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INTRODUCTION

Abstract

Lymphatics are involved in the resolution of inflammation and wound healing, but
their role in the oral wound healing process after tooth extraction has never been
investigated. We therefore sought to evaluate the healing process following the extrac-
tion of maxillary molars in two transgenic mouse models: K14-VEGFR3-Ig mice,
which lack initial mucosal lymphatic vessels, and K14-VEGFC mice, which have
hyperplastic mucosal lymphatics. Maxillary molars were extracted from both trans-
genic mouse types and their corresponding wild-type (WT) controls. Mucosal and
alveolar bone healing were evaluated. A delayed epithelialization and bone regener-
ation were observed in K14-VEGFR3-Ig mice compared with their WT littermates.
The hampered wound closure was accompanied by decreased levels of epidermal
growth factor (EGF) and persistent inflammation, characterized by infiltrates of
immune cells and elevated levels of pro-inflammatory markers in the wounds. Hyper-
plastic mucosal lymphatics did not enhance the healing process after tooth extraction
in K14-VEGFC mice. The findings indicate that initial mucosal lymphatics play a
major role in the initial phase of the oral wound healing process.
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cells, including polymorphonuclear cells (PMNs) and mono-
cytes, which infiltrate the newly formed wound matrix [3].

When a tissue is damaged, specialized cells sense and remove
pathogens and manage to restore the function at the injured
site in a series of finely tuned sequences [l]. A hemo-
static phase commences with blood clot formation, paralleled
by the inflammatory phase and in the end, new tissue is
formed and remodeled during the proliferation phase, restor-
ing the epithelial barrier function [2]. Blood vessel formation
(angiogenesis) is an essential factor in recruiting immune

By killing bacteria, neutrophils clean the wound site before
themselves being removed by professional phagocytes such
as macrophages, which subsequently take over the wound
healing process [4]. Their plasticity, which is modulated
by cytokines and growth factors, gives them the ability to
promote or resolve inflammation [5]. Macrophages also ini-
tiate collagen synthesis and are involved in endothelial cell
and fibroblast differentiation. During the development of
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granulation tissue, keratinocytes proliferate and migrate
across the wound surface [6]. As such, the wound is pre-
pared for tissue regrowth, which occurs during the stages of
proliferation and remodeling [7].

In addition to blood vessel formation, adequate growth
of lymphatic capillaries from the wound edge is essential
during the normal wound healing response [8]. Lymphat-
ics are associated with chemokine signaling, formation of
granulation tissue, trafficking of immune cells, resolution of
inflammation, drainage of protein-rich lymph from interstitial
space, re-establishment of normal tissue pressure, and tissue
remodeling during healthy repair [9].

Tooth extractions cause mucosal lacerations and expo-
sure of bone to the oral environment. Consequently, soft
tissue and bone interact with each other during the
repair process in a unique environment exposed to oral
microflora. Once the inflammation subsides, woven bone
formation commences from the bottom of the sockets and
is associated with an interplay between osteoblasts and
osteoclasts [10]. However, lack of socket epithelialization
impairs alveolar bone growth, as seen in jaw osteonecrosis
[11].

A considerable understanding of the fundamental cellular
and molecular mechanisms underlying normal wound heal-
ing has been assembled using various mouse models [12].
Reduced lymphatic development as well as disrupted lym-
phatic function have been shown to impair cutaneous wound
healing [13]. Yet, the role of lymphatics during oral wound
healing has received less attention. We have previously stud-
ied the involvement of lymphatics during periodontal disease
development using various transgenic mice models, such as
K14-VEGFR3-Ig or K14-VEGFC mice [14, 15]. Genetically
engineered K14-VEGFR3-Ig mice have an overexpression
of soluble VEGFR3 that competes for VEGF-C/D binding,
resulting in the regression of initial lymphatic vessels and
lymphedema [16]. The lack of gingival lymphatics in K14-
VEGFR3-Ig mice resulted in increased alveolar bone loss
and stronger inflammation compared with wild-type (WT)
littermate controls after induction of periodontitis by Porphy-
romonas gingivalis challenge [14]. On the other hand, trans-
genic mice with hyperplastic gingival and oral mucosal lym-
phatics because of VEGF-C overexpression (K14-VEGFC
mice) do not possess an increased drainage capacity and
are not protected from bone destruction upon periodontal
inflammation [15].

In the light of knowledge gaps on the involvement of
lymphatics in the oral wound healing process, we used a
tooth extraction model to evaluate how the absence of initial
mucosal lymphatics (K14-VEGFR3-Ig mice) or the pres-
ence of hyperplastic lymphatics (K14-VEGFC mice) impact
mucosal and bone healing.

