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ABSTRACT 

TREG REGULATION IN PERIODONTAL DISEASE DURING PREGNANCY 

Aislinn L. Hays 

April 20, 2017 

Background: Although pregnancy is prone to induce more severe periodontal 

inflammation and tissue damage, its mechanism remains elusive. Periodontal 

diseases during pregnancy are associated with adverse pregnancy outcomes 

including preterm birth or low birth weight. Animal models are ideal for 

investigating immunological mechanisms in periodontal disease. With a newly 

modified ligature-induced disease model, we managed to develop periodontal 

disease in pregnant mice and investigate the immunological mechanism of more 

severe symptoms during pregnancy.  

Hypothesis: We hypothesis that P. gingivalis infection during pregnancy will lead 

to a down-regulation of Treg cells, therefore causing increased inflammation and 

disease severity. 

Methods: A ligature-induced murine model for periodontitis has been modified 

and utilized for periodontal inflammation and tissue damage determination in 

pregnant mice. Differential expression of inflammatory mediators in mouse 

gingivae was determined by quantitative real-time PCR. Inflammatory alveolar 
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bone loss was determined by measuring the distance from the cementoenamel 

junction to the alveolar bone crest (CEJ-ABC). Oral bacteria number was 

determined by the CFU (Colony Forming Units) count from anaerobic culture of 

oral swabs. Draining lymph nodes were harvested and analyzed for Treg cells by 

flow cytometry. 

Results: In comparison with non-pregnant mice, ligated and P. gingivalis infected 

pregnant mice displayed significantly (p < 0.05) increased gingival inflammation 

and periodontal bone loss, accompanied by decreased Treg cells and down-

regulated expression of Treg-related molecules and anti-inflammatory cytokines. 

Conclusion: Our study has established a model to manifest that P. gingivalis 

infection causes aggravated periodontal disease during pregnancy, possibly 

through down-regulating Treg numbers and anti-inflammatory capability. 
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CHAPTER 1: INTRODUCTION 

 

 

1.1 PERIODONTAL DISEASE 

The human oral cavity is inhabited by approximately 700 species of 

prokaryotes; commonly referred to as the oral microbiome (T. Chen et al., 2010). 

Humans can maintain a healthy stable oral microbiome in which host-microbial 

interactions are in balance. However, shifts in microbiome composition leading to 

a dysbiotic state can initiate the development of oral diseases (Mira, Simon-Soro, 

& Curtis, 2017). The oral cavity provides various habitats in which 

microorganisms can form highly structured multi-species communities in the form 

of biofilms; one of which is the tooth surface (Dewhirst et al., 2010). Buildup of 

biofilms in the form of dental plaque is essential for the development of 

periodontal disease.  As subgingival dental plaque accumulates, microbial 

succession occurs and there is a shift from oral health towards a pathogenic 

community (Berezow & Darveau, 2011; Siqueira & Rocas, 2009). The shift to 

pathogenic community is thought to be linked to the colonization of key bacteria 

or “keystone pathogens” (G. Hajishengallis, Darveau, & Curtis, 2012). 

P. gingivalis, T. forsythia, and T. denticola are consistently found in the 

subgingival plaque of patients with periodontal disease and subsequently are
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considered to be periodontal pathogens (Richard P. Darveau, 2010; Holt & 

Ebersole, 2005). Evidence for this theory has been seen with P. gingivalis and 

the development of periodontitis. Studies have shown that low levels of 

P. gingivalis have the ability to change the microbial composition of biofilms 

through the manipulation of the host immune response thus creating an 

advantageous environment for microbial growth (George Hajishengallis & 

Lambris, 2012; George Hajishengallis et al., 2011; Wang et al., 2010).   

Periodontal disease is defined as an inflammatory disease of the 

periodontal tissue and is categorized as gingivitis and periodontitis. Gingivitis is 

the mildest form of periodontal disease, characterized by redness, bleeding and 

inflammation of the gingival tissue. Gingivitis does not cause damage to the 

connective tissue and is reversible with oral hygiene.  Progression of periodontal 

disease results in periodontitis, characterized by gingival inflammation with 

damage to the tooth supporting connective tissue causing attachment loss, 

formation of a periodontal pocket and alveolar bone loss. Severe periodontitis 

can result in premature tooth loss (Armitage, 1995; Pihlstrom, Michalowicz, & 

Johnson).  

The pathogenesis of periodontal disease is determined by the host 

immune inflammatory response to microorganisms of the subgingival biofilm. 

Initial response to microbial challenge involves the production of cytokines and 

chemokines by epithelial cells and other resident cells resulting in vasodilation, 

recruitment of innate immune cells, and activation of the complement system 

(Cekici, Kantarci, Hasturk, & Van Dyke, 2014). Production of pro-inflammatory 
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innate immunity cytokines TNF-α, IL-1, and IL-6 have been directly associated to 

the promotion of periodontal tissue inflammation and alveolar bone reabsorption 

(G. P. Garlet, 2010).  Besides innate immune components, adaptive immunity 

also plays an important role in periodontal disease progression. Bacterial 

clearance failure leads to the activation of the adaptive immune system. More 

specifically, bacterial antigens are presented to naïve T- and B- cells by antigen-

presenting cells (APCs) thereby activating their development and differentiation 

(Cekici et al., 2014). Protective or destructive roles of CD4+ T helper cell subsets 

in periodontal diseases are controversial. A newly defined CD4+ T helper cell 

subset, regulatory T cells (Tregs), has been associated in providing protection 

against periodontal disease inflammation by suppressing pro-inflammatory 

T helper cell subsets (G. P. Garlet, 2010).  

