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Abstract

The lymphatic system plays a crucial role in the maintenance of tissue fluid homeostasis and

the immunological response to inflammation. The effects of lymphatic drainage dysfunction on
periodontitis have not been well studied. Here we show that lymphatic vessel endothelial receptor
1 (LYVE1L)*/podoplanin (PDPN)* lymphatic vessels (LVs) are increased in the periodontal

tissues, with accumulation close to the alveolar bone surface, in two murine periodontitis

models: rheumatoid arthritis (RA)-associated periodontitis and ligature-induced periodontitis.
Further, PDPN*/alpha-smooth muscle actin (a SMA)~ lymphatic capillaries are increased, whereas
PDPN*/a SMA™ collecting LVs are decreased significantly in the inflamed periodontal tissues.
Both mouse models of periodontitis have delayed lymph flow in periodontal tissues, increased
TRAP-positive osteoclasts, and significant alveolar bone loss. Importantly, the local administration
of adeno-associated virus for vascular endothelial growth factor C, the major growth factor that
promotes lymphangiogenesis, increases the area and number of PDPN*/aSMA* collecting LVs,
promotes local lymphatic drainage, and reduces alveolar bone loss in both models of periodontitis.
Lastly, LYVE1*/aSMA™ lymphatic capillaries are increased, whereas LYVE1*/aSMA* collecting
LVs are decreased significantly in gingival tissues of patients with chronic periodontitis compared
with those of clinically healthy controls. Thus, our findings reveal an important role of local
lymphatic drainage in periodontal inflammation-mediated alveolar bone loss.
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Introduction

The lymphatic system plays a major role in the maintenance of tissue fluid homeostasis
and the immunological response to inflammation [1-3]. The lymphatic system consists

of all lymphatic vessels (LVs) and lymphoid organs. In the peripheral tissues, lymphatic
capillaries, which are initial LVs and composed of single-layer lymphatic endothelial cells
(LEC:s), allow soluble cellular wastes, immune cells, and particulate matter to enter the
lymphatic system [4-6]. The collected fluid and cells form lymph, which is then transported
by collecting LVs that are composed of LECs and smooth muscle cells (SMCs) to the
draining lymph nodes [4,7]. The lymph node, mainly containing B cells and T cells,
provides a highly organized microarchitecture that supports optimal immune defense [8].
Lymphatic capillaries, collecting LVs, and lymph nodes together provide the defensive line
against infection for the bodly.

Periodontitis is a common chronic inflammatory disease characterized by osteoclast-
mediated bone resorption and periodontal attachment loss. Recently, more attention has been
paid to the association between oral health and chronic autoimmune inflammatory diseases
[9-11]. Rheumatoid arthritis (RA) is a chronic, destructive autoimmune inflammatory
disorder which causes bone erosion and joint deformity [12,13]. A number of clinical and
epidemiologic studies have suggested associations between RA and periodontitis [10,11].
Peril0,11]. Periodontal inflammation and alveolar bone loss have been reported in the
genetically modified TNF-transgenic (Tg) RA mouse model [14]. Another widely-used
mouse model for a periodontitis study is ligature-induced periodontitis, in which the disease
can be triggered at a designated time, with periodontal inflammation and alveolar bone loss
occurring within a few days [15].

As peripheral tissue, the periodontal tissue also contains LVs [16-21], which drain to

the cervical lymph nodes in mice [16,20,22]. A previous study has reported that LVs

present in the periodontal tissue partly protect against periodontitis [16]. This study

clearly demonstrated that mice carrying the K14-vascular endothelial growth factor (VEGF)
receptor 3 (VEGFR3)-Ig transgene lack LVs in gingiva. They have more periodontal bone
resorptive activity, stronger inflammatory immune responses, and also weaker humoral
immune responses after Porphyromonas gingivalis challenge than their wild-type (WT)
littermates [16]. Vascular endothelial growth factor C (VEGFC) is the major growth factor
that promotes lymphangiogenesis, and it exerts most of its effects through binding to
VEGFR3 [23]. However, a transgenic mouse model of VEGFC overexpression, under the
control of the K14 promoter, showed that hyperplastic lymphatics do not protect against the
development of ligature-induced periodontitis [20]. It is possible that the K14 promoter only
directs target gene expression in epithelium [24]. It is reported that relatively thick LVs,
distributed sparsely and located apart from the epithelia, appeared to pass through the lamina
propria of the gingiva toward the alveolar crest, and run along the external surface of the
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alveolar bone [25]. We speculate that these relatively thick LVs may exert major effects on
lymphatic drainage and further on periodontal inflammation-mediated alveolar bone loss.

In this study, we hypothesized that lymphatic dysfunction is associated with alveolar bone
loss, while VEGFC overexpression might promote local lymphatic drainage and reduce
alveolar bone loss in periodontal tissues of periodontitis. We used two mouse models of
periodontitis (RA-associated periodontitis, by using TNF-Tg mice, and ligature-induced
periodontitis) and tissues of patients with chronic periodontitis, and demonstrated an
important role of local lymphatic drainage in periodontal inflammation-mediated alveolar
bone loss.