RIGHTS L1 N Hig

MATERIAL AND METHODS
Experimental animals

The research protocol comprised details on background,
planned sample size, study design, and experimental out-
comes; it was approved by the Norwegian Food Safety
Authority (FOTS ID 15592) and conducted under supervision
of the local Animal Welfare Body at the Laboratory Ani-
mal Facility, University of Bergen, Norway. The ARRIVE
guidelines were followed in the reporting of the study [17].

Experiments were performed in female transgenic K14-
VEGFR3-Ig mice with C57BL/6 background [16] as well as
K14-VEGFC mice with FVB background [18], along with
corresponding WT controls. Transgenic animals were kindly
provided by Dr Kari Alitalo (Molecular/Cancer Biology
Laboratory and Haartman Institute, University of Helsinki,
Helsinki, Finland). The animals were genotyped by poly-
merase chain reaction as previously described [15, 19]. We
used a total of 104 animals weighing 18-26 g and aged 12—
18 weeks. All mice were housed in polycarbonate cages, with
no more than five animals per cage. They were fed standard
pellet diet with tap water ad libitum. The total number of
animals also includes mice that were used in a pilot study
to establish procedural standardization and animals that were
lost during operations.

Experimental design

Following 7-10 days of acclimatization, the mice were anes-
thetized i.m. with a total of 0.2 mL mixture of Ketamine
50 mg/mL, administered 100 mg/kg body weight (Ketalar,
Pfizer), Xylazine 20 mg/mL, administered 10 mg/kg body
weight (Rompun Vet, Bayer) and sodium chloride (NaCl)
9 mg/mL, 0.12 mL/dosage. The animals were then placed
on a board to facilitate lower jaw retraction under an operat-
ing microscope. The second maxillary molars were extracted
with a 23-gauge needle, which was carefully rocked after
placement in the mesial, distal, and palatal sulcus. All proce-
dures were performed by one operator. After the extractions,
all animals received pain relief medication Buprenorfin (Vet-
ergesic, 0.05 mg/kg body weight, Orion Pharma) and were
regularly monitored throughout the various observation peri-
ods. The K14-VEGF-C mice and their wild-type WT controls
were euthanized at 7- or 14-days post-extraction. The K14-
VEGFR-3-Ig animals and their WT controls were observed
for either 7, 14, or 21 days.

The maxillae were collected, and randomly number-coded
for blinding purposes. One half of each maxilla was used for
clinical measurements of the post-extraction wound closure,
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followed by micro-computed tomography and immunohisto-
chemical analyses. The contralateral half of the maxilla was
placed in RNAlater (Ambion) and frozen at —80°C until fur-
ther analysis. Specimens with complete root fractures or bone
fractures at the extraction site during tissue handling were
excluded from further analyses.

Wound assessment

The jaws were washed with saline for debris and blood
remnants detachment. They were placed on a mold which
ensured a stable positioning for visualization of the extrac-
tion site in line with the remaining first and third molars.
A photomicroscope (Nikon Eclipse E600, Nikon) connected
to a digital camera employing NIS ELEMENTS AR SOFT-
WARE (Nikon) was used for visualization, image capturing
at 4x magnification and measurement of gross wound clo-
sure. The margins of the open wounds were contoured
on the captured images, and the areas measured. The
results were expressed as squared millimeters and repre-
sent averages based on independent evaluations by two
investigators (A.V. and L.M.). Interobserver variability was
tested (unpaired t-test, GRAPHPAD PRISM SOFTWARE VER-
SION 8, Graphpad). No statistically significant difference
in the measurements performed by the two investiga-
tors was found. Further analysis was done on averaged
values.

After image capture, the jaws were fixed overnight in 4%
paraformaldehyde (PFA). They were thereafter washed with
0.1 M phosphate buffer and frozen in phosphate buffer saline
at —80°C until further analysis.

Micro-computed tomography (uCT) analysis of
bone healing

Briefly, PFA-fixed jaws were placed in a y-CT scanner with
high resolution (Skyscan 1172VR, Bruker). Acquired images
were transformed into sliced volumetric reconstruction using
NRecon v1.7.1 (Bruker) and down streamed to the molar
region by CTAN SOFTWARE V1.18.8 (Bruker). A fixed rect-
angle shape was loaded onto the dataset, placed within the
alveolar socket above the cortical bone and between the
first and third molars and 50 layers of images inside each
extraction socket were chosen as volume of interest for fur-
ther analysis. Volume and morphology of the bone within
the socket were assessed in three dimensions by threshold-
ing of this region to separate mineralized tissue from the
marrow. Outcome parameters of the extraction socket bone
included bone volume/tissue volume (BV/TV, %), relative tra-
becular thickness (Tb.Th/TV, rnm/mm3), relative trabecular
separation (Tb.Sp/TV, mm/mm3), relative trabecular num-
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ber (Tb.N/TV, 1/mm/mm3), trabecular pattern factor (Tb.Pf,
1/mm), bone surface density (BS/TV, 1/mm), connectivity
density (Conn.Dn, 1/mm?), structure model index (SMI), pre-
viously described by Bouxstein et al. [20]. A 3D analysis and
bone mineral density (BMD, g/cm3) of bone micro-structure
in the extraction sockets was also performed by CTAn.