 

1.2 CD4+ T CELLS 

B and T lymphocytes originate from the bone marrow and are derived 

from hematopoietic stem cells. While B lymphocytes remain in the bone marrow 

to mature, T progenitor cells must migrate to the thymus where they can 

differentiate into two populations, naïve CD4+CD8- cells or CD4-CD8+ cells 

(Takahama, 2006). CD4+ T cells (helper T cells) are key players in the adaptive 

immune response through their production of cytokines which mediate B cell 

activation and antibody production, as well as activation of macrophages and 

cytotoxic T cells (Alberts B, 2002).  Activation of naïve CD4+ T cells for further 

differentiation and cytokine production requires antigen presentation by APCs 
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through MHC molecules to T cell receptors. Naïve CD4+ T cell differentiation can 

lead to four distinct subsets (Th1, Th2, Th17, and Treg) and is dependent on the 

production of specific transcription factors, cytokines and co-stimulatory 

molecules for each population (Jin, Sun, Yu, Yang, & Yeo, 2012).  Th1, Th2, and 

Th17 cells are involved in pro-inflammatory responses to oral microbial 

challenge. Th17 cells are also closely associated with autoimmune inflammatory 

diseases. Inversely, regulatory T cells (Tregs) have been shown to regulate and 

maintain host immune homeostasis by suppressing T cell proliferation and 

cytokine production (Cottrez, Hurst, Coffman, & Groux, 2000).   

Activated CD4+ T cells are defined by the cytokines which they produce. 

Th1 cells are characterized by their production of IL-2 and IFN-γ while Th2 cells 

are known to produce IL-4, IL-5, IL-13, IL-9, and IL-10 notably.  In respect to 

Th17 and Treg cells, IL-17A, IL-17F, and IL-22 are produced by Th17 cells and 

IL-10 and TGF-β are produced by Tregs (Raphael, Nalawade, Eagar, & 

Forsthuber, 2015; Zhu, Yamane, & Paul, 2010). The presence of particular 

cytokines and transcription factors also plays a role in the induction and 

identification of different CD4+ T cell subsets. The presence of TGFβ cytokine is 

known to promote development of Th17 and Treg cells; however, it has been 

shown that cytokine IL-6 presence suppresses differentiation away from Treg to 

Th17, making IL-6 critical for Th17 cell differentiation (Bettelli et al., 2006; Zhou 

et al., 2007). In addition, orphan nuclear receptor RORγt is a critical Th17 

specific transcription factor and its expression is essential in the development 

and function of Th17 cells (Ivanov et al.; Yang et al.). For Treg cells, transcription 
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factor forkhead box P3 (FoxP3) has been found to be the master regulatory gene 

for Treg cells making it not only critical for development, but expression is also 

essential in Treg function (Hori, Nomura, & Sakaguchi, 2003; Sakaguchi, Miyara, 

Costantino, & Hafler, 2010).  RORγt and FoxP3 are both used as specific 

markers for Th17 and Treg cell identification respectively. 

 

 

 

 

Figure 1. Schematic depiction of CD4+ T cell differentiation.  
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CD4+ T cells have been observed to play protective and destructive roles 

in periodontal disease. For instance, TH1 cells promote bone resorption through 

their expression of RANKL and recruitment of RANKL+ cells to periodontal 

tissues (Repeke et al., 2010). Similarly, Th2 cell cytokines have been associated 

with progressing periodontal disease by promoting further inflammation and bone 

resorption; particularly through the expression of IL-6 (Aoyagi, Sugawara-Aoyagi, 

Yamazaki, & Hara, 1995; Baker et al., 1999). For newly defined TH17 and Treg 

cells, more recent studies have helped unravel the roles they play in periodontal 

disease development and progression. High expression of IL-17, a Th17 related 

cytokine, has been found in the gingival tissue of periodontal disease patients 

and is associated with increased severity of periodontal tissue damage and bone 

loss (reviewed in (W.-C. Cheng, Hughes, & Taams, 2014)). Conversely, Foxp3+ 

Treg cells attenuate inflammation and bone resorption and express anti-

inflammatory cytokine Il-10 which has been proposed to regulate Il-17 expression 

in periodontal disease (Gustavo P. Garlet et al., 2010; Moretti et al., 2015).  

 

1.3 REGULATORY T CELLS IN PERIODONTAL DISEASE 

Treg cell suppressive function in regulating immune homeostasis must be 

finely tuned. In response to microbial challenges, excessive Treg function can 

lead to down regulated immune protection causing chronic infection; while 

suppressed Treg function may result in an increased protective immune 

response leading to excessive inflammation and possible tissue damage 

(Richert-Spuhler & Lund, 2015; Smigiel, Srivastava, Stolley, & Campbell, 2014). 
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In chronic inflammatory diseases, such as periodontal disease, CD4+Foxp3 Treg 

cells may play an important role in preventing excessive tissue damage and bone 

loss. Indication of this is seen with the marked presence of Tregs in periodontal 

lesions as well as increased Treg proliferation stimulated by the presence of oral 

pathogen P. gingivalis (Cardoso et al., 2008; Kobayashi et al., 2011; Nakajima et 

al., 2005). Upregulation of Tregs in periodontal tissue coinciding with increased 

production of anti-inflammatory IL-10 cytokine further indicates Treg protective 

role by mediating inflammatory responses to oral pathogens (Kobayashi et al., 

2011).  In fact, inhibition of Treg function resulted in increased inflammation and 

alveolar bone loss in mice with periodontal disease (Gustavo P. Garlet et al., 

2010). Furthermore, production of Treg related cytokine, IL-10, has been shown 

to be involved in maintaining alveolar bone homeostasis and its absence results 

in increased bone loss (Claudino et al., 2010).  A disruption in Treg regulation in 

periodontal disease may lead to increased severity resulting in greater 

periodontal tissue damage, attachment loss and alveolar bone loss.  

