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Abstract

Background: We aimed to evaluate the effect of low doses (LD) bone morpho-
genetic protein-2 (BMP2) and BMP4 micro-immunotherapy (MI) in two in vitro
models of periodontal wound healing/regeneration.

Methods: We first evaluated the effect of LD of BMP2 and BMP4 MI on a 2D
cell culture using human gingival fibroblasts (hGF) under inflammatory condi-
tions induced by IL14. Biocompatibility, inflammatory response (Prostaglandin
E2 (PGE2)release), collagen deposition and release of extracellular matrix (ECM)
organization-related enzymes (matrix metalloproteinase-1 (MMP1) and metallo-
proteinase inhibitor 1 (TIMP1)) were evaluated after short (3 days) and long-term
(24 days) treatment with BMP2 or BMP4 MI. Then, given the results obtained in
the 2D cell culture, LD BMP4 MI treatment was evaluated in a 3D cell culture
model of human tissue equivalent of gingiva (GTE) under the same inflamma-
tory stimulus, evaluating the biocompatibility, inflammatory response and effect
on MMP1 and TIMPI release.

Results: LD BMP4 was able to decrease the release of the inflammatory media-
tor PGE2 and completely re-establish the impaired collagen metabolism induced
by IL13 treatment. In the 3D model, LD BMP4 treatment improved tissue viabil-
ity compared with the vehicle, with similar levels to 3D tissues without inflam-
mation. No significant effects were observed on PGE2 levels nor MMP1/TIMP1
ratio after LD BMP4 treatment, although a tendency to decrease PGE2 levels was
observed after 3 days.

Conclusions: LD BMP4 MI treatment shows anti-inflammatory and regenera-
tive properties on hGF, and improved viability of 3D gingiva under inflamma-
tory conditions. LD BMP4 MI treatment could be used on primary prevention or
maintenance care of periodontitis.

KEYWORDS
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1 | INTRODUCTION

Periodontal disease is defined as a set of infectious oral
inflammatory conditions that affect the supporting tissues
of the teeth, including soft tissues such as gingiva and peri-
odontal ligaments and hard tissues such as the alveolar
bone.! Periodontitis is the most advanced, irreversible and
destructive form of periodontal disease, which leads to pro-
gressive attachment loss and bone destruction due to this
acute (sometimes aggressive) or chronic inflammation.”*

Pathogenesis of chronic periodontitis involves a cas-
cade of sequential events, leading to host immunomodu-
latory responses which in turn activate various cytokines,
chemokines and pro-inflammatory mediators responsible
for the progressive destruction of underlying gingival tis-
sues and subsequent tooth loss.> Thus, enhanced peri-
odontal tissue regeneration by suppressing the inflam-
matory response and stimulating regeneration of the
destroyed tissues, is the ultimate goal of periodontal
therapy.

Bone morphogenetic proteins (BMPs) constitute the
largest subgroup of the transforming growth factor-8
(TGFp) superfamily of cytokines,”® which are well known
for their osteoinductive potential in periodontal hard tis-
sue regeneration.”® Indeed, studies confirmed the specific
importance of bone morphogenetic protein-2 (BMP2) and
bone morphogenetic protein-4 (BMP4) (subfamily with an
80% of homology) as power inductors of the osteogenic
activity.” !> Nevertheless, extensive research has shown
that their effects can go far beyond the induction of bone
formation.®'>!* Thus, BMPs have been shown to be biolog-
ically active in periodontal ligament cells, mesenchymal
cells and in cells of the periodontal soft tissue."

BMP2 is currently the only Food and Drug Administra-
tion (FDA)-approved osteoinductive growth factor used as
a bone graft substitute.'® However, with increasing clin-
ical use of BMP2, a growing and well-documented side
effect profile has emerged, including postoperative inflam-
mation and associated adverse effects, ectopic bone forma-
tion, osteoclast-mediated bone resorption, and inappropri-
ate adipogenesis.'! Thus, to overcome safety concerns for
the use of growth factors in therapeutics, an alternative
would be the use of very low doses (LD). In any case, dose
optimization is still needed for the use of BMPs for peri-
odontal regeneration and repair.”!!