Materials and methods

Animals

We used two mouse models of periodontitis: (1) RA-associated periodontitis and (2)
ligature-induced periodontitis. For RA-associated periodontitis, TNF-transgenic (Tg) mice
(the TNF-Tg line 3647) were kindly provided by Dr G Kollias and had been crossed with
C57BL/6J mice for more than ten generations [26]. This line of TNF-Tg mice carries

a modified human 7N/Ftransgene in which the 3’-region of the 7//F gene is replaced

with that of the human a-globin gene [27]. We have demonstrated that arthritis develops
in the ankles of these mice at ~2 months of age and progresses, leading to systemic

bone loss and osteoporosis at ~4 months of age [28]. We used male TNF-Tg mice for

all /in vivo experiments because female TNF-Tg mice develop joint lesions earlier and

die around 6 months old due to lung inflammation [29]. For the second model, ligature-
induced periodontitis, experimental periodontitis was induced in 2-month-old WT male
mice as described, with modifications [30]. In brief, a 5-0 silk ligature was placed in

the submarginal position on the left maxillary first molar and the contralateral tooth was
left unligated to serve as the baseline control. The mice were sacrificed and analyzed

14 days after placement of the ligature. All mice were bred and maintained in the SPF
Laboratory Animal Center of Nanjing Medical University. The use of animals in this study
was approved by the Institutional Animal Care and Use Committee of Nanjing Medical
University (Approval 1D1906018).

Patients and sampling

Detailed written informed consent was obtained from all volunteers in accordance with
protocols approved by the Human Subjects Institutional Review Board of Nanjing Medical
University (Approval ID 2016115). Gingival tissues were obtained from subjects with
clinically healthy gingiva and patients with severe chronic periodontitis as previously
reported [31]. Apart from the chronic periodontitis, all subjects were in good general

health and had not taken anti-bacterial or anti-inflammatory drugs within the 3 months
before sampling. Subjects with clinically healthy gingiva showed no bleeding on probing,
probing depth < 3 mm, and no attachment loss or alveolar bone loss. Healthy gingival tissue
specimens were collected during tooth extraction for orthodontic reasons. Subjects with
severe chronic periodontitis showed bleeding on probing, probing pocket depth > 6 mm, and
alveolar bone loss greater than 60% of the root. Gingival tissues from patients with severe
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chronic periodontitis were collected from teeth extracted after determining that the tooth was
untreatable. The collected specimens were immediately placed in a sterile tube containing
aMEM medium (Gibco, Grand Island, NY, USA) and transferred to the laboratory for study
within 2 h, mainly for histology, immunofluorescence staining, single cell preparation, and
flow cytometry.

Radiological study

Maxillae were removed and dissected free of all soft tissues for micro-computed
tomography (micro-CT; Scanco Medical, Bassersdorf, Zurich, Switzerland) as described
previously [32].

Histology and histochemical staining

Details are provided in supplementary material, Supplementary materials and methods.

Immunofluorescence staining

Isolated maxillae, cervical lymph nodes of murine samples or gingival tissues of human
specimens were fixed in 10% neutral buffered formalin and then the maxillae were
decalcified in 10% EDTA. All samples, including the decalcified murine maxillae, were
dehydrated and embedded in paraffin wax and 4-um sections were cut using a rotary
microtome (Leica, Wetzlar, Germany). The deparaffinized sections were subjected to antigen
retrieval, blocked in PBS with 10% normal goat serum and 0.2%TritonX-100for 1 h, and
then stained overnight with rabbit anti-LYVEL (cat # ab14917, 1:200; Abcam, Cambridge,
UK) or hamster anti-PDPN (cat # ab11936, 1:200; Abcam) or FITC-labeled anti-aSMA

(cat # F3777, 1:500; Sigma-Aldrich, St Louis, MO, USA) or rat anti-B220 (cat # 553086,
1:50; BD Pharmingen, San Diego, CA, USA) or rabbit anti-CD3 (cat # 99940, 1:100; Cell
Signaling Technology, Danvers, MA, USA) or rat anti-F4/80 (cat # ab16911, 1:50 Abcam) at
4 °C. After rinsing with PBS for 15 min, tissues were incubated with goat anti-rabbit Alexa
Fluor 488, or goat anti-hamster Alexa Fluor 568, goat anti-rat Alexa Fluor 488, or goat
anti-rabbit Alexa Fluor 568 (1:400; Invitrogen, Carlsbad, CA, USA) at room temperature.
Slides were mounted with Mounting Medium containing DAPI (Vector Labs, Burlingame,
CA, USA) and images were captured using a Leica DM4000 fluorescence microscope, as
reported previously [33].