 

1.4 PERIODONTAL DISEASE DURING PREGNANCY 

During pregnancy women are susceptible to periodontal tissue 

inflammation with 35-100% of pregnant women developing gingivitis (Gürsoy, 

Pajukanta, Sorsa, & Könönen, 2008). In most instances, it was reported that 

gingival inflammation did not cause periodontal attachment loss and that effects 

were reversible after pregnancy (Tilakaratne et al., 2000b; Wu, Chen, & Jiang, 

2015). However, recent reports have shown that gingival inflammation during 
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pregnancy can cause severe attachment loss in some patients (Lachat, Solnik, 

Nana, & Citron, 2011). In addition, studies have demonstrated there may be an 

association between periodontal disease during pregnancy and adverse 

pregnancy outcomes such as preterm birth and/or low birth weight (Chambrone, 

Guglielmetti, Pannuti, & Chambrone, 2011; Macedo et al., 2014; Perunovic et al., 

2015).  Despite being well documented, the etiology of pregnancy gingivitis is still 

not clearly defined.  

  It is believed that fluctuations in pregnancy hormone levels are in part 

responsible for increased gingival inflammation during pregnancy; however, its 

exact mechanism is not fully determined. Studies have shown an association 

between changes in estrogen and progesterone levels with shifts in the 

regulation of immune cells (Pazos, Sperling, Moran, & Kraus, 2012). For T helper 

cells, the number of CD4+ cells tended to increase while CD4+Foxp3+ T 

regulatory cell number decreased systemically during the 2nd and 3rd trimesters of 

pregnancy (Mjosberg et al., 2009; Raber-Durlacher, Leene, Palmer-Bouva, 

Raber, & Abraham-Inpijn, 1993). Changes in the number of CD4+ T cells 

coincided with reports of increased numbers of subgingival micro-organisms and 

increasing gingival inflammation as pregnancy progressed into the 2nd and 3rd 

trimester (Laine, 2002a; Wu et al., 2015).  

Changes in the subgingival microbial composition during pregnancy have 

also been proposed to contribute to the development of exacerbated gingival 

inflammation.  In the 2nd and 3rd trimesters, increased presence of periodontal 

oral pathogens have been observed. Notably, P. gingivalis, 
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A. actinomycetemcomitans, and P. intermedia were found to have the greatest 

increase in pregnant women (Borgo, Rodrigues, Feitosa, Xavier, & Avila-

Campos, 2014; Ana Carrillo-de-Albornoz, Figuero, Herrera, & Bascones-

Martínez, 2010; Emmatty, Mathew, & Kuruvilla, 2013). However, some studies 

have found that differences in certain oral pathogen number were not 

significantly different between pregnant and non-pregnant women (Adriaens, 

Alessandri, Spörri, Lang, & Persson, 2008), but an association was found 

between more severe gingival inflammation and the presence of certain oral 

pathogens (Ana Carrillo-de-Albornoz et al., 2010). Despite contradictory reports, 

it is established that plaque is necessary to induce gingival inflammation during 

pregnancy and removal of plaque with an intense oral hygiene regimen can help 

reduce gingival inflammation severity (Arafat, 1974; Geisinger et al., 2014; Kaur 

et al., 2014) 

 

HYPOTHESIS 

Women may experience varying degrees of gingival inflammation during 

pregnancy. Although clinically well documented, its etiology remains elusive. The 

presence of periodontal pathogens has been correlated with the development of 

gingival inflammation; however, it is unclear why some women develop more 

severe inflammation leading to periodontal tissue damage and alveolar bone 

loss. A possible contributing factor is the systemic shift of immune cell 

populations due to fluctuating pregnancy hormones. One affected population that 

is critical for immune hemostasis is CD4+Foxp3+ Treg cells. Serum samples 
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taken from pregnant women indicate that Treg development is down regulated in 

the 2nd and 3rd trimesters. Treg cells have been shown to infiltrate periodontal 

lesions and reduce inflammatory periodontal tissue damage and alveolar bone 

loss. We hypothesize that in response to oral pathogen stimulus, gingival Treg 

development is suppressed during pregnancy, which may be associated with 

exacerbated gingival inflammation and periodontal tissue damage.
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CHAPTER 2: METHODS AND MATERIALS 

 

 

2.1 PREGNANCY PERIODONTAL DISEASE MODEL 

In order to effectively investigate Treg role in periodontal disease during 

pregnancy we developed a pregnancy gingival inflammation murine model. By 

adopting a more intensified ligature-induced inflammatory periodontal disease 

model, we are able to induce gingival inflammation in pregnant mice within the 

short mouse gestational period of 18-20 days. In our model, female C57BL/6 

mice are paired with BALB/c males and checked for vaginal plugs, indicating 

copulation. Upon appearance of vaginal plugs (day 0 of gestation), female mice 

are separated from the males. At day 6 of gestation, a ligation around the 2nd 

maxillary molar, consisting of 6-0 silk suture, is placed in the gingival sulcus of 

female mice. Mice are then infected with 1 x 109 colony-forming units of P. 

gingivalis ATCC33277 at the time of ligation and subsequently every other day 

up to day 18 of gestation. On day 18 of gestation, the experiment is terminated. 

In our experiments we maintained four groups: Pregnant mice with induced 

periodontal disease (ligation with Pg infection), Pregnant control (No ligation or 

Pg infection), Non-pregnant mice with induced periodontal disease, and Non-

pregnant control. All animal experiments were approved by the University of 

Louisville Institution Animal Care and Use Committee 
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Figure 2. Schematic depiction of ligation induced periodontal disease during 

pregnancy. Ligation around maxillary molar with Pg infection will induce 

inflammation and tissue damage in pregnant mice in a shorter and specific period.  