Micro-immunotherapy (MI), is a therapeutic approach
that uses active substances such as cytokines, hormones,
growth factors, neuropeptides, nucleic acids, and spe-
cific nucleic acids (SNAs) at LD and ultra-low doses
(ULD) to target the immune system and regulate immune
responses in diseases, thereby reducing side effects
and safety concerns.””?! This therapy is administered

sublingually in the oral cavity, which could be interesting
as adjunctive treatment in the maintenance phase of sup-
portive periodontal therapy or as preventive treatment®>%3,
due to the proximity to gingival tissues, allowing to act both
locally and systemically.

Gingival fibroblasts are the major constituents of gin-
giva, being responsible for the production and regenera-
tion of the matrix constituents that support the tooth.**
In vitro studies on gingival tissues have mainly been done
in two-dimensional cultures (2D), with monolayer cultures
of epithelial or gingival fibroblasts.”® However, mono-
layer models lack polarized cell phenotype and systemic
components, which affect their function and response to
stimuli.”” To overcome these limitations several three-
dimensional (3D) oral mucosa models have been devel-
oped, providing a higher degree of complexity than mono-
layer cell cultures being closer to explant cultures, closely
able to resemble the in vivo situation.’®~%%

In the present study, we aimed at evaluating the
effect of LD BMP2 and BMP4 used in MI for peri-
odontal applications. First, a 2D cell culture set-up
using human gingival fibroblasts (hGF) was used to
evaluate cytotoxicity, inflammatory response (human
Prostaglandin E2 (PGE2) release), collagen deposition and
release of extracellular matrix (ECM) organization-related
enzymes (matrix metalloproteinase-1 (MMP1) and metal-
loproteinase inhibitor 1 (TIMP1)). Then, given the results
obtained in the 2D cell culture with hGF, LD BMP4 was
evaluated in a 3D cell culture model of human tissue
equivalent of gingiva (GTE), evaluating biocompatibility,
inflammatory response and effect on MMP1 and TIMP1
release. In both models, a periodontitis condition was sim-
ulated by using interleukin 1 beta (IL13) as inflammatory
stimulus.

2 | MATERIALS AND METHODS

2.1 | Tested micro-immunotherapy
medicine (MIM)

The MIM were manufactured by Labo’Life Belgium and
are notified to the Belgian Federal Agency for Medicines
and Health Products (FAMHP) under notification num-
ber 1507 UH 106 F33 (BMP2 5CH) and 1507 UH 107 F33
(BMP4 5CH). The active substances present in the tested
MIM composition are BMP2 and BMP4. Each active sub-
stance goes through a specific GMP manufacturing pro-
cess allowing to reach LD or ULD, following a “Serial
Kinetic Process” (SKP). The SKP consists of a 1/100
dilution process followed by vertical shaking. SKP is repro-
duced a defined number of times depending on the LD to
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be reached; and that is reported in the composition of the
MIM as the number of Centesimal Hahnemannian dilu-
tions (CH)."” The excipient consists of lactose-sucrose pil-
lules which were impregnated with the ethanolic prepara-
tion of BMP2 or BMP4 at 5CH (4.67 X 10-13 pg/capsule).
The vehicle, used as controls, consists of lactose-sucrose
pillules impregnated with the ethanolic preparation only,
without active substance.

2.2 | 2D model

2.21 | hGF cell culture

Primary hGF$ (27 years, Caucasian, female, lot number
313 X 100401) were used. All donors provided written
informed consent, and the investigators were not able to
ascertain the identity of the donors. The study was con-
ducted in accordance with the Helsinki Declaration of
1975, as revised in 2013. hGF cells were routinely cultured
at37°Cand 5% CO, in DMEM low glucose ", supplemented
with 10%(v/v) fetal calf serum ", 100 ug/mL penicillin and
100 pg/mL streptomycin®* and 50 ug/mL ascorbic acid®¥,
refreshed in each media change. Cells were seeded in 48-
well plates at a density of 2.0 x 10* cells/well. At conflu-
ence, cells were treated as detailed above. The experiment
was run in six sample replicates (n = 6) for each group.