In vivo lymph flow measurements

Indocyanine green (ICG)-near infrared (NIR) lymphatic imaging was performed by injecting
ICG (Sigma-Aldrich) sub-epithelially into buccal oral mucosa, and the dynamics of ICG
fluorescence was visualized under infrared laser illumination and recorded, as previously
described, with modifications [20]. In brief, 1 pl (0.5 pg/ul) of ICG was injected sub-
epithelially in the buccal oral mucosa to the maxillary first molar area using a graded
Hamilton syringe (34-G needle). The total fluorescence in the entire posterior facial area
was measured in an optical imager by VIS Spectrum (PerkinElmer, Waltham, MA, USA)
at 60 min post-injection. The measurement was repeated every 90 min for a 7-h period. The
mice were awake and able to move freely between measurements. Lymphatic drainage, as
indicated by the percentage of ICG clearance, was assessed by calculating the percentage
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difference of ICG signal intensity between the detected time points and 60-min NIR scans
from the regions of interest after ICG injection [34].

Administration of AAV-VEGFC vector

A recombinant adeno-associated virus (AAV) encoding a full-length human VEGFC cDNA
(NM_005429) was purchased from Genechem Biotech Inc (Shanghai, PR China). We have
used the same human VEGFC cDNA to generate AAV-VEGFC and have demonstrated

the expression of a 29 kDa secreted form of human VEGFC by western blotting analysis

of the conditioned media collected from AAV-VEGFC-infected cells previously [35].

The recombinant AAV virions were purified by the supplying company. Transduction
consisted of injecting the viral vectors in a site-specific manner as previously described,
with modifications [36]. In brief, 1 ul of viral solution (1010 viral particles per pl) was
injected sub-epithelially in the buccal oral mucosa to the maxillary first molar area using

a graded Hamilton syringe (34-G needle) at the time specified in the figure legends. AAV
transduction efficiency was determined by RT-gPCR as described in supplementary material,
Supplementary materials and methods.

Flow cytometry

Cells were harvested from cervical lymph nodes, periodontal tissues of murine samples or
gingival tissues of human specimens and analyzed by flow cytometry using the antibodies
and methods presented in supplementary material, Supplementary materials and methods.

Statistical analysis

All results are given as mean £ SD or as specified in the figure legends. Statistical analysis
was performed using GraphPad Prism 5 software (GraphPad Software Inc, San Diego,

CA, USA). Comparisons between two groups were analyzed using the two-tailed unpaired
Student’s #test. Comparisons among three or more groups were carried out using one-way
ANOVA followed by Dunnett’s post hoc multiple comparisons test. £values less than 0.05
were considered statistically significant.

Results

Increased alveolar bone loss, TRAP-positive osteoclasts, and lymphatic vessel areas in
RA-associated periodontitis

Periodontitis-like phenotypes have been reported in TNF-transgenic (Tg) mice [14].

To examine RA-mediated periodontal bone loss in TNF-Tg mice, micro-CT (UCT)

and morphometric analyses were performed on the mouse maxillae. Three-dimensional
reconstruction images and volumetric measurements from uCT analysis revealed alveolar
bone loss and a significantly higher level of exposed root surface in the maxillae of TNF-Tg
mice compared with WT mice (Figure 1A,B). Furthermore, morphometric measurements
of H&E-stained tissue sections showed that the distance from the cemento-enamel junction
(CEJ) to the alveolar bone crest (ABC) was significantly greater in TNF-Tg mice than

in WT mice (Figure 1C,D). Osteoclastic bone resorption in dental alveolar bone was also
examined in paraffin-embedded sections stained histochemically for TRAP. TRAP-positive
osteoclast surface was markedly larger in TNF-Tg mice than in WT mice (Figure 1E,F).
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At the tissue level, LVs can be identified by immunostaining with antibodies to lymphatic
vessel endothelial receptor 1 (LYVE1) [37,38] or podoplanin (PDPN) [39,40], proteins
specifically expressed by LECs. To study the distribution of LVs in periodontal tissue,
paraffin-embedded tissue sections from TNF-Tg and WT mice were double-stained with
anti-LYVEL and anti-PDPN antibodies. We observed numerous LYVE1*/PDPN* LVs in
the periodontal soft tissues around the alveolar bone crest (Figure 1G,H). Interestingly,
PDPN™ LVs were occasionally negative for LYVEL; however, no certain relationship was
identified (Figure 1G). More importantly, the LYVE1*/PDPN* area (%) in periodontal tissue
was significantly greater in TNF-Tg mice than in WT mice (Figure 1G,H). In addition, we
performed subsequent experiments using mesial periodontal tissues of the maxillary first
molar because the distribution of LVs was close to areas of bone destruction (Figure 1G).

Numbers of lymphatic endothelial cells, macrophages, and B cells are increased
in periodontal tissues and in the cervical (draining) lymph nodes in RA-associated
periodontitis

The lymphatic system plays a crucial role in balancing tissue fluid and organizing the
immunologic response to inflammation by removing extra fluid and enabling trafficking

of immune cells to the draining lymph nodes [20]. We next searched potential effects of

the increased LVs in RA-associated periodontitis by examining cell populations via flow
cytometry. The data suggested that the percentages of CD31*PDPN* LECs, CD45.27F4/80*
macrophages, and B220* B cells were all markedly higher in periodontal tissues from
TNF-Tg mice than in those from WT mice (Figure 2A,B).