 

 

 

2.2 RNA ISOLATION AND QUANTITATIVE REVERSE TRANSCRIPTION-PCR 

We harvested maxillary gingiva from infection induced pregnant/non-

pregnant and control pregnant/non-pregnant mice. Gingival tissue was immersed 

in RNAlater® (Ambion Cat # AM7020) and kept at 4℃ overnight; then stored at 

−20℃ until further isolation of RNA. Gingival tissue was placed in RLT buffer 

(with beta-mercaptoethanol) and disrupted by a homogenizer. After 

homogenization, lysate was centrifuged and supernatant was conserved.  

RNeasy® mini kit (QIAGEN Cat # 74104) was used to isolate RNA from 

supernatant and DNase treatment was performed using RNase Free DNase Set 
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(QIAGEN Cat # 79254). Concentration of isolated RNA was measured with a 

NanoDrop spectrophotometer. 4μg of RNA was used from each sample for cDNA 

synthesis. High capacity cDNA Reverse Transcription Kit (Applied Biosystems 

Cat # 4368814) was used for the RT-PCR reaction. RNA was quantitatively 

determined by real-time PCR using an ABI 7500 System (Applied Biosystem). 

 

2.3 LYMPHOCYTE ISOLATION AND QUANTIFICATION BY FLOW 

CYTOMETRY 

We harvested the cervical lymph nodes from infection induced 

pregnant/non-pregnant and control pregnant/non-pregnant mice. Lymph nodes 

were smashed in 2 ml of Magnetic-activated cell sorting (MACS) buffer to release 

lymphocytes, followed by filtration through a cell strainer. Cells were counted and 

re-suspending in MACS to achieve 1X106 cells/ml concentration. 100 μl of cell 

suspension was transferred to a new tube and cells were stained for cell surface 

antigens with fluorescent-conjugated anti-CD3-APC and CD4-Percp 

(eBioscience) for 20 minutes and then washed. Foxp3 fixation/permeabilization 

working solution was added to cells and incubated in the dark at 4℃ for at least 

30 min or up to 18 hours in solution. After incubation, cells were washed and re-

suspended in 100μl of 1X Permeabilization buffer. Cells were then stained with 

1.5μl/50μl fluorescent-conjugated anti-Foxp3 antibody and incubated in the dark 

for 30 min at room temperature. After incubation cells were washed, re-

suspended in 200μl MACS buffer and analyzed by flow cytometry. The 
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percentage of CD3+CD4+Foxp3+ (Treg) cells in CD3+CD4+ (Th) cells population 

was determined.   

 

2.4 ORAL BACTERIA QUANTIFICATION 

The oral cavity of each animal was sampled on day 18 of gestation 

(experiment termination date) with a sterile cotton swab. Swab samples were 

vortexed in 1000 µl of phosphate-buffered saline (PBS). Serial dilution of the 

bacterial suspension to 10-2, 10-3, and 10-4 was conducted. Aliquots 50µl of each 

dilution were plated onto blood agar plates. Bacterial plates were incubated 

anaerobically at 37℃ for one week. Bacterial colonies were then counted to 

determine CFU. 

 

2.5 ALVEOLAR BONE LOSS QUANTIFICATION 

Horizontal bone loss around the maxillary molars was determined 

morphometrically by measuring the distance between the cementoenamel 

junction (CEJ) and alveolar bone crest (ABC). Skulls or hemisected mandibles 

were boiled for 10 min at a pressure of 15 Lb/in2 and then defleshed. They were 

immersed overnight in 3% hydrogen peroxide, pulsed for 1 min in 1% bleach, 

washed and air dried. They were then stained with 0.5% eosin for 5 minutes 

followed by 1% methylene blue for 1 minute. Skulls were washed well after 

staining and air dried. Measurements were obtained at seven sites on the buccal 

side of the left and right maxillary molars. A total of 14 buccal site measurements 
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per mouse were obtained for the distance from (CEJ to ABC). These 

measurements were made under a dissection microscope (x40) fitted with a 

video image marker measurement system (model VIA 170; Boeckeler 

Instruments, Inc., Tucson, Ariz.); it is standardized to give measurements in 

millimeters. The amount of change in the alveolar bone for each individual mouse 

was calculated by subtracting the CEJ to ABC distance for that mouse from the 

mean CEJ-ABC distance for each corresponding control group. 

 

 

 

 

Figure 3. Eosin methylene blue staining on maxillary jaw bone with depiction of 7 

CEJ-ABC measurement sites.  
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CHAPTER 3: RESULTS 

 

 

3.1 LIGATION WITH P. GINGIVALIS INFCTION INDUCED HIGHER PRO-

INFLAMMATORY CYTOKINE EXPRESSION IN PREGNANT MICE 

It is well known that pregnant women tend to develop gingival 

inflammation and this symptom is commonly referred to as pregnancy gingivitis. 

In order to understand the pathogenesis of the disease, we established a murine 

model to induce gingival inflammation by ligating the second molar of the mice 

(described in Methods and Fig. 2). Reports showed that P. gingivalis was found 

in pregnant women with gingivitis (A. Carrillo-de-Albornoz, Figuero, Herrera, & 

Bascones-Martinez, 2010; Kornman & Loesche, 1980; Laine, 2002b; Raber-

Durlacher, van Steenbergen, Van der Velden, de Graaff, & Abraham-Inpijn, 

1994). Therefore, we infected the pregnant mice with P. gingivalis ATCC 33277 

after ligation and infected again every other day (Fig. 4A). The experiment was 

terminated at day 18 of gestation (mouse gestation usually lasts 19-21 days). At 

the termination of experiment, gingival tissues were harvested and assessed for 

the pro-inflammatory cytokine expression, after removal of the ligatures, which 

remained in place in all mice throughout the experimental period (day 6-18 of 

gestation). We tested the gingival expression of IL-1, which is elevated in 

periodontal disease patients and was shown to drive periodontal disease in
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animal models. Ligation and Pg infection induced IL-1  expression in both 

pregnant mice and non-pregnant mice, compared with their non-ligated 

counterparts. Higher IL-1β expression was detected in pregnant mice (Fig. 4A). 