222 | Treatment with the MIM

A blind study was performed using the vehicle and two
treatments containing LD BMP2 and BMP4. In addition,
uninflamed non-treated cells were also tested in parallel.
In order to establish inflammatory conditions, after seed-
ing, cells were incubated with 1 ng/mL ILI8" except the
uninflamed non-treated control. To treat the cells, all the
pillules contained in 1 capsule (380 mg) were dissolved in
50 mL of media (1X concentration). At confluence, hGF
cells were treated every other day for 24 days using freshly
prepared treatments as previously described.

223 | Cell cytotoxicity

Lactate dehydrogenase (LDH) activity in the culture media
was used as an index of cell death. LDH activity was

§ Provitro GmbH, Berlin, Germany
* Life Technologies, Carlsbad, CA
Tt Biosera, Boussens, France

* Biowest, N uaille, France

$§ Sigma-Aldrich, St. Louis, MO

** Sigma-Aldrich

determined from culture media after 3 days of treatment,
presented relative to the LDH activity in the medium of
non-treated cells cultured in tissue culture plastic (nega-
tive control, 0% of cell death) and of cells growing on tis-
sue culture plastic treated with 1% non-ionic surfactant*
(positive control, 100% of cell death), using the equation:
Cytotoxicity(%) = (exp.value-negative control)/(positive
control-negative control) x 100. The experiment was run
in six sample replicates (n = 6) for each group.

2.2.4 | Collagen deposition

Collagen deposition was evaluated as a marker of differen-
tiation of cultured hGF. Ascorbic acid was used to aid col-
lagen deposition. After 24 days of cell culture, cells were
washed with PBS, dried for 1 hour at RT, followed by an
incubation for 1 hour at —80°C. Then, cells were dried
overnight at 37°C in a humidified atmosphere, followed by
24 hours at 37°C in a dry atmosphere. Collagen was stained
with 0.1% Sirius Red F3BASS in saturated picric acid for
1 hour at RT. Unbounded dye was removed with 10 mM
HClwashes, and the dye was solubilized with 0.1 M NaOH.
Absorbance was measured at 540 nm. Readings were com-
pared with control untreated cells which were set to 100%.
The experiment was run in six sample replicates (n = 6) for
each group.

22,5 | Enzyme-linked immunosorbent assays

PGE2™, MMP1'™"" and TIMP1*## were evaluated from
cell culture media at days 3 and 24 of treatment (n = 6)
following the manufacturer’s instructions.

2.3 | 3D Model

231 | Cellculture

Immortalized Human Gingival Fibroblasts-hTERT
(iHGF)’%%% were grown at 37°C in an atmosphere of 5%
CO, using fibroblast medium that consisted in Dulbecco’s
modified Eagle’s medium (DMEM) low glucose /Ham’s
F12 (3/1), supplemented with 10%(v/v) fetal bovin serum

T Roche Diagnostics, Mannheim, Germany

% Triton X-100, Sigma Aldrich

$8§ Sigma Aldrich

™ EHPGE2, Thermo Fisher Scientific, Waltham, MA

1T RABO361, Sigma Aldrich

3 RAB0466, Sigma Aldrich

§58§ Applied Biological Materials Inc., Richmond, BC, Canada
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embryonic stem cells tested (FBS) and 100 ug/mL peni-
cillin, and 100 pug/mL streptomycin” - The culture media
was renewed twice per week.
Immortalized Human  Gingival  Keratinocytes
"""""""" were routinely cultured on tissue cul-
ture flasks for sensitive adherence cells**** at 37°C and
5% CO, cultured in keratinocyte medium, that consisted in
DMEM without magnesium and calcium®¥$%%/Ham’s F12
(3/1), supplemented with 0.01 mg/mL insulin; 0.4 ng/mL
hydrocortisone; 6.7 ng/mL selenium™ ; 0.01 pg/mL
Human Epithelial Growth factor" "7, 1 M HEPES-buffer,
5.5 ug/mL transferrin; 1071 M cholera toxin; 2 mM
L-glutamine**+#*; 5%(v/v) FBS and 100 ug/mL penicillin
and 100 pg/mL streptomycin. The culture media was
renewed twice per week. Cultures at 70% to 80% conflu-
ency were used for the construction of Gingival Tissue

(GTE) as described above.