To further study the immune cell composition in the cervical (draining) lymph nodes,

we used flow cytometry with markers for various cell types. The data revealed that the
percentages of PDPN* LECs, CD45.2*F4/80* macrophages, and B220™ B cells were all
evidently greater in cervical lymph nodes from TNF-Tg mice than in those from WT

mice (Figure 2C,D). In contrast, the percentage of CD3* T cells was significantly lower

in TNF-Tg mice than in WT mice (Figure 2C,D). Additionally, IF staining confirmed that
there was an increased number of LYVEL1*/PDPN* LECs, associated with which there were
numerous B220* B cells and F4/80" macrophages infiltrating into the cervical lymph nodes
from TNF-Tg mice compared with those from WT mice (Figure 2E,F). Besides, the lymph
node expansion is notable as determined by H&E staining (Figure 2E), which is typical for
the TNF-Tg model [41,42].

Decreased collecting lymphatic vessels and lymph flow in periodontal tissues of RA-
associated periodontitis

Given the markedly increased LVs with infiltration of numerous immune cells in periodontal
tissues of TNF-Tg mice, we next examined the function of these LVs. In addition to valves,
collecting LVs are distinguished from capillary lymphatics by the presence of both LECs
and SMCs [7], which contract to pump lymph. Since SMCs express alpha-smooth muscle
actin (aSMA), double immunofluorescence staining with anti-PDPN and anti-aSMA
antibodies is used in most studies to identify collecting LVs [7,43]. Using IF, we observed
three types of vessels: PDPN*/aSMA™ lymphatic capillaries, PDPN*/aSMA™ collecting
LVs, and PDPN~/a SMA™ blood vessels in periodontal tissues of WT mice (Figure 3A).
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Notably, more PDPN*/a.SMA~ lymphatic capillaries could be seen in periodontal tissues of
TNF-Tg mice than in those of WT mice (Figure 3A,B). In contrast, few PDPN*/aSMA*
collecting LVs were observed in periodontal tissues of TNF-Tg mice compared with those of
WT mice (Figure 3A,B).

To further assess function of the increased LVs, periodontal lymphatic drainage indicated
by the percentage of ICG clearance was assessed by calculating the percentage difference
of ICG signal intensity between the detected time points and 60-min NIR scans from the
regions of interest after ICG injection. Compared with the periodontal areas of WT mice,
periodontal areas of TNF-Tg mice had markedly delayed ICG clearance (Figure 3C). At
time points 330 and 420 min, the percentage of ICG clearance was significantly lower in
periodontal tissues of TNF-Tg mice than in those of WT mice, respectively (Figure 3C).

To explore the mechanisms responsible for increased LVs in TNF-Tg mice, we examined the
expression of genes using gingival tissues by RT-gPCR. The expression of genes, including
Vegfc, Vegfd, and the ratio of Vegfcto Vegfd mRNA levels, was significantly upregulated in
TNF-Tg mice compared with their WT littermates. In contrast, the expression of Vegfr3was
downregulated clearly in gingival tissues of TNF-Tg mice compared with those of WT mice
(Figure 3D).

AAV-VEGFC increases local lymphatic drainage and reduces alveolar bone loss in RA-
associated periodontitis

To determine if overexpressed VEGFC promotes lymphatic vessel function in RA-associated
periodontitis, 4-month-old TNF-Tg mice were administered a single injection of AAV-
VEGFC virus or control AAV-GFP virus into the periodontal tissues of the maxillary

first molar. All the TNF-Tg mice were euthanized 8 weeks post-injection, when they
typically had severe periodontal inflammation and alveolar bone loss (Figure 1). The
expression of AAV-VEGFC was confirmed by measuring human VEGFC in periodontal
tissues of the maxillary first molar with human-specific primers. Human VEGFC was
identified in periodontal tissues receiving AAV-VEGFC injection but not in periodontal
tissues receiving AAV-GFP (Figure 4A). By IF, the area of PDPN*/aSMA™ lymphatic
capillaries decreased, whereas both the area and the number of PDPN*/aSMA* collecting
LVs increased significantly in periodontal tissues of TNF-Tg mice receiving AAV-VEGFC
compared with those of TNF-Tg mice receiving AAV-GFP (Figure 4B). Further, periodontal
areas of TNF-Tg mice receiving AAV-VEGFC had markedly accelerated ICG clearance
compared with those of TNF-Tg mice receiving AAV-GFP (Figure 4C). At time points 240,
330, and 420 min, the percentage of ICG clearance was significantly higher in periodontal
tissues of TNF-Tg mice receiving AAV-VEGFC than in those of TNF-Tg mice receiving
AAV-GFP, respectively (Figure 4C).

