Rothia dentocariosa + Rothia dentocariosa +
;’ 2000 Bifidobacterium dentium + Lactobacillus salivarius +
o @ E : Gemella haemolysans + Parvimonas micra -
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0 Streptococcus intermedius - Fusobacterium nucleatum
Baseline 1-week  2-week  2-month Eubacterium saphenum + Campylobacter curvus -
Bulleidia extructa -
Selenomonas sputigena +

Fig. 4 Levels of salivary immune markers following Prenatal Total Oral Rehabilitation (PTOR). A Eotaxin levels in saliva B ITAC Eotaxin levels in saliva,
and C MCP1 Eotaxin levels in saliva. To assess the PTOR-related longitudinal association between immune markers and possibly related factors, we
first fitted linear mixed effects models with random intercepts for participants of salivary cytokine levels (pg/ml) of immune markers over time on
demographic and clinic factors. The model allows us to compare the cytokine levels of immune markers at follow-up visits to those at baseline

by setting the time points as categorical. Other variables included were race, education, vaginal yeast infection, work status, whether brushing
teeth twice daily, gestational age (> =20 weeks), ICDAS level, BOP, pain score, and the number of decayed teeth. We then assessed the association
between the microbial species and the immune markers using Lasso-penalized linear mixed effects models with random intercepts using saliva
and plaque samples, respectively. The results are shown in tables on the right side for each immune marker. The microbiome data in both samples,
together with the same set of covariates as in the previous models, were used as candidate variables. The tuning parameters were chosen using

Jones'BIC criterion for longitudinal data

the statistical analysis regarding the immune mark-
ers was adjusted for the baseline gestational age. We
grouped the gestational age into two groups, before and
after 20 weeks. The immune markers reported in Fig. 4,
Eotaxin, MCP1, and ITAC, were not affected by moth-
ers’ baseline gestational age.

Eotaxin

Human Eotaxin is a 74 amino acid polypeptide, non-
glycosylated protein chemokine which is expressed by
a variety of cells, including endothelial cells, epithelial

cells, broncho-alveolar macrophages, lung, and dermal
fibroblasts, smooth muscle cells, and chondrocytes [29].
Increased levels of circulating eosinophils are pathog-
nomic characteristics for several allergic, inflammatory
disorders, and malignancies [30]. Paque and colleagues
identified four potential salivary biomarkers (IL-4, 13,
2-ra, and chemokine Eotaxin/CCl11) as discriminatory
and could be used to determine the caries susceptibility
of an individual. Elevated levels of all four biomarkers
for the caries-affected patient were observed, includ-
ing chemokine Eotaxin (1.7 pg/mL=+£0.9 in patients with
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deep caries) [31]. Contrarily, the authors pointed out that
bacterial composition was not as helpful in classifying
caries compared to cytokine/chemokines assessments.
These biomarker assays may help clinicians classify the
patient and monitor treatment responses by tracking the
oral microenvironment health [31]. Queiroz et al. dem-
onstrated that serum levels of inflammatory biomarkers
such as Eotaxin could distinguish periodontitis patients
from healthy controls. Significantly higher serum lev-
els were detected in patients with chronic periodontitis
compared to healthy controls (p =0.0124) [32]. Our study
identified a reduced salivary Eotaxin level at the 1-week
follow-up post-PTOR, which might indicate an improved
oral health status, including restored caries and improved
periodontal conditions from receiving PTOR.

Monocyte chemoattractant protein 1

MCP-1 is a CC chemokine that was first characterized
based on its properties to recruit monocytes into active
inflammatory sites [33]. They are expressed either con-
stitutively or induced by cytokines, growth factors, or
oxidative stresses [33]. MCP-1 is also overexpressed in
metastatic invasion and has an unfavorable prognosis in
esophageal squamous cell carcinoma [34] and head and
neck squamous cell carcinoma [35]. Although increased
serum and gingival crevicular fluid levels of MCP-1 can
serve as a diagnostic biomarker for periodontal infection,
including aggressive periodontitis [36, 37], Yeates et al.
reported that higher concentrations of MCP-1 predicted
a longer gestational age, suggest that these cytokines
have actions that could prevent early parturition, perhaps
through regulatory effects on the chemotaxis of other
immune cells [38].