2.3.2 | Engineering 3D Gingival Tissue
Equivalent (GTE)

The GTE was constructed according to the technique
described by Dongari Bagtzoglou and Kashleva® with
some modifications (M. Munar-Bestard; et al, article
in preparation, 2020). In short, a rat tail type I colla-
gen solution®¥¥%%% (2.2 mg/mL) was mixed with iHGF
(1 x 10°cells/mL) and pipetted into a 24-well transwell
insert with 0.4 mm pores. The fibroblast-embedded col-
lagen was cultured for 7 days submerged in fibroblast
medium. iHGK (2.2 x 10°cells/well) were then seeded on
top and GTE were cultured submerged in Keratinocyte
medium for 3 days. GTE were then lifted to the air-
liquid interface and cultured for 15-17 days in differen-
tiation medium consisting of DMEM low glucose/Ham’s
F12 (3/1), supplemented with 5 pg/mL insulin; 0.4 pg/mL
hydrocortisone; 2 x 107'M 3,3/, 5-triiodo-L-thyronine (T3);
1.8 X 107*M adenine; 5 pyg/mL transferrin;107'°M cholera
toxin; 2mM L-glutamine; 5%(v/v) FBS; 100 ug/mL peni-
cillin and 100 pg/mL streptomycin.

Fkkk

Biowest

1% Gie-No3Bl11, Applied Biological Materials Inc
1 sarstedt, Niimbrecht, Germany

$§88§ Gibco, Grand Island, NY

M Sigma-Aldrich

7% ThermoFisher Scientific, Waltham MA

23.3 | Treatment with the MIM

A blind study was performed using the vehicle and the
treatment containing BMP4 that was selected according
to the previous 2D-study results. Non-treated tissues were
also tested in parallel. In order to establish inflammatory
conditions, air-lifted GTEs were treated on top of the tis-
sue with 30 ul of 1 ng/mL IL1f the first day of treatment
except for the non-treated control. To treat the GTEs, all
the pillules contained in 1 capsule (380 mg) were dissolved
in 25 mL of PBS (2X concentration). Air-lifted tissues were
treated daily with 30 ul on top of the tissues for 10 days
using freshly prepared treatments as previously described.
The experiment was run in six sample replicates (n = 6) for
each group.

2.3.4 | MTT test

At day 11 after culture, the tissues were rinsed with
PBS and placed on 400 pl of 0.5 mg/mL MTT (3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bro-
mide)”™™". After 3 hours of incubation at 37°C and
5% CO,, cultures were placed in 2 mL of isopropanol
overnight at RT and absorbance was measured at 570 nm.
Positive control was obtained from tissues treated with
PBS and was set at 100%. Negative control was obtained
from tissues treatment with 5% Sodium dodecyl sulfate
(SDS) diluted in PBS (1:1). Results are expressed as per-
centage of viability compared with negative control. The
experiment was run in two sample replicates (n = 2) for
each group.

2.3.5 | Enzyme-linked immunosorbent assays
Cell culture supernatants after 3 and 11 days of treat-
ment were used to determine PGE2, MMP1, and TIMP1 as
detailed in section 2.2.5.

2.3.6 | Histology and immunohistochemistry
The GTEs were fixed in 4% formaldehyde and paraffin
embeded. Paraffin sections (6 um) were cut and stained
with Hematoxylin and Eosin (H&E) for histological exami-
nation or processed for immunohistochemistry (IHC). The
sections were dewaxed in xylene (30 minutes) and rehy-
drated through 100% and 70% alcohol series for 5 min-
utes each. The antigens were retrieved with 0.01M citrate
buffer (pH 6.0) in a microwave (900 W) for 20 minutes and

skt

ThermoFisher Scientific
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TABLE 1 Primary antibodies used for immunohistochemical the MI treatments were cytotoxic at the tested concentra-
staining tion, LDH activity was measured in the culture media from
Antibody Dilution Clone Isotype hGF treated for 3 days. As seen in Figure 1A, none of the
Keratin 17¢ 1:50 E-4 1gG1
Keratin 19° 1:50 A3 IgGl for all the groups were < 10%.
Involucrin® 1:20 SY5 IgG1
Vimentin® 1:1000 E-5 IgG1
2Santa Cruz Biotechnology Inc., Santa Cruz, CA.