To determine if AAV-VEGFC had a beneficial effect on RA-associated periodontitis, pCT
and morphometric analyses were performed on the mouse maxilla. Three-dimensional
reconstruction images and volumetric measurements from uCT analysis revealed that

the alveolar bone density was improved and the level of exposed root surface was
attenuated in the maxillae of TNF-Tg mice receiving AAV-VEGFC compared with TNF-
Tg mice receiving AAV-GFP (Figure 4D). Furthermore, morphometric measurements of
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H&E-stained tissue sections showed that the distance from CEJ to ABC was significantly
decreased in TNF-Tg mice receiving AAV-VEGFC compared with TNF-Tg mice receiving
AAV-GFP (Figure 4E). TRAP-positive osteoclast surface was reduced, but ALP-positive
osteoblast surface was increased in TNF-Tg mice receiving AAV-VEGFC compared with
TNF-Tg mice receiving AAV-GFP (Figure 4F,G).

AAV-VEGFC increases local lymphatic drainage and reduces alveolar bone loss in ligature-
induced periodontitis

To further demonstrate the relationship between lymphatic drainage and alveolar bone

loss in periodontitis, we used the second mouse model, ligature-induced periodontitis

[44]. Similar to RA-associated periodontitis, IF staining indicated that PDPN*/aSMA~
lymphatic capillaries increased significantly, but PDPN*/aSMA* collecting LVs decreased
dramatically in ligature-induced periodontitis compared with the control group (Figure
5A). Interestingly, both the area and the number of PDPN*/aSMA* collecting LVs were
increased dramatically in ligature-induced periodontitis receiving AAV-VEGFC compared
with that receiving AAV-GFP (Figure 5A). Further, periodontal areas of ligature-induced
periodontitis had markedly delayed ICG clearance compared with the control group
(Figure 5B). On the contrary, periodontal areas of ligature-induced periodontitis receiving
AAV-VEGFC had significantly accelerated ICG clearance compared with those of ligature-
induced periodontitis receiving AAV-GFP (Figure 5B).

Importantly, alveolar bone density by uCT analysis was decreased, whereas the distance
from CEJ to ABC (in sections stained with H&E) and the TRAP-positive osteoclast

surface were increased, in ligature-induced periodontitis compared with the control group
(Figure 5C-E). In contrast, UCT analysis showed that alveolar bone density was increased,
whereas the distance from CEJ to ABC in sections stained with H&E and the TRAP-
positive osteoclast surface were decreased, in ligature-induced periodontitis receiving AAV-
VEGFC compared with that receiving AAV-GFP (Figure 5C-E). Notably, the ALP-positive
osteoblast surface was increased in ligature-induced periodontitis compared with the control
group, which was even larger after AAV-VEGFC treatment, as indicated by ligature-induced
periodontitis receiving AAV-VEGFC compared with that receiving AAV-GFP (Figure 5F).

Increased inflammatory cell infiltrations and decreased collecting lymphatic vessel
formation in periodontal tissues from patients with chronic periodontitis

To determine the clinical relevance of our mouse findings, we examined the cell populations
of gingival tissues from patients with chronic periodontitis or clinically healthy controls by
flow cytometry. The data revealed that the percentages of CD31* endothelial cells (Figure
6A), CD45*CD14" monocytes/macrophages (Figure 6B), and CD19* B cells (Figure 6C)
were all higher in gingival tissues from patients with chronic periodontitis than in those
from clinically healthy controls. In contrast, CD3* T-cell numbers in gingival tissues were
not significantly different between patients with chronic periodontitis and healthy controls
(Figure 6C).

To further examine the distribution and function of LVs in periodontal tissues, paraffin-
embedded tissue sections either from patients with chronic periodontitis or from clinically
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healthy controls were double-stained with anti-LYVEL and anti-aSMA antibodies. Similar
to the mouse findings, we observed three types of vessels: LYVE1*/aSMA™~ lymphatic
capillaries, LYVE1*/aSMAY* collecting LVs, and LYVE1/aSMA™ blood vessels in gingival
tissues of healthy controls (Figure 6D,E). More LYVE1*/aSMA~ lymphatic capillaries
could be seen in gingival tissues of patients with chronic periodontitis than in those of
clinically healthy controls (Figure 6E,F). In contrast, fewer LYVE1*/aSMA® collecting

LVs were observed in patients with chronic periodontitis than in clinically healthy controls
(Figure 6E,F).

Discussion

The lymphatic vasculature plays a crucial role in regulating the inflammatory response in
various inflammatory diseases such as RA [35], periodontitis [16,20], skin inflammation
[45], and inflammatory bowel disease [46,47]. However, most of these studies have not
distinguished lymphatic capillaries from collecting LVs. This is important because lymphatic
capillaries and collecting LVs have different morphology and functions. Here, we used
murine periodontitis models including RA-associated periodontitis and ligature-induced
periodontitis and demonstrated increased lymphatic capillaries and decreased collecting

LVs in the periodontal tissues, accompanied by delayed lymph flow in periodontal

tissues, increased TRAP-positive osteoclasts, and significant alveolar bone loss. The local
administration of adeno-associated virus encoding VEGFC increased lymphatic collecting
vessels, restored local lymph flow, and reduced alveolar bone loss in both models of
periodontitis. Importantly, increased lymphatic capillaries and decreased collecting LVs
were observed in gingival tissues of patients with chronic periodontitis compared with those
of clinically healthy controls. Thus, our findings reveal the important role of local lymphatic
drainage in periodontal inflammation-mediated alveolar bone loss.