Onal Sciences

Statistical analyses of wound areas and uCT
analysis

The statistical analyses were performed using R VERSION
4.0.3 8R (Development Core Team 2020; http://www.r-
project.org) and GRAPHPAD PRISM SOFTWARE VERSION §
(GraphPad). For analyzing the different response variables,
we mainly used two-way ANOVA models allowing for the
interaction between the predictors “Animal model” and “Days
after treatment” (tooth extraction). Days after treatment were
treated as a categorical variable due to the limited resolu-
tion in time (7, 14, and 21 days after tooth extraction). For
natural reasons, the variance of the response “Wound area”
is expected to go down over time. Thus, for this response
variable we used a generalized linear model (glm) with
log-link function and using a quasi-poisson adjustment of
the error term to account for overdispersion. We also ana-
lyzed wound area as healed (1) or not healed (0) by using
a binary logistic model. For all models indicating an inter-
action effect between the two predictors “Treatment” and
“Days after tooth extraction” or an effect of “Treatment,” we
did planned comparisons between the two treatment groups
for all three levels of “Days after tooth extraction,” that
is, three planned comparisons. Results are presented as a
mean value = SD. p < 0.05 was considered statistically
significant.

Immunohistochemical analysis

The PFA-fixed maxillae used for uCT analysis were decal-
cified in 10% EDTA, washed in phosphate buffer and stored
in 30% sucrose at —80° C until cryosectioning. Sections of
14-18 pm thickness were subjected to immunohistochemical
analysis for the presence of LYVE-1T lymphatics, CD31%
blood vessels, F4/80/iNOS* or CD80* M1 and Arginase-1*
M2 macrophages and Ly-6.B2+ neutrophils using the avidin-
biotin peroxidase (ABC) method and 3,3’-diaminobenzidine
(DAB) as the chromogen, as previously described [14, 21].
Briefly, normal rabbit or goat serum (Vector Laboratories)
were used for the blocking step, followed by primary anti-
bodies with overnight incubation at 4°C. Antigen-antibody
complexes were evidenced by the ABC method, using
commercially available kits (Vectastain ABC kit, Vector Lab-
oratories; HRP-DAB cell & tissue staining kit, RnD Systems)
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and visualized by 3, 3’-diaminobenzidine (DAB; Sigma-
Aldrich). Finally, the sections were counterstained with
methylene blue/azure II, dehydrated in graded alcohol series,
cleared in xylene and cover slipped with Eukitt (O. Kindler).
All sections were visualized under a photomicroscope (Nikon
Eclipse E600, Nikon) connected to a digital camera employ-
ing LUCIA IMAGING SOFTWARE V.480 (Laboratory Imaging)
and representative images were captured. Identification of
F4/80/iNOS* M1 and Arginase-1* M2 macrophages, as well
as simultaneous staining of blood (CD31) and lymphatic
vessels (LYVE-1) was performed by use of immunofluo-
rescent double labelling. The antibody-antigen complexes
were visualized with Alexa Fluor -488/-546 secondary
antibody conjugates (dilution 1:300, Invitrogen). Fluores-
cent images were captured with a fluorescent microscope
(Axio Imager, Carl Zeiss) connected to an AxioCam MRm
camera (Carl Zeiss) that used the AXIOVISION 4.8.1 (Carl
Zeiss) imaging system. The employed primary antibodies
were Ly-6B2 rat anti-mouse, 1:300 (MCA771G, Bio-Rad);
F4/80 rat anti-mouse, 1:200 and 1:100/immunofluores-
cence (ab6640, Abcam); iNOS rabbit anti-mouse, 1:200
(ab3523, Abcam); Arginase-1 rabbit anti-mouse, 1:100
(PA5-29645, Invitrogen); LYVE-1 rabbit anti-mouse 1:300
(ab14917, Abcam) and CD31 goat anti-mouse 1:100
(AF 3628, Bio-Techne).

Analysis of gingival and bone proteins

Buccal, palatal, and interproximal gingiva around the first and
third molars, and soft tissue from the extraction site were care-
fully dissected under an operating microscope. Bone blocks
containing the first molar and extraction site were freed from
remaining soft tissue and collected separately. All samples
were weighed and disrupted in a total volume of 200-500 uL
cell lysis buffer (Cell Signaling Technology), supplemented
with 1 mM phenylmethanesulfonyl Fluoride (PMSF), Pro-
tease Inhibitor Cocktail (Cell Signaling Technology) and
gentamicine 10 mg/mL (Sigma-Aldrich). The supernatants
were collected after centrifugation and subsequently frozen
at —80°C until further analysis.