treatments tested were cytotoxic for the cells since values

cooled to RT for at least 1 hour. Endogenous peroxidase was

Collagen deposition on the cell monolayer 24 days after
quenched with 5% hydrogen peroxide in H,O, for 10 min-

treatment (Figure 1B) was significantly higher for LD
BMP4 compared with both, LD BMP2 and vehicle, reach-
ing the same collagen levels than uninflamed non-treated
cells (control). In contrast, LD BMP2 and Vehicle could not
reach it.

utes and washed in PBS. Unspecific proteins were blocked

with Normal Goat Serum (NGS) 777

sections were incubated overnight at 4°C with mouse mon-

oclonal primary antibodies (Table 1); treated with biotiny-
lated anti-mouse secondary antibody*

The inflammatory stimulus was confirmed by PGE2 lev-

* for 30 minutes
at RT and followed by incubation in avidin-biotinylated

els at day 3 (Figure 1C), showing significantly increased
levels for all the groups but not for the uninflamed non-
peroxidase complex for 30 minutes at RT. An endogenous

treated cells (up to about 300-fold) that were decreased
tissue background control was used, using a section from

GTE to which the primary antibody was not applied. The

reactions were visualized using diaminobenzidine (DAB)

after 24 days of treatment (to about two-fold levels). Inter-
for 5 minutes. The sections were counterstained with

estingly, lower PGE2 levels were observed for the LD BMP4

treated group compared with both, LD BMP2 and Vehicle

groups after 3 days of treatment, and also after 24 days of
Hematoxylin for light-microscopy (LM) examination. The
each group.

treatment. Remarkably, the group treated with LD BMP4
showed similar PGE2 levels than the uninflamed non-
treated group after 24 days of treatment.
24 |

experiment was run in four sample replicates (n = 4) for

The inflammatory stimulus also induced higher MMP1
Statistical analysis

released to cell culture media after 3 days and 24 days of
treatment as shown in Figure 1E and 1F compared with

uninflamed non-treated cells. Moreover, LD BMP2 treat-
All data are presented as mean values + standard error

ment decreased the release of MMP1 compared with con-
of the mean (SEM). The Shapiro-Wilk test was done

trol and LD BMP4 after 3 days of treatment and to control
after 24 days of treatment. On the other hand, the inhibitor
TIMP1 was increased by IL1-§ in all groups after 3 days
to assume parametric or non-parametric distribution for

the normality tests. Differences between groups were

(Figure 1G), but after 24 days of treatment and removal
assessed, depending on their normal distribution, by the

Mann—Whitney U test or the two-way analysis of variance

of inflammatory stimulus, TIMP1 levels declined signifi-
cantly to the levels of uninflamed control group, except for
BMP2 that showed lower levels (Figure 1H).
(ANOVA) test, followed by post-hoc pairwise comparisons 3.2 | 3D model
using the LSD test. A specific computer program®¥$§385 was
used. The results were considered statistically significant  The histological observation of GTEs with Hematoxylin
at Pvalues < 0.05. All the results were analysed before the  and Eosin staining (Figure 2A) revealed for LD BMP4,
experiment was unblinded.
3 | RESULTS
3.1 | 2D model

vehicle and non-treated uninflamed tissue (control), a
good multilayer epithelial structure, organized similar to
the cells in the native oral mucosa, with fibroblasts embed-
ded in the collagen matrix.
To ensure that neither the vehicle composed of lactose-
sucrose pillules impregnated with ethanolic solution nor

Immunohistochemistry was done to confirm differen-
THH171% Vector Laboratories, Burlingame, CA

tiation of GTEs. Images in Figure 2B, showed expression
of Vimentin differentiation marker for fibroblast at all
groups. To confirm differentiation of the multilayer epithe-
lial structure of keratinocytes different markers were stud-
ied too. Expression of Keratin 19 (Figure 2C) and Keratin
17 (Figure 2D) was confirmed for keratinocytes at multi-
layer, with a good staining for all groups, although staining