IL-17 is an important pro-inflammatory and bone-resorption cytokine expressed 

by both innate and adaptive immune cells, such as CD4+Th17 cells (Weaver, 

Hatton, Mangan, & Harrington, 2007). Previous reports showed that IL-17 is 

critical in inflammatory periodontal disease (Eskan et al., 2012). IL-17 expression 

is dramatically upregulated in both infection-induced pregnant and non-pregnant 

mice. Furthermore, IL-17 is expressed at significantly higher levels in infection-

induced pregnant mice than non-pregnant mice. Besides IL-1 and IL-17, IL-6 

and TNF are also important indicators of inflammation. They are expressed in 

periodontal disease patients at high levels and advance disease progression 

(Assuma, Oates, Cochran, Amar, & Graves, 1998; Masada et al., 1990; 

Rossomando, Kennedy, & Hadjimichael, 1990). Our results showed that IL-6 and 

TNF are expressed higher in both ligated pregnant mice and non-pregnant 

mice; however, expression of TNFα and Il-6 did not differ between infection 

induced pregnant and non-pregnant mice.   

In another set of experiments, we ligated the mice only (without P. 

gingivalis infection; Normal Flora Only), in order to understand the role of Pg in 

the exacerbated gingival inflammation. We found that ligation induced pro-

inflammatory cytokine production, but there was no significant difference 

between pregnant and non-pregnant mice that were ligated and not infected with 
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Pg (Fig. 4B).  Presence of oral pathogen infection in conjunction with ligation is 

necessary to induce exacerbated inflammation during pregnancy.  

  

 

 

 

Figure 4. Higher expression of pro-inflammatory cytokines in the gingivae of 

ligated pregnant compared to non-pregnant mice with P. gingivalis infection. 

Eight to 10 weeks old pregnant or non-pregnant C57BL/6 mice were ligated and 

with A) Pg ATCC33277 infection or B) No infection (Normal Flora Only). Results 

are shown as fold change relative to pregnant and non-pregnant sham-ligated 

mice, respectively. Each data point represents the mean ± SD of 5 separate 
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expression values, corresponding to qPCR analysis of individual mice. Asterisks 

indicate statistically significant (p < 0.05) differences between pregnant and non-

pregnant mice. 

 

 

 

3.2 GREATER ALVEOLAR BONE LOSS IN P. GINGAVLIS INFECTED MICE 

While in most pregnancy gingivitis patients, the inflammation will wane 

after pregnancy (Cohen, Shapiro, Friedman, Kyle, & Franklin, 1971; Gursoy, 

Pajukanta, Sorsa, & Kononen, 2008; Tilakaratne et al., 2000a), some reports 

showed that this inflammation lead to periodontal tissue destruction during 

pregnancy in some patients (Christensen, Gaist, Jeune, & Vaupel, 1998; Lieff et 

al., 2004; Machuca, Khoshfeiz, Lacalle, Machuca, & Bullon, 1999; Moss, Beck, & 

Offenbacher, 2005; Taani, Habashneh, Hammad, & Batieha, 2003).  After 

confirming increased gingival inflammation in infection-induced pregnant mice, 

we then examined if the more severe inflammation will induce greater alveolar 

bone loss. Horizontal measurements of buccal CEJ and ABC distance (Fig. 3) 

were taken. Ligation with infection induced bone loss in both pregnant and non-

pregnant mice, while greater bone loss was induced in the pregnant mice than 

the non-pregnant mice. CEJ/ABC readings in the non-ligated pregnant mice and 

non-pregnant mice were similar (p<0.001; Fig. 5A). 

In another set of experiments with only ligation but without P. gingivalis 

infection (Normal Flora Only), we found that ligation induced alveolar bone loss, 
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but there was no significant difference between pregnant and non-pregnant mice 

(Fig. 4B).  The presence of oral pathogen infection in conjunction with ligation is 

necessary to induce exacerbated bone loss in during pregnancy. 

 

 

 

 

Figure 5. Ligation with Pg infection causes more severe bone loss in 

pregnant mice than non-pregnant mice. Eight to 10 weeks old pregnant or non-

pregnant C57BL/6 mice were ligated and with A) Pg ATCC33277 infection or B) 

No infection (Normal Flora Only). Sham-ligated and sham-infected mice were used 

as controls (Non-ligated). Upper jaws were harvested and measured for CEJ-ABC 

distance at 7 most affected maxillary buccal sites and the readings were totaled 

for each mouse. The CEJ-ABC reading of each mouse was represented by each 

dot. P-values between the groups were labeled. Bone loss was calculated by 

subtracting the total CEJ-ABC distance for the ligated mice from the total CEJ-ABC 
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distance of the non-ligated mice. Asterisks indicate statistically significant (p < 

0.05) differences between pregnant and non-pregnant groups. 

 

 

 

3.3 DECREASED EXPRESSION OF TREG RELATED MOLECULES IN 

INFECTION-INDUCED PREGANANT MICE  

Treg cells have been observed to play an immunosuppressive role in 

periodontal disease by attenuating inflammation and alveolar bone resorption 

(Gustavo P. Garlet et al., 2010). Expression of Treg related cytokines such as 

TGFβ and Il-10 have been linked to suppressing Th1 and Th17 cell development 

(Gorelik, Constant, & Flavell, 2002; Li, Wan, & Flavell; Moretti et al., 2015). We 

therefore investigated gingival expression of Treg related molecules in pregnant 

and non-pregnant mice. As described earlier, we induced inflammation and 

harvested gingiva at day 18 of gestation (methods and Figure 2). We examined 

the expression of FoxP3, which is a Treg specific transcription factor that is 

critical for Treg differentiation and function (Hori et al., 2003; Sakaguchi et al., 

2010). We detected a significant decrease of Foxp3 expression in infection 

induced ligated pregnant mice when compared to non-pregnant mice (Fig. 6A). 