At present, the molecular mechanisms underlying the involvement of the lymphatic vessel
system in periodontitis have not been fully understood. VEGFC is the major growth factor
that promotes lymphangiogenesis, and it exerts most of its effects through binding to its
receptor, VEGFR3 [23,48]. VEGFD is the second VEGFR3 ligand that is structurally
homologous to VEGFC [49]. A high VEGFC:VEGFD ratio correlates with the presence

of lymphatic invasion in lung adenocarcinoma [50]. In the present study, we found increased
gene expression levels of Vegfe, Vegfd, and the ratio of Vegfcto Vegfd mRNA levels, along
with a decreased level of Vegfr3 in gingival tissues of TNF-Tg mice. Increased levels of
VEGFR3 ligands in periodontitis are anticipated because various studies, including our own,
reported high expression of VEGFC by inflammatory cells [51]. However, decreased Vegfr3
expression is unexpected because it contradicts our understanding of inflammation-mediated
lymphangiogenesis due to high VEGFC expression. This raises an important question: what
is the impact of low Vegfr3levels in VEGFC-induced lymphangiogenesis? We suspect that
the downregulation of Vegfr3may contribute to the inefficient action of Vegfcin the mouse
model of periodontitis. For instance, massive amounts of VEGFC are needed to rescue the
dominant negative effect of one mutated Vegfr3allele in Chy mice [52]. It is also possible
that the experiment was stopped at a time when most of the lymphangiogenesis responses
had already completed. Since little is known about the downregulation of Vegfr3in diseases,
other complex mechanisms could also be involved and remain to be discovered.
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Human VEGFC overexpression was used in the present study because it is fully functional
in mouse tissues [35]. More importantly, the adenovirus-based gene therapy expressing
human VEGFC directly in the damaged tissue is used for treatment of lymphedema in
clinical trials (https://clinicaltrials.gov/ct2/results?term=lymfactin). Here, we expanded its
application to the treatment of periodontitis. Our study demonstrates that AAV-VEGFC
increases the area of PDPN*/a.SMA™ collecting LVs and promotes local lymphatic drainage.
Since AAV-VEGFC could only produce a precursor protein of VEGFC instead of the
functionally mature form, we assume that suitable proteases must have been endogenously
available in the maxillary tissue to convert pro-VEGFC into one of the mature, active forms.
Additionally, VEGFR3, the receptor for VEGFC, is also expressed in non-LECs such as
neuronal progenitors, macrophages, and especially osteoblasts [53]. Thus, it is possible

that the increased alveolar bone volume caused by AAV-VEGFC treatment may be partly
due to the effects of VEGFC on osteoblast differentiation. Our study also indicated that

the ALP-positive surface, as a percentage of the bone perimeter, was greater after AAV-
VEGFC treatment. It would be beneficial to generate LEC-specific VEGFR3-overexpressing
or knockout mice by crossing VEGFR3 transgenic mice or VEGFR3 floxed mice with
Prox1-Cre mice and then perform ligature-induced periodontitis in the absence and presence
of AAV-VEGFC administration. Such studies could define even better the role of VEGFC in
lymphangiogenesis and its effect on periodontitis treatment.

Notably, although locally administered VEGFC reduced osteoclasts and alveolar bone loss
and improved lymphatic drainage, the effects were incomplete, suggesting that either the
concentration of VEGFC attained locally was insufficient or, more likely, other factors
contribute to the inflammation, alveolar bone destruction, and lymphatic drainage. Another
concern is that despite being the only FDA-approved probe for use in humans [54],
indocyanine green (ICG) still has several limitations for NIR lymphatic imaging, due

to aggregation and change of spectral properties of the dye after injection upon the
monomerization caused by complexation with endogenous proteins [55]. This limitation
has recently been addressed by precomplexing ICG with Kolliphor HS15 (Sigma-Aldrich),
an FDA- and EMA-approved surfactant, which significantly increases ICG fluorescence
intensity in the application for NIR lymphatic imaging [56]. We found a similar trend in
mice injected with ICG—water compared with those injected with ICG—Kolliphor HS15.
Importantly, at time point 420 min, the signal was very weak in WT mice injected with
ICG-water, which remained relatively strong in WT mice injected with ICG-Kolliphor
HS15 (supplementary material, Figure S1). We may use ICG plus Kolliphor HS15 instead
of ICG alone for NIR lymphatic imaging to evaluate lymphatic function in a future study.
Finally, we found that lymphatic capillaries are increased, whereas collecting LVs are not, in
periodontal tissues of periodontitis. Much research has addressed the effect of inflammation
on lymphatic vessels without distinguishing lymphatic capillaries and collecting LVs. Our
data implied that effects on lymphatic capillaries and collecting LVs do not always go
hand-in-hand, although such in-sync responses have been reported in patients with severe
osteoarthritis [7]. Furthermore, instead of increasing vessel density, collecting LVs usually
change their contractile behavior in response to inflammatory conditions [57]. In the future,
we may pay attention to the contractile behavior of collecting LVs in our research.
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In summary, using murine models of periodontitis and patient tissues, we have demonstrated
that lymphatic dysfunction within the periodontal microenvironment contributes to alveolar
bone loss in periodontitis. Local VEGFC overexpression increases the area of collecting
LVs, promotes local lymphatic drainage, and reduces alveolar bone loss in both models of
periodontitis. Thus, our findings reveal an important role of local lymphatic drainage in
periodontal inflammation-mediated alveolar bone loss.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Increased alveolar bone loss, TRAP-positive osteoclast activity, and lymphatic areas in