Protein profiler assay

Protein concentrations were measured using the Pierce Pro-
tein Assay Kit (Thermo Fisher Scientific) according to
manufacturer’s directions. Gingiva or bone samples were
pooled for WT or transgenic mice at each observation period.
The Mouse XL Cytokine Array Kit (R&D Systems, ARY028)
was used for the assessment of relative levels of a total of
111 proteins. The total amount of protein to attain optimal
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sensitivity was calculated at 200 ug, according to company’s
instructions. Briefly, after being placed in blocking buffer at
room temperature for 1 h, the membranes were incubated
with tissue samples overnight at 4°C. Following rinsing with
washing buffer three times for 10 min, membranes were incu-
bated with a biotinylated detection antibody cocktail at room
temperature for 1 h and then with streptavidin—horseradish
peroxidase for 30 min. Membranes were exposed to chemi-
luminescent detection agents and the signals corresponding
to the amount of bound protein measured with the Fujifilm
LAS-3000 Luminescent Image Analyzer. Dot spot densities
were analyzed using IMAGEJ SOFTWARE (NIH). Loading
variability between separate membranes was controlled by
densitometry of the positive control spots. The relative expres-
sion of each analyte was normalized to the mean density of
positive controls (biotinylated IgG).

Multiplex analysis

Following the proteomic profiling of gingiva and bone
samples, selected biomarkers were quantitatively evaluated
by use of multiplex technology (Multiplex Mouse Dis-
covery Assay LXSAMSM-14, R&D/Bio-Techne; Milliplex
MKI2ZMAG-94K and MAP2ZMAG-76K, Millipore). These
molecules were included in the analyses: C-reactive pro-
tein (CRP), serum amyloid P (SAP), lipocalin-2 (LCN2),
chitinase-3-like protein 1 (Ch3l1), receptor activator of
nuclear factor kappa-B ligand (RANKL), epidermal growth
factor (EGF), cystatin C (CST3), insulin like growth fac-
tor binding protein 1 (IGFBP1), intercellular adhesion
molecule 1 (ICAMI), low density lipoprotein receptor
(LDLR), interleukin-33 (IL33), osteopontin (OPN), matrix
metalloproteinase 9 (MMP9), chemokine ligand 5 (LIX),
periostin (POSTN), chemokine ligands 21 and 22 (CCL21,
CCL22). In brief, the samples were diluted (1:2 to 1:320)
according to manufacturer’s instructions to ensure read-
outs within the linear range of the standard curve and
then incubated with antibody-immobilized beads overnight.
Complexes were washed, incubated with biotinylated detec-
tion antibody and thereafter, with streptavidin-phycoerythrin.
Standard curves for the different analyzed factors were
established according to ranges provided by the manufac-
turers. The levels of molecules were read with a Luminex
MAGPX18087721 device and XPONENT ACQUISITION
SOFTWARE (Luminex). Final concentrations were calculated
corresponding to the standard values and presented as pg
or ng biomarker/mg total protein. GRAPHPAD PRISM SOFT-
WARE, VERSION 8 (GraphPad) was used for representation
and statistical analysis of data with two-way ANOVA test
method. A list of all evaluated analytes is presented in
Table S1.
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FIGURE 1

Wound areas and exemplification of the clinical appearance at days 7, 14, and 21 post-extraction. A decrease in wound areas (mm?,

mean =+ SD) is seen in all investigated groups over the observational periods (A and C). Wound areas of K14-VEGFC mice were not significantly

different than their corresponding WT controls (A), whereas all wounds in both phenotypes resulted in closure after 2 weeks observation time (A and
B). Wound areas above 0 mm? were considered as open. K14-VEGFR3-Ig mice healed slower than WT controls (p = 0.06, two-way ANOVA
followed by Tukey’s multiple comparisons test), resulting in a higher prevalence of open post-extraction wounds at day 14 and day 21 (C).

Exemplification of the clinical presentation in WT and transgenic animals at all observation periods (B and D). Open wounds are marked with
arrows. (n = 11 WT/FVB and n = 7 K14-VEGFC 7 days; n = 6 WI/FVB and n = 7 K14-VEGFC 14 days; n = 8 WT/C57Bl/6 and n = 8
K14-VEGFR3-Ig 7 days; n = 8 WT/C57Bl/6 and n = 9 K14-VEGFR3-Ig 14 days; n = 7 WT/C57Bl/6 and n = 8 K14-VEGFR3-Ig.). WT, wild-type.