As mentioned, anti-inflammatory cytokines TGFβ and Il-10 are critical for Treg 

development and function. Expression of TGFβ can promote Treg differentiation 

by inducing FoxP3 gene expression (W. Chen et al., 2003) as well as suppress 

the development of Th1 and Th17 cells (Li et al.; Zhou et al., 2008). Similarly, 
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Treg IL-10 signaling suppresses development of Th17 (Huber et al., 2011) and 

attenuates tissue damage and bone resorption in periodontal disease (Moretti et 

al., 2015).  In infection induced pregnant mice, we detected decreased 

expression of both TGFβ and IL-10 compared to non-pregnant mice (Figure 4A). 

In examining expression of Treg surface receptors, we noted a lower expression 

of CTLA-4 and CD28 as well as their ligands, CD80 and CD86, in infection 

induced pregnant mice (Figure 4A). CTLA-4 and CD28 and their respective 

ligands CD80 and CD86 are important in Treg development and regulation (Guo, 

Iclozan, Suh, Anasetti, & Yu, 2008; Read et al., 2006; Zheng et al., 2004).  

In a separate experiment we again tested ligated only mice (no Pg 

infection). We observed no significant difference in the expression of Treg related 

molecules between pregnant and non-pregnant mice (Figure 4B), indicating that 

Pg infection is important for the different expression of Treg related molecules 

during pregnancy.  
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Figure 6. Decreased expression of Treg-related cytokines and molecules in 

the gingivae of ligated pregnant mice compared to non-pregnant mice with 

P. gingivalis infection. Eight to 10 week old pregnant or non-pregnant C57BL/6 

mice were ligated and with A) Pg ATCC33277 infection or B) No infection (Normal 

Flora Only). Results are shown as fold change relative to pregnant and non-

pregnant sham-ligated mice, respectively. Each data point represents the mean ± 

SD of 5 separate expression values, corresponding to qPCR analysis of individual 

mice. Asterisks indicate statistically significant (p < 0.05) differences between 

pregnant and non-pregnant mice. 
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3.4 LOWER PERCENTAGE OF TREG CELLS IN CD4+ T CELL POPULATION 

IN DRAINING LYMPH NODES OF INFECTION-INDUCED PREGNANT MICE 

During pregnancy, women undergo shifts in immune cell regulation to 

prevent fetal rejection. Levels of circulating FoxP3+ Treg cells have been 

observed to vary at different points during pregnancy with an initial increase in 

the 1st trimester followed by a decrease in the 2nd trimester (Mjosberg et al., 

2009). Decrease in circulating Treg cells coincides with observed onset of 

gingival inflammation in pregnant women (Laine, 2002a; Wu et al., 2015). In 

order to investigate if the number of periodontal infection induced Tregs are 

reduced during pregnancy we examined the percentage of CD4+FoxP3+ T cells 

in CD4+ T cell population in the oral cavity draining lymph nodes. At experiment 

termination (day 18 of gestation), we harvested the cervical lymph nodes of 

infection induced pregnant/non pregnant mice and their non-ligated counterparts. 

Cells retrieved from cervical lymph nodes were stained for Treg markers, CD3, 

CD4 and Foxp3; then analyzed by flow cytometry. In identifying T cells within the 

cell population extracted from lymph nodes, we gated on CD3 and CD4 positive 

cells. We then determined the number of Treg cells from CD3+CD4+ T cell 

population by Foxp3 expression. We found an overall increase of FoxP3+ Treg 

cells in mice that were ligated and infected with Pg compared to their control 

counterparts (Figure 7). This coincides with previous reports of P. gingivalis 

induced Treg cell proliferation and observed presence of Tregs in periodontal 

tissues (Cardoso et al., 2008; Kobayashi et al., 2011; Nakajima et al., 2005). In 
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comparing infection induced pregnant and non-pregnant mice, lower percentage 

of Treg cells were found in pregnant mice (Figure 7).  

 

 

 

Figure 7. Decreased percentage of Treg cells in ligated and Pg infected 

pregnant mice than non-pregnant mice. Cervical LNs were harvested from 

pregnant (Preg) and non-pregnant (Non-Preg) C57/BL6 mice after ligation. Mice 

that went under sham ligation were used as controls. Cells from the LNs were 

stained with fluorescence-conjugated CD3, CD4, and FoxP3 antibodies and tested 

on Flow Cytometer (A). Percentage of CD4+Foxp3+ cells in CD4+ cells were 

determined (B). The reading of each mouse was represented by each dot. 

Asterisks indicate statistically significant (p < 0.05) differences between pregnant 

and non-pregnant mice. 
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3.5 INCREASED PERCENTAGE OF TH17 CELLS IN PREGNANT MICE 

Th17 cells are strongly associated with inflammatory diseases and are 

involved in host immune response to microbial challenges. In periodontal 

disease, studies have found presence of Th17 cells in periodontal tissues as well 

as increased expression of IL-17 (Adibrad et al., 2012; Cardoso et al., 2008). 

Since our previous results also indicated an increase of IL-17 expression in the 

gingival tissue of infection induced mice, we then examined the percentage of 

Th17 cells in the draining lymph nodes. Cells harvested from the cervical lymph 

nodes were stained for CD3, CD4 and RORγt and then analyzed by flow 

cytometry. RORγt is a Th17 specific transcription factor and its gene expression 

is critical for Th17 differentiation (Ivanov et al.; Yang et al.). In identifying Th17 

cells, we initially gated on CD3 and CD4 positive cells and then on RORγt 

expression. In comparing infection induced mice to their control counterparts, we 

observed an increase of Th17 in both pregnant and non-pregnant mice. 