was weaker for k17. Also, expression of Involucrin present
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Effect after 3 and 24 days of treatment of human gingival fibroblasts (hGF) cells. The study was performed using the vehicle,
bone morphogenetic protein-2 (BMP2) and BMP4 MI treatments at a treatment concentration of 1X. After seeding cells were treated with IL14 to
mimic inflammation for all the groups but not for the non-treated control. Uninflamed non-treated cells are represented as control. (A) Lactate
dehydrogenase (LDH) activity, an indicator of cytotoxicity, measured in culture media after 3 days of treatment. Results are presented relative
to the LDH activity in the media of cells cultured in tissue culture plastic (negative control was set to 0% of cell death) and of cells growing on
tissue culture plastic treated with 1% triton X-100 (positive control that was set to 100% of cell death). (B) Collagen deposition in hGF cells after
24 days of treatment. (C) and (D) PGE2 release of hGF cells after 3 days (C) and 24 days (D) of treatment. (E) and (F) MMP1 protein released to
cell culture media after 3 days (E) and 24 days (F) of treatment. (G) and (H) TIMPI protein released to cell culture media after 3 days (G) and
24 days (H) of treatment. Data represents the media + SEM of six sample replicates (n = 6) for each group. Results from (A, C, D, and F) were
compared by Kruskal-Wallis test, while (B and E) were compared by ANOVA and LSD as post hoc. Statistically significant differences were
considered for P < 0.05 and represented with * compared with control,  compared with vehicle, and + compared with LD BMP2
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FIGURE 2 Histologic characterization
of GTE. Representative images for each group
are shown. (A) Hematoxylin and Eosin
(H&E) staining of GTE 200x; (B) expression
of Vimentin (fibroblasts marker) 200x (C)

expression of Keratin 19 (epithelial H&E

differentiation marker) 400x; (D) expression

of Keratin 17 (epithelial differentiation

marker) 400%; E) expression of Involucrin

(epithelial differentiation marker) 200x

Vimentin

Keratin 19
Keratin 17
Involucrin

in keratinocytes was confirmed (Figure 2E), with differ-
ences between groups on the strength of staining. All in all,
a multilayer epithelial structure in which layers are orga-
nized similar to the cells in the native oral mucosa could
be confirmed. Histological differences were not observed
either by treatment with LD BMP4 compared withvehi-
cle nor by the inflammatory conditions compared with the
control uninflamed conditions.

The MTT assay was used as a marker of cell viability,
as it measures the MTT reduction by mitochondrial reduc-
tase enzymes. As shown in Figure 3A, the inflammatory
stimulus reduced tissue viability after complete treatment
of 11 days in the vehicle group. This reduction was statis-
tically different compared with LD BMP4 treatment and
uninflamed non-treated tissues (control).

The total amount of PGE2 at 3 days and 11 days pro-
duced by GTE tissues are shown in Figure 3B and 3C. After
3 days of culture, release of PGE2 to the media increased
for LD BMP4 and vehicle treatments compared with unin-
flamed non-treated tissues. Moreover, there was a ten-
dency for BMP4 MI treatment to decrease PGE2 release
compared with the vehicle, although the results did not

o AT e,
% ""‘-‘_:’" \ ‘"_:\.‘?.:E

g

£¥

reach statistically differences. After 11 days, PGE2 levels in
all groups were significantly lower than the level of PGE2
released by non-treated tissues without inflammatory
conditions.

In relation to ECM organization-related enzymes,
MMP1 (Figure 3D and 3E), and TIMP1 (Figure 3F and 3G),
release levels at 3 days and 11 days of culture showed no
important changes between treatments nor time.