RA-associated periodontitis. Six-month-old TNF-Tg RA mice and their WT littermates were
used. (A) Representative 3D scanned sections (upper panels) and reconstructed sections
(lower panels) along the longitudinal direction of the maxillae. Red arrows indicate the
alveolar bone crest. (B) Bone mineral density (BMD, g/cm?) of A was analyzed. (C)
Representative images of H&E-stained paraffin sections. (D) Measurement of the bone
levels by comparing the distance from the cemento-enamel junction (CEJ) to the alveolar
bone crest (ABC) in um was determined. (E) Representative images of TRAP-stained
paraffin sections. (F) Oc.S/B.S (%): the percentage of alveolar bone surface covered by
TRAP-positive osteoclasts (indicated by black arrows) was determined by morphological
analysis. (G, H) Paraffin sections of maxillae were subjected to IF for LYVEL (green) and
PDPN (red) for lymphatics. White dashed lines indicate the bone surface and white arrows
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the LYVE17/PDPN™ vessels. Quantification of the LYVE1*PDPN* area/tissue area (%) in
mesial (G) or distal (H) periodontal tissue of the maxillary first molar was determined. *p
< 0.05 versus WT. Eight mice and their WT controls were included in each experiment. A
two-tailed unpaired Student’s #test was performed.
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Figure 2.

F4/80/DAPI

100 um

Numbers of lymphatic endothelial cells, macrophages, and B cells are increased

in periodontal tissues and in the cervical (draining) lymph nodes in RA-associated
periodontitis. Six-month-old TNF-Tg RA mice and their WT littermates were used. (A)
Cells from periodontal tissue were collected and analyzed by flow cytometry. Representative
dot-plot shows the population of various cell subsets. (B) Subpopulations of cells in the
periodontal tissue. (C) Cells from cervical lymph nodes were collected and analyzed by
flow cytometry. Representative dot-plot shows the population of various cell subsets. (D)
Subpopulations of cells in the cervical lymph nodes. Paraffin sections of cervical lymph
nodes were H&E-stained (E) and adjacent sections were subjected to IF (F) for LYVE1
(green) and PDPN (red) for LVs (left-hand panel), for B220 (green) for B cells and

CD3 (red) Ab for T cells (middle panel), with F4/80 (green) for macrophages (right-hand
panel). Between six and eight mice per group were included in each experiment. Two-tailed

unpaired Student’s #tests were performed.
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Figure 3.

Decreased collecting lymphatic vessels and lymph flow in periodontal tissues of RA-
associated periodontitis. Six-month-old TNF-Tg RA mice and their WT littermates were
used. (A) Paraffin sections of maxillae were subjected to IF for PDPN (red) and

aSMA (green). Representative images of periodontal tissue showing the distribution

of PDPN*/aSMA™ lymphatic capillaries (red), PDPN*/aSMA™ collecting LVs (yellow,
indicated by blue arrows), and PDPN~/aSMA* blood vessels (green). (B) Quantification
of the PDPN*aSMA™ area, PDPN*aSMA™* area or PDPN"aSMA™* area to tissue area (%)
was determined. (C) An example of in vivowashout of ICG: 1 ul (0.5 pg/pl) of ICG was
injected sub-epithelially in the buccal oral mucosa to the maxillary first molar area. The
total fluorescence in the entire posterior facial area was measured using an optical imager
(IVIS Spectrum) at 60 min post-injection. The measurement was repeated every 90 min
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for a 7-h period. ICG clearance (%) was quantified. Values shown are mean + SEM. (D)
Gene expression levels were measured by RT-qPCR. Values were calculated as CT (gene of
interest)/2 — CT (Gapdh) x 100. *p < 0.05 versus WT at the same time point. Between six
and eight mice per group were included in each experiment. Two-tailed unpaired Student’s
Etests were performed.
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Figure 4.