RESULTS

Wound closure in transgenic K14-VEGFC and
K14-VEGFR3-Ig mice

To assess wound epithelialization following tooth extrac-
tion, the areas of open wounds were measured at the
different time points. Post-extraction wound areas (mm?)
decreased over time in all mice groups (Figure 1A-D).
There was no difference between wound epithelialization
of K14-VEGFC and their WT controls (Figure [A.,B).
The proportion of open wounds in KI14-VEGFR3-Ig
animals was higher after 14 and 21 days compared
with their littermate controls at equivalent time periods
(Figure 1C).
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Alveolar bone healing in K14-VEGFC and
K14-VEGFR3-Ig mice

Bone filling within the sockets occurred in all groups of mice
during the observation periods. No differences were regis-
tered between WT and K14-VEGFC mice at bone level on day
7 and day 14 (Figure 2A). Bone volume, relative trabecular
bone number, bone surface density and bone mineral den-
sity were significantly lower in K14-VEGFR3-Ig compared
with WT mice at day 14, indicating delayed bone growth in
K14-VEGFR3-Ig transgenic mice. (Figure 2D).

No differences in mucosal and alveolar bone healing
between K14-VEGFC and WT littermate controls were noted
suggesting that hyperplastic oral mucosal lymphatics, known
to characterize this mouse model from current and previous
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investigations [15], did not enhance the healing process. As
such, no further analyses were performed on K14-VEGFC
mice and their WT controls.

Neutrophils and M2 macrophages in
post-extraction wounds of K14-VEGFR3-Ig
mice

As exemplified in Figure 3, we evaluated the presence of
different immune cells within the post-extraction wounds
by immunohistochemistry. On day 7, a rich inflamma-
tory infiltrate of Ly-6.B2% neutrophils was present in both
K14-VEGFR3-Ig and WT mice. This infiltrate persisted
after 2 weeks in alveolar sockets with incomplete epithe-
lialization, and a large infiltrate was found in transgenic
mice (Figure 3A). Argl™ M2 macrophages were abun-
dant after 1 week and only seen in post-extraction wounds,
whereas at day 14 they persisted in partially epithelized
post-extraction tissue and were nearly absent from epithe-
lized sockets (Figure 3B). Few neutrophils were still present
after 21 days (Figure 3A) and Arglt macrophages were
rarely encountered in healed alveolar socket tissue of both
mouse phenotypes (Figure 3B). Exemplification of double
immunofluorescent staining of macrophages is presented in
Figure S1.

Lymphatic vessels in post-extraction wounds of
K14-VEGFC and K14-VEGFR3-Ig mice

Lymphangiogenesis took place during wound healing in both
WT controls and in K14-VEGFC mice as was observed as
ingrowth of lymphatic vessels underneath the newly formed
epithelium (Figure 4A.B). No lymphatic vessels were seen
in the post-extraction wounds during the 3-week observation
period in the K14-VEGFR3-Ig mice confirming the pheno-
type used (Figure 4C). CD31% blood vessels were abundantly
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present in both mouse phenotypes and WT controls at all
observation times (Figure 4B,C).

Onal Sciences

Evaluation of inflammatory markers in gingiva
and bone samples from K14-VEGFR3-Ig mice
and WT controls

After observing delayed mucosal and bone healing in K14-
VEGFR3-Ig mice, we screened for several proteins (total 111
chemokines, cytokines, growth factors and enzymes) related
to biological responses during wound healing. The relative
expression of selected markers in both pooled mucosal and
pooled bone samples from K14-VEGFR3-Ig and WT mice are
presented in Figure 5.

Certain biomarkers discovered during initial screening
were further quantitatively evaluated by Multiplex tech-
nology. Concentration of acute phase CRP was higher in
K14-VEGFR3-Ig than WT controls on day 14. Higher con-
centrations of gingival chitinase 3 like protein 1 (CHI3L1)
and matrix metalloproteinase 9 (MMP9) were registered
in transgenic mice samples than in their WT controls
after 21 days, although the differences were not statisti-
cally significant. Epidermal growth factor (EGF) was lower
in transgenic than in WT mice over time, with statisti-
cally significantly lower values at bone level after 3 weeks
(Figure 6). CCL21 was only expressed in WT gingival sam-
ples at all observation times; but expressed in both WT and
transgenic bone samples with significantly lower values in
K14-VEGFR3-Ig animals, confirming the phenotypes used
(Figure 6).

Other biomarkers showed no differences in expression
patterns between the two mouse phenotypes (Figure S2).
Figure S3 reveals the interactions between all analyzed
biomarkers after the initial screening by use of a cytokine
array and after their quantitative multiplex analysis (String
database, STRING: functional protein association networks
(string-db.org).