However, when comparing infection induced pregnant and non-pregnant, there 

was modestly greater number of Th17 cells in pregnant mice (Fig. 8).   
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Figure 8. Increased percentage of Th17 cells in ligated and Pg infected 

pregnant mice than non-pregnant mice. Cervical LNs were harvested from 

pregnant (Preg) and non-pregnant (Non-Preg) C57/BL6 mice after ligation. Mice 

that went under sham ligation were used as controls. Cells from the LNs were 

stained with fluorescence-conjugated CD3, CD4, and RORγt antibodies and tested 

on Flow Cytometer. Percentage of CD4+ RORγt+ cells in CD4+ cells were 

determined. The reading of each mouse is represented by each dot.  
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3.6 REDUCED ORAL BACTERIA CLEARANCE  

Our previous results clearly show that during pregnancy, Treg 

development is reduced (Fig. 6 and Fig. 7) while inflammation (Fig. 4) and Th17 

cell development (Fig. 8) is increased; indicating disrupted Treg regulatory 

function on inflammatory adaptive immune response to oral pathogens. We next 

questioned if decreased Treg cell presence and regulatory effect on inflammatory 

response to oral pathogens resulted in greater oral bacteria clearance. In order to 

examine the effects on oral bacteria numbers, oral swabs were taken from mice 

at experiment termination (day 18 of gestation).  Bacteria was suspended in 1x 

PBS and plated on blood agar plates. Bacterial plates were then incubated for 

one week in an anaerobic chamber, after which colonies were counted to 

determine CFU. We observed an increase in number of oral bacteria in infection 

induced mice compared to their control counterparts. When comparing between 

infection-induced pregnant mice to non-pregnant mice, we found there to be 

significantly greater number of oral bacteria in pregnant mice (Figure 9). Despite 

a decrease in the number of Treg cells, oral bacteria clearance was not 

enhanced in pregnant mice.  
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Figure 9. Infection-induced pregnant mice have greater number of oral 

bacteria compared to non-pregnant mice. CFU determined by anaerobic culture 

of oral swabs. The reading of each mouse is represented by each dot. Asterisks 

indicate statistically significant (p < 0.05) differences between pregnant and non-

pregnant mice. 
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CHAPTER 4: DISCUSSION 

 

 

During pregnancy, women are prone to developing gingival inflammation 

with some women experiencing sever inflammation, periodontal tissue damage 

and alveolar bone loss. The mechanism by which pregnancy induces 

exacerbated gingival inflammation is not fully understood. However, previous 

research has indicated that changes in immune regulation due to hormonal 

fluctuations may be associated. We have focused our study on examining the 

regulation of Treg cells in periodontal disease during pregnancy. 

To study Treg regulation, we developed a modified mouse model in which 

we induced periodontal disease in pregnant mice (methods and Fig.1).   To 

ensure our model mimicked clinical pregnancy gingival inflammation, we 

compared the level of gingival pro-inflammatory cytokine mRNA expression of 

pregnant mice to non-pregnant mice. Our results indicated an increase of pro-

inflammatory cytokine expression in infection induced pregnant mice (Fig. 4A), 

confirming development of exacerbated gingival inflammation. We also 

investigated if ligation alone (no P. gingivalis infection) would induce gingival 

inflammation; however, there was no significant difference in cytokine expression 

between pregnant and non-pregnant mice indicating that presence of oral 



31 
 

pathogens is necessary for increased inflammation (Fig. 4B). This is in 

agreement with periodontal pathogens presence found in the analysis of 

subgingival microbial composition of pregnant women who experienced 

increased gingival inflammation (Borgo et al., 2014; A. Carrillo-de-Albornoz et al., 

2010; Emmatty et al., 2013). As a result of exacerbated gingival inflammation, 

some women developed permanent periodontal tissue damage and alveolar 

bone loss (Christensen et al., 1998; Lieff et al., 2004; Machuca et al., 1999; Moss 

et al., 2005; Taani et al., 2003). In our model, infection induced pregnant mice 

also exhibited greater alveolar bone loss (Fig. 5A), consistent with clinical 

observations.  

P. gingivalis is one of the most widely investigated periodontal pathogen. It 

is considered to be a keystone pathogen and is associated with the development 

of periodontal disease (Richard P. Darveau, 2010; R. P. Darveau, Hajishengallis, 

& Curtis, 2012; G. Hajishengallis et al., 2012). Studies have revealed a 

complicated relationship between P. gingivalis and the host innate immune 

response. Pg can manipulate the host immune response and evade bacterial 

clearance (George Hajishengallis, Krauss, Liang, McIntosh, & Lambris, 2012; 

Maekawa et al., 2014).  This interaction is proposed to create a favorable 

environment for microbial colonization thus contributing to dysbiosis and the 

disruption of host immune homeostasis (Richard P. Darveau, 2010; George 

Hajishengallis et al., 2012). Despite being well studied, much remains unknown 

on the mechanisms in which Pg instigates periodontal disease.  
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In investigating the association between Treg regulation and periodontal 

disease during pregnancy, we examined the number of Treg cells in the draining 

lymph nodes and expression of Treg related molecules in gingival tissue. 

Infection-induced pregnant mice were found to have reduced Treg cell number 

(Fig. 7) as well as decreased expression of Treg related molecules that are 

pertinent to its differentiation and function (Fig. 6A). Notably, critical Treg 

differentiation molecules Foxp3 and TGFβ showed dramatic decreases in 

pregnant mice indicating suppressed Treg cell differentiation. Further evidence of 

downregulated Treg development is observed in the marked reduction of Treg 

surface receptors CTLA-4 and CD28 (Fig. 6A). Disruptions in Treg homeostasis 

can lead to disease or increased severity of disease. In the case of periodontal 

disease, Treg cells are associated with reducing periodontal tissue damage and 

alveolar bone loss by suppressing T cell inflammatory responses to oral microbial 

challenge. Garlet et al. (2010) demonstrated that inhibition of Treg cells caused 

greater tissue damage and inflammation induced bone resorption (Gustavo P. 