Interferon-inducible T-cell-alpha chemoattractant (ITAC)

ITAC cytokine (also known as CXCL-11) is expressed
by CXR3 receptors. They are secreted by various cells
such as monocytes, endothelial cells, and fibroblasts
when induced by INF-y and TNF-a [39]. It is primar-
ily involved in Thl-mediated immune responses and is
thereby implicated in autoimmune disorders. Due to
their angiogenic functions, they have been implicated in
tumor invasion and advancement [40]. Serum levels of
ITAC and CXCL13 were positively correlated in patients
with primary Sjogrens syndrome who exhibited con-
tinuing disease activity [41]. Owing to its role in T-cell-
mediated inflammatory responses, significantly higher
levels of ITAC have been detected in tissue samples of
patients with oral lichen planus compared with healthy
mucosal tissue [42]. Compared to controls, severe preec-
lamptic women displayed significantly lower ITAC and
IP-10 in the umbilical cord plasma samples at the near-
term gestation period [43]. Preeclamptic cases displayed
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significantly lower median plasma umbilical artery and
vein levels of ITAC compared to controls, 2.0 vs. 13.9 and
11.9 vs. 31.6 pg/mL, p<0.05, in artery and vein, respec-
tively. In our study, PTOR is associated with an elevated
ITAC at 1-week follow-up, which could signify a poten-
tially reduced risk for preeclampsia.

More interestingly, our results revealed a correla-
tion between oral microorganisms and salivary immune
marker levels. The number of different factors was deter-
mined to be of importance in predicting the outcome of
immune markers before and after PTOR visits using the
LASSO-penalized linear mixture models. There was a
noticeable difference between the immune marker lev-
els pre- and post-PTOR, though this change is restricted
to the week following PTOR, as afterward, markers are
largely restored to their baseline levels (Fig. 4). This may
indicate that the influence of PTOR in these markers is
effective but short-term. A positive sign for a factor indi-
cates that the factor in question (or an increase in the
level of the microbiota detected) is associated with an
increase in the immune marker, whereas a negative sign
is associated with a decrease. For example, being married
is associated with an increased presence of the immune
marker MCP-1 (Fig. 4C). One finding of note during the
analysis was in modeling the immune marker Eotaxin,
specifically for the salivary sample. The correlation
between the factor gestational age and Prevotella melani-
nogenica was determined to be negative with a correla-
tion coefficient of -0.43, whereas the correlation between
gestational age and Eotaxin was positive at value of 0.30.

Potential mechanism of PTOR on mothers’ and children’s
oral health

As we continue the follow-up for the children whose
mothers received PTOR, we propose the following hypo-
thetic model (Fig. 5) and plan to confirm our findings
and test hypotheses based on this model in a large-scale
trial. First, PTOR helps pregnant women achieve caries-
free status before delivery, which is potentially associ-
ated with an altered oral microbial community, including
fewer pathogenic organisms and favorable changes in
immune markers. PTOR is also potentially related to
reduced vertical transmission of oral pathogens from
mothers to their infants. Second, PTOR reduces gingi-
val inflammation, potentially associated with the host
immune response, and in turn, affects the oral microbi-
ome. Finally, PTOR helps women increase their knowl-
edge in perinatal oral health, which would improve
their oral hygiene practice and their children’s feeding,
oral hygiene practice, and early infancy dental care uti-
lization. Collectively, providing PTOR has the chance to
reduce early childhood caries (ECC) onset. In this pilot
study, we only tested the effect of PTOR on mothers’ oral
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Fig. 5 Hypothetic effect of Prenatal Total Oral Rehabilitation (PTOR) on mother’s and child’s oral health. We propose the hypothetic model of PTOR's
effect. First, PTOR helps pregnant women achieve caries-free status before delivery, which is potentially associated with an altered oral microbial
community including fewer pathogenic organisms and plausible changes in immune markers. PTOR is also potentially related to a reduced vertical
transmission of oral pathogens from mothers to their infants. Moreover, PTOR reduces gingival inflammation, potentially associated with host
immune response, and in turn, affects the oral microbiome. Finally, women received PTOR have increased knowledge in perinatal oral health, which
would improve their oral hygiene practice, and their children’s feeding, oral hygiene practice, and early infancy dental care utilization. Collectively,

providing PTOR could potentially reduce early childhood caries onset

health and microbial changes during pregnancy. Due to
the study design with 2-month follow up period, and the
small sample size, the study is not powered to detect the
birth outcome difference between the PTOR group and
the general population. The long-term effect of PTOR
on mothers’ oral health, children’s oral health, and birth
outcomes deserve further investigation in well-designed
clinical trials.

Limitations

The following limitations need to be considered when
interpreting our study results: (1) Limited sample size
that hampers further stratification of factors, such as
assessment of baseline gestational age on oral micro-
biome changes following PTOR; (2) The study was only
conducted in one US city. Thus, generalization to other
populations is unreliable due to the small convenient
sample size.

Conclusions

PTOR, a clinical regimen that targets the critical pre-
natal period and fully restores women’s oral health to a
"disease-free status" before the delivery, is associated
with the alteration of the oral microbiome and immune
response among a cohort of underserved US pregnant
women. Therefore, future randomized clinical trials are
warranted to comprehensively assess the impact of PTOR
on the maternal oral flora, birth outcomes, and their off-
spring’s oral health.
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