FIGURE 2

Different parameters of bone healing analysis by uCT (A and D). The parameters were measured within a defined region of interest

(red rectangle) between the first and third molar (ROI, B). No significant differences in bone microarchitecture were observed between K14-VEGFC

mice and their corresponding controls (A). Panel C illustrates similar bone fill patterns over the 2-week observation period between K14-VEGFC

mice and their littermate controls. A significantly faster increase in bone volume (p = 0.04) and mineral density (p = 0.04), along with number of

trabeculae (p = 0.04) is seen in WT compared with K14-VEGFR3-Ig animals. The relative trabecular thickness decreased over time and maintained

stable values in all groups of mice, with no significant differences between the phenotypes (D). An overall reduction in the relative trabecular

separation was also observed, with K14-VEGFR3-Ig mice showing a higher mean value compared to controls, significantly different at 14 days

post-extraction- (p = 0.03). Bone surface density was significantly different after 2-week observation time (p = 0.0007). SMI is indicative of the

structure of bone trabeculae, pointing at differences between the two mouse phenotypes, which are significant at 2- and 3-week observation periods

(p = 0.04); herein, parallel trabeculae result in values closer to 0, while in the case of cylindrical rods the values increase up to 4 (D). The lower panels
illustrate bone fill patterns in WT and K14-VEGFR3-Ig mice over the 3-week period (E). A delayed bone fill was noted in K14-VEGFR3-Ig mice
after 2 weeks compared to WT controls (arrow). After 3 weeks bone fill occurred similarly in K14-VEGFR3-Ig animals and their controls (D, E).

(n =6 WT/FVB and n = 6 K14-VEGFC 7 days; n = 6 WT/FVB and n = 7 K14-VEGFC 14 days; n =9 WT/C57B1/6 7 and n = 7 K14-VEGFR3-1g 7
days; n =5 WT/C57Bl/6 and n = 6 K14-VEGFR3-Ig 14 days; n = 5 WT/C57B1/6 and n = 5 K14-VEGFR3-Ig, two-way ANOVA followed by
Tukey’s, Bonferroni and Sidak’s multiple comparisons tests). #CT, micro-computed tomography; SMI, structure model index; WT, wild-type.

RIGHTS L1 N Hig

85UB017 SUOLULIOD SAERID 3 |edtidde au Aq peuRob 818 D1 VO (88N JO S3INJ 0} ARIQIT BUIIUO 4811 UO (SUORIPUOD-PUE-SLULBILIOD" A3 I ARR1q 1 PU1UO//SANY) SUORIPUOD PUE SWI L U3 39S * [1Z02/TT/T0] U0 ARigiT8uiuo AB)IM ‘0-4a 1dBosy 8910AU| 1[E9H 21iand JO @Insu| UeiBemioN Ag 900ET SOS/TTTT OT/I0p/0" M| 1M Aziq1eul|uo//SdRY WOy popeojuMOa ‘¥ ‘#20Z ‘2220009T


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Feos.13006&mode=

: ‘ ) f N
8of 14 WILEY OI’(]/ Sciences N\/P ‘ VIRTE] ET AL.

$

“WTIC5TBIf6
. : {\ »V.. %

FIGURE 3 Exemplification of cellular infiltrates in post-extraction wounds over the 3-week period. Neutrophil infiltrates (Ly-6.B2*, arrows)
are abundant at day 7 in the post-extraction wounds of both mouse phenotypes. By day 14, as healing proceeds, neutrophils persist in non- and
partially epithelized areas, with a higher prevalence in transgenic mice. Only few Ly-6.B2" neutrophils are seen in the newly formed tissue at day 21,
and mostly in the sulcus epithelium of neighboring first and third molars (A). Panel B exemplifies the presence of Argl™ macrophages in the
post-extraction wounds. Within the sockets, Argl™ cells are abundant in non-epithelized wounds up to 2 weeks observation time in both mouse
phenotypes, whereas within the healed tissue they are rarely encountered. (Scale bar 10 um).
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FIGURE 4 Immunohistochemical staining for lymphatic (LYVE-1) and blood (CD31) vessels. Lymphatics were confirmed in sections from

K14-VEGFC mice and all WT controls (arrows), here exemplified after one (A) and 2-week observation time (B). Blood vascular structures positive

for CD31 (arrows) were found within the jaws and post-extraction alveolar sockets of both mouse phenotypes and their controls at all observation

times, here exemplified in panel B on a section from 14 days observation (WT). No lymphatic vessels were seen in the post-extraction wounds of

K14-VEGFR3-Ig mice, here confirmed by double immunofluorescent staining in a section from 2 weeks observation time (C). (Scale bar

200 um). WT, wild-type.

DISCUSSION

The findings of this study have demonstrated that the absence
of initial lymphatics in the oral mucosa delays wound healing
in a tooth extraction model, manifested as increased preva-
lence of open wounds after 14- and 21-days post-extraction
(Figure 1), along with delayed bone fill of alveolar sock-
ets in the K14-VEGFR3-Ig mice at the 2 weeks observation
period (Figure 2). Transgenic mice with hyperplastic mucosal
lymphatics (K14-VEGFC) showed no difference in healing
patterns of oral mucosa or bone compared with WT controls
(Figures 1 and 2).