Garlet et al., 2010). Similarly, our study showed decreased Treg number and 

molecule expression during pregnancy accompanied by increased gingival 

inflammation and alveolar bone loss. This suggests pregnancy induced 

downregulating of Treg cells plays a pivotal role in the onset of gingival 

inflammation and subsequent periodontal tissue damage (Figure 10).  
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Figure 10. Schematic depiction of immunological mechanism of pregnancy 

inhibition on Treg response to oral pathogens. 

 

 

 

The discovery of a new CD4+ T cell subset, Th17 cells, has provided 

greater insight into the pathogenesis of periodontal disease.  Th17 cells are 

known inflammatory regulators and their production of IL-17 has been associated 

with inducing periodontal tissue inflammation and bone resorption (W.-C. Cheng 

et al., 2014; Eskan et al., 2012). In our analysis of pro-inflammatory cytokine 

expression, we found a significant increase of IL-17 expression in the gingival 

tissue of pregnant mice (Fig. 4A). Additionally, greater number of Th17 cells was 
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also observed in the draining lymph nodes (Fig. 8). The increase in Th17 cells 

and Il-17 expression may be attributed to downregulation of Treg development 

during pregnancy; in particular, Treg cell production of IL-10 (Figure 6A). IL-10 is 

an anti-inflammatory immunoregulatory cytokine produced by both Treg and Th2 

cells and it has been implicated in playing a critical role in inhibiting inflammatory 

bone loss (Claudino et al., 2010). Recently, IL-10 has also been known to 

contribute to regulating Th17 cytokines in periodontal disease. IL-10 regulation of 

IL-17 was associated with reduced periodontal tissue inflammation and bone 

resorption (Moretti et al., 2015). Observed increase of IL-17 expression in 

gingival tissue during pregnancy may be attributed to downregulation of IL-10 

expression. However, based on our study it is unclear if reduction of IL-10 

expression is a result of decreased Treg number, which we observed, or Treg 

function, or both. Further studies will be needed to determine if Treg function is 

also affected during pregnancy.  

 The role of IL-17 in relation to bone loss has been described as both 

protective in some circumstances and detrimental in others. To maintain 

homeostasis, osteoblast bone formation must be in balance with osteoclast bone 

resorption. In inflammatory conditions such as rheumatoid arthritis and 

periodontal disease, this balance is shifted towards bone resorption thus causing 

osteolytic lesions (Lee, 2013). However, Il-17 may serve a protective role in other 

inflammatory diseases like in post-menopausal osteoporosis. Goswami, et al. 

(2009) reported that bone loss due to ovariectomy-induced estrogen deficiency 

was more pronounced in mice lacking an IL-17 receptor than in controls, which 
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was associated with increased production of leptin that is downregulated by Il-

17A (Goswami, Hernández-Santos, Zuniga, & Gaffen, 2009). Understanding the 

role of IL-17 in periodontal disease has proved to be challenging. Yu et al. (2007) 

reported that IL-17 receptor deficient mice exhibited more severe alveolar bone 

loss upon challenge by P. gingivalis, suggesting a bone-protective role for IL-17 

signaling through the recruitment of neutrophils (Yu et al., 2007). Similarly, Th17-

deficient and IL-17 receptor–deficient mice are susceptible to oral candidiasis, a 

fungal infection of the oral mucosa known as thrush (Conti et al., 2009). 

However, in cases of chronic periodontal disease, the presence of increased 

levels of IL-17 and IL-23 in human gingival crevicular fluid correlates with the 

severity of attachment loss and pocket depth (Johnson, Wood, & Serio, 2004; 

Lester, Bain, Johnson, & Serio, 2007). In relation to our study, increased IL-17 

levels in the gingival tissue was associated with the greater presence of oral 

bacteria and alveolar bone loss during pregnancy, suggesting detrimental bone-

destructive role for Il-17 and possible IL-17 neutrophil chemotaxis inhibition.  

 It is becoming increasingly evident that TH17/Treg balance is essential in 

meditating inflammatory diseases.  Disruptions in the Th17/Treg homeostasis 

have been associated with rheumatoid arthritis, inflammatory bowel disease, and 

acute coronary syndrome (X. Cheng et al., 2008; Eastaff-Leung, Mabarrack, 

Barbour, Cummins, & Barry, 2010; Niu, Cai, Huang, Shi, & Wang, 2012). In 

periodontal disease, there is accumulating evidence that Th17/Treg paradigm is 

a critical player in the pathogenesis of the disease (George Hajishengallis, 2014). 

Despite marked presence of Treg cells in periodontal lesions, a recent study 
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indicates P. gingivalis induces a shift of Th17/Treg balance towards Th17 

proliferation thus progressing disease severity. Allam et al. (2011) reported the 

presence of CD68+ Mo-like cells as well as increased infiltration of IL-17 in the 

bottom region of chronic periodontitis lesions. Additionally, in vitro study revealed 

P. gingivalis ability to activate CD68+ Mo-like cell production of IL-23p19 which is 

attributed to inducing Th17 proliferation and subsequently Il-17 expression (Allam 

et al., 2011). Further understanding of Th17/Treg paradigm in relation to 

periodontal disease could provide greater insight in the mechanisms behind 

pregnancy induced periodontal disease. 

In summary, we found lower levels of Treg cells and molecule expression 

concomitant with increased numbers of Th17 cells in infection-induced pregnant 

mice compared to non-pregnant counterparts. The pregnant mice also exhibited 

exacerbated gingival inflammation and greater alveolar bone loss. Furthermore, 

the down-regulation of Treg cells does not lead to decreased oral bacterial 

number, consistent with our hypothesis that ligation and Pg infection-induced 

down-regulation of Treg cells plays a pivotal role in the more severe periodontal 

disease during pregnancy. 
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