AAV-VEGFC increases local lymphatic drainage and reduces alveolar bone loss in RA-
associated periodontitis. Four-month-old TNF-Tg mice received local injection of AAV-GFP
control virus (left maxillary) or AAV-VEGFC virus (right maxillary) into periodontal tissues
of the left and right maxillary first molar, respectively. Two months after viral injection,
mice were sacrificed and analyzed. (A) Expression of virus-encoded human VEGFC in
periodontal tissues of TNF-Tg mice. (B) Paraffin sections of maxillae were subjected

to IF for PDPN (red) and aSMA (green). Representative images of periodontal tissue
showing the distribution of PDPN*/aSMA™~ lymphatic capillaries (red), PDPN*/aSMA*
collecting LVs (yellow), and PDPN~/aSMA* blood vessels (green). Quantification of

the PDPN*aSMA™ area or PDPN*aSMA™ area to tissue area (%) was determined. The
number of PDPN*aSMA* collecting LVs per mm? tissue areas (#/mm?) was calculated.
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(C) An example of in vivo washout of ICG in periodontal tissues reflecting lymph flow
through all time points. ICG clearance (%) was quantified. Values shown are mean +

SEM. *p < 0.05 versus AAV-GFP control virus at the same time point. (D) Representative
3D scanned sections (upper panels) and reconstructed sections (lower panels) along the
longitudinal direction of the maxillae. Bone mineral density (BMD, g/cm?) was analyzed.
(E) Representative images of H&E-stained paraffin sections. Measurement of the bone levels
by comparing the distance from the cemento-enamel junction (CEJ) to the alveolar bone
crest (ABC) in um was determined. (F) Representative images of TRAP-stained paraffin
sections. The percentage of alveolar bone surface covered by osteoclasts (Oc.S/B.S) was
determined. (G) Representative images of ALP-stained paraffin sections. The percentage of
alveolar bone surface covered by osteoblasts (Ob.S/B.S) was determined. *p < 0.05 versus
AAV-GFP control virus. N = 6-8. A two-tailed unpaired Student’s #test was performed.
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Figure5.
AAV-VEGFC increases local lymphatic drainage and reduces alveolar bone loss in ligature-

induced periodontitis. Two-month-old WT mice were randomly divided into two groups
(six mice per group). One group received local injection of AAV-GFP control virus in
periodontal tissues of both the left and right maxillary first molar. Another group received
AAV-VEGFC virus injection. Two weeks later, a 5-0 silk ligature was tied around the right
maxillary first molar and the contralateral tooth was left unligated to serve as the baseline
control. All the mice were sacrificed and analyzed 2 weeks after placement of the ligature.
(A) Paraffin sections of maxillae were subjected to IF for PDPN (red) and aSMA (green).
Representative images of periodontal tissue showing the distribution of PDPN*/aSMA~
lymphatic capillaries (red), PDPN*/aSMA* collecting LVs (yellow), and PDPN~/aSMA*
blood vessels (green). Quantification of the PDPN*aSMA™ area or PDPN*aSMA™ area
to tissue area (%) was determined. The number of PDPN*aSMA®* collecting LVs per
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mm? tissue areas (#/mm?2) was calculated. (B) An example of in vivo washout of ICG

in periodontal tissues reflecting lymph flow through all time points. ICG clearance (%)

was quantified. Values shown are mean + SEM. *p < 0.05 versus control + AAV-GFP,

#p < 0.05 versus periodontitis + AAV-VEGFC, at the same time point. (C) Representative
3D scanned sections (upper panels) and reconstructed sections (lower panels) along the
longitudinal direction of the maxillae. Bone mineral density (BMD, g/cm?) was analyzed.
(D) Representative images of H&E-stained paraffin sections. Measurement of the bone
levels by comparing the distance from the cemento-enamel junction (CEJ) to the alveolar
bone crest (ABC) in um was determined. (E) Representative images of TRAP-stained
paraffin sections. The percentage of alveolar bone surface covered by osteoclasts (Oc.S/B.S)
was determined. (F) Representative images of ALP-stained paraffin sections. The percentage
of alveolar bone surface covered by osteoblasts (Ob.S/B.S) was determined. *p < 0.05 in

the indicated groups. V= 6. One-way ANOVA followed by Dunnett’s post hoc multiple
comparisons test was performed.
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Figure 6.
Increased inflammatory cell infiltrations and decreased collecting lymphatic vessel

formation in periodontal tissues from patients with chronic periodontitis. Gingival tissue
specimens from patients with chronic periodontitis or clinically healthy controls were

used. (A-C) Cells from tissue specimens were collected and analyzed by flow cytometry.
Representative dot-plot shows (A) the population of CD31* endothelial cells, (B)
CD45*CD14* monocytes/macrophages, and (C) CD3* T cells and CD19* B cells. N

= 12-20. A two-tailed unpaired Student’s #test was performed. (D) Paraffin sections

were H&E-stained and adjacent sections were subjected to IF with (E) anti-LYVE1

(red) and anti-aSMA (green) Abs. Representative images showing the distribution of
LYVE1*/aSMA™ lymphatic capillaries (red), LYVE1*/a SMA™ collecting LVs (yellow,
indicated by blue arrows), and LYVE1~/aSMA* blood vessels (green). (F) Quantification of
the LYVE1*aSMA™ area, LYVE1"aSMA® area or LYVE1 aSMA™ area to tissue area (%)
was determined. Patients with chronic periodontitis (#= 8) and their controls (7= 6) were
included in this experiment. The experiment was repeated at least once, with representative
images shown. A two-tailed unpaired Student’s #test was performed.
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