The lack of initial lymphatics is distinguished at molecu-
lar level in K14-VEGFR3-Ig mice by the absence of CCL21
in gingival samples. CCL21 is mainly expressed by the lym-
phatic endothelium and is required for lymph angiogenesis,
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a process considered necessary for normal wound healing
and inflammatory resolution [13]. In the inflammatory wound
environment, increased secretion of CCL21 by lymphatic
endothelial cells promotes increased migration of antigen-
presenting cells. This helps stimulate the immune response
and assists the healing process by removing bacteria and other
cellular products from the site [22]. Absence of lymphatics
in the post-extraction wounds and on their edges, impairs
drainage and clearance processes from the inflammatory site
during wound healing, leading to a prolonged inflammatory
response in K14-VEGFR3-Ig mice. In addition, a reduced
antigen presenting cell mobilization takes place when initial
lymphatics are missing. Even though transgenic mice exhib-
ited significantly low levels of CCL21, other factors involved
in immune cell recruitment, like chemokines CXCL5 and
CCL22, and ICAMI, showed similar expression levels in
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FIGURE 5 An overview of the relative expression of selected

proteins investigated in pooled samples of gingiva or bone from all
three time periods in WT and K14-VEGFR3-Ig (R3) mice. A higher
relative expression of MMP9, CHI3L1, IL1r1, MPO and Reg3G was
maintained in gingival samples of K14-VEGFR3-Ig mice after 14 and
21 days. IL1r]1 and CD142 were only expressed in gingival samples,
whereas FGF1 was only registered in bone samples. A higher relative
expression of SerpinF1 and AHSG was noted in bone compared with
gingiva samples in both mouse phenotypes over time. WT, wild-type.

mucosal and bone samples as seen in WT controls (Figure
S2).

The findings confirmed the presence of rich blood vascu-
lar structures and immune cells within the alveolar sockets of
both K14-VEGFR3-Ig mice and their littermates during the
3-week observation period. Furthermore, K14-VEGFR3-Ig
mice present with lymphatics in the deeper layers of the alve-
olar mucosa [14]. The role of chemokines such as CXCLS5,
CCL22 and ICAM1 in angiogenesis is well-established [23].
We therefore assume that lymphatic vessels present at sub-
mucosal levels, along with blood vessels, are sufficient for
normal immune cell trafficking in K14-VEGFR3-Ig mice.

In the current study, abundant infiltrates of neutrophils and
macrophages persisted in the post-extraction wounds of mice
with no or partially epithelized sockets. In addition, only
few differences were seen in biomarker levels between WT
and K14-VEGFR3-Ig mice. EGF expression was significantly
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lower in mucosal and bone samples in K14-VEGFR3-Ig com-
pared to WT mice. EGF influences keratinocyte migration
that determines the speed of wound epithelialization [24].
Keratinocytes are the executors of the re-epithelialization pro-
cess, whereby they migrate, proliferate, and differentiate to
restore the epidermal barrier [24]. Previous investigations
have linked skin lymph angiogenesis during wound healing to
activation of EGF [25]. Furthermore, gingival epithelial cells
may produce angiogenic and lymphangiogenic factors upon
inflammatory insults and stimulate vessel formation [26]. In
the absence of initial lymphatics in K14-VEGFR3-Ig mice,
concomitant with low expression of EGF, we found delayed
post-extraction epithelialization. In addition, we have shown a
hampered bone growth and mineralization in the same mouse
phenotype. EGFR signaling plays an important role in bone
remodeling by affecting both bone formation and resorption,
during healing [27, 28]. Significantly lower levels of EGF
were measured in the bone and this finding may also explain
the delayed alveolar bone healing. However, epithelial and
bone healing did occur in both mouse phenotypes after 21
days, indicative that K14-VEGFR3-Ig mice maintain their
healing capacity after tooth extraction.

Open chronic wounds correlate with a prolonged inflam-
matory phase during wound healing [29]. In the current
study, non-epithelialized wounds were more prevalent 14
days post-extraction in K14-VEGFR3-IG mice, with abundant
infiltrates of neutrophils and macrophages that contribute to
the production of inflammatory mediators. Pro-inflammatory
markers such as CRP and MPO maintained elevated mucosal
levels after 2-week observation time, pointing again at an
extended inflammatory response in K14-VEGFR3-Ig ani-
mals. CRP can be synthetized locally, even in the gingiva [30]
by macrophages and endothelial cells [31]. MPO, an antibac-
terial molecule with neutrophils as primary source, may result
in collateral tissue damage and decrease the speed of wound
repair [32].

CHI3L1 plays an important role in tissue repair, angiogenic
responses and M2 macrophage differentiation, with both pro-
and anti-inflammatory effects [33, 34]. MMP?9 also has a dual
role during wound healing, with reports of both accelerated
and delayed closure in the event of abundant MMP9 expres-
sion [35], along with being essential to healing after bone
fracture [36]. Even though not statistically significant, their
levels remained elevated in transgenic mice compared with
WT controls at day 21. The lack of statistical significance may
be attributed to the relatively small sample size which was
included in the protein analysis. Since epithelialization and
bone fill occurred in both mouse phenotypes, we assume that
CHI3L1 and MMP9 contribute to the healing process during
proliferation and remodeling stages of oral wound repair.

It has been shown that anti-inflammatory cytokines in both
healing and non-healing diabetic wounds are mainly produced
by macrophages [37]. The local environment determines
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FIGURE 6 Quantitative expression of various growth factors, enzymes, cytokines and chemokines from each sample and observation period.
CRP levels were significantly increased after 14 days in transgenic gingival samples compared with their controls (p = 0.04). Higher values, yet not
statistically significant of gingival CH3L1 and MMP9, were found in K14-VEGFR3-Ig mice after 21 days compared with WT animals. Transgenic
mice did not express CCL21 in the gingiva, while this chemokine maintained significantly lower levels within the bone samples of K14-VEGFR3-Ig
animals (p < 0.04). EGF expression was higher in WT samples after 14 and 21 days in both gingiva and bone, significant for the latter at the 3 weeks
period only (p = 0.0008). (n = 6 WT/C57B1/6 7 and n = 6 K14-VEGFR3-1g 7 days; n = 5 WT/C57B1/6 and n = 5 K14-VEGFR3-Ig 14 days; n = 6
WT/C57BV/6 and n = 4 K14-VEGFR3-Ig, two-way ANOVA followed by Sidak’s multiple comparisons tests). CRP, C-reactive protein; EGF,
epidermal growth factor; WT, wild-type.
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macrophage differentiation into pro-inflammatory (M1) or
anti-inflammatory (M2) cells, with multiple cytokines being
able to interchange macrophage plasticity [38]. Both iNOS*
M1 and Arglt M2 macrophages were present in the
wounds of both mouse phenotypes. Yet, at day 14, Argl™
macrophages were predominant in non- or partially epithelial-
ized wounds, indicating the start of inflammatory resolution
and tissue repair.

There was a delayed bone fill, along with a reduced min-
eral density of newly formed bone of K14-VEGFR3-Ig mice.
Animal studies have shown that bone formation begins dur-
ing the proliferative phase [39], which in this transgenic
model is delayed due to extended inflammation. Neverthe-
less, at molecular level, there were no different expres-
sion patterns for bone activity markers such as RANKL,
PSTN or OPN between the two phenotypes, showing that
K14-VEGFR3-Ig mice maintain their capacity of bone
deposition.

After induction of periodontal disease, K14-VEGFC ani-
mals did not show any differences when compared with
WT animals in terms of bone resorption [15]. In the cur-
rent study, K14-VEGFC mice had similar bone healing
patterns as their WT littermates. Even though lymphatics
are considered essential to skin and mucosal wound heal-
ing, increased areas of hyperplastic gingival lymphatics, as
seen in K14-VEGFC mice, did not influence bone growth or
accelerate post-extraction wound healing. In a recent paper,
lymphatic vessels were identified in long bones in mice,
and lymphatic endothelial cells were shown to be respon-
sible for signaling osteoblasts during bone regeneration via
CXCL12 [40].

A potential limitation of the study is the use of two different
background strains: transgenic K14-VEGFR3-Ig mice with
C57BL/6 background as well as K14-VEGFC mice with FVB
background. The different background of the strains did, how-
ever, not affect our conclusions because no direct comparisons
were made between the transgenic animals.

Translating our findings to a clinical perspective, this study
indicates that delayed oral wound healing associates with a
persistent inflammation of the oral mucosa in areas devoid
of lymphatics. Screening for an ideal biomarker to evalu-
ate wound healing is difficult due to the pleiotropic role of
cytokines in physiology and disease. Exploring these net-
works in the future can lead to new research opportunities
of oral conditions and possibly therapeutic approaches to
promote wound healing.

In summary, this study has shown that: (i) epithelializa-
tion and bone fill of the alveolar sockets are delayed in mice
lacking initial mucosal lymphatics (K14-VEGFR3-Ig mice)
and are followed by persistent inflammation in post-extraction
wounds during the initial phases of the healing process; (ii) the
lack of initial lymphatics correlates with low concentrations
of EGF from post-extraction wounds and hampered wound
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closure suggesting an important role of lymphatics during
oral wound healing; (iii) increased lymphatic vessel density
(hyperplasia) as seen in K14-VEGFC mice, does not influence
the wound healing process.
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