4 | DISCUSSION

In this study we have demonstrated the anti-inflammatory
properties and the regenerative effect on collagen
metabolism of a LD BMP4 MI treatment on hGF, and the
improved tissue viability on engineered 3D gingiva under
inflammatory conditions. Thus, LD BMP4 MI treatment
could be considered as a new approach for preventing
the progression and recurrence of periodontal disease in
patients, included in the maintenance phase of supportive
periodontal therapy or as preventive treatment of the
disease.
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FIGURE 3 Effect after 3 and 11 days of treatment of GTEs 3D culture model. The study was performed using the vehicle and BMP4 MI
treatment at a concentration of 2x. Tissues were cultured with IL13 to mimic inflammation at first day of treatment for all the groups but not
for the non-treated tissue control. Non-treated uninflamed tissues are represented as control. (A) Tissue viability was measured with an MTT
test after 11 days of treatment. Positive control was obtained from tissues treated with PBS and was set at 100% of viability. Data represents the
media + SEM of two sample replicates (n = 2) for each group. (B) and (C) PGE2 release of GTEs media culture after 3 days (B) and 11 days (C)
of treatment. (D) and (E) Effect of treatment on the MMP1 protein release after 3 days (D) and 11 days (E) of GTEs culture. (F) and (G) Effect
of treatment on the TIMPI1 protein release after 3 days (F) and 11 days (G) of GTEs culture. Data represents the media + SEM of six sample
replicates (n = 6) for each group. Results were compared by ANOVA and LSD as post hoc. Statistically significant differences were considered
for P < 0.05 and represented with * compared with control, and + compared with vehicle
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First, for the evaluation of LD BMP2 and LD BMP4 in the
2D-cell culture model, tested concentration was selected
since it was below the lactose-sucrose concentration that
leads to autophagy and osmotic stress in mammalian
cells.>*~*3 This treatment had no impact on cell viability for
any of the active MI treatments nor for the vehicle one, all
of them containing the lactose-sucrose excipients of the pil-
lules, which validated our in vitro experimental MI treat-
ment. We also needed to set up the inflammatory condi-
tions with IL15 to examine anti-inflammatory effects of
these MI treatments. IL13 is broadly used to induce experi-
mental inflammation and to enhance the proinflammatory
response, imitating the inflammatory pathways activated
in response to oral pathogens in periodontitis.***> PGE2
is a potent lipid mediator produced by the metabolism of
arachidonic acid via the cyclooxygenase (COX) pathway.
PGE2 production is highly related to periodontal disease,
where a first requisite to achieve a complete periodontal
regeneration is to reduce inflammation.>® We must take
in account that the presence of IL1f and the detection
of the inflammatory mediator PGE2, is a simple in vitro
approximation of a more complex system of inflammatory
responses involved in the periodontal in vivo situation.

Our results revealed the potential of LD BMP4
(9.35 x 1075 pg/mL) to effectively inhibit PGE2 release
in hGF under inflammatory stimulus. Importantly,
other MIM containing IL15 (17CH), TNF-a (17CH) and
IL2 (10CH)' or Progesterone (10 pg/mL) and IL10 (10
fg/mL)*’ have shown in vitro beneficial anti-inflammatory
effects in other inflammatory related diseases. Moreover,
in some recent works, the use of BMP7 as a direct anti-
inflammatory agent resulted in the inhibition of cardiac
pathophysiology.®*® However, this is the first time that an
effect of BMP4 on inflammation using such a small dose
in hGF is reported.

Primary hGF were used in this study since they have the
capacity to produce and secrete new ECM components and
are responsible for the constant adaptation of the tissue.*
Among the different ECM components, collagen is the
most abundant.’* It builds up the periodontal ligament
and its fibers, to secure the attachment of root cement to
alveolar bone and allowing regeneration of the periodon-
tal ligament that occurs upon injury.***' Our results show
the capacity of a LD BMP4 treatment to promote colla-
gen synthesis and deposition in the 2D-cell culture set-up
under inflammatory conditions, reaching levels similar to
the control cells that were not submitted to inflammatory
stimulus. Thus, we show that MI treatment with LD BMP4
was able to completely re-establish the impaired collagen
metabolism induced by IL1{ treatment in hGF.

ECM undergoes a constant turnover of its compo-
nents, where matrix metalloproteinases (MMPs) enzymes
degrade fibrillary collagens and their activity is inhib-

ited mainly by metallopeptidase inhibitors (TIMPs). Excess
MMPs production and activity leads to an accelerated ECM
degradation associated with periodontitis.*>** The gingi-
val fibroblast is the most predominant cell in the GTE, and
participates in the local inflammatory response by its abil-
ity to produce MMP1.** In the present 2D study, treatment
with both LD BMPs decreased MMP1 levels, but only the
LD BMP2 was significant against the control. As TIMP1
secretion levels did not show important differences against
the control, the differences found in the increased collagen
content after the LD BMP4 treatment might be explained
by an increased de novo production of collagen rather than
a decreased degradation of collagen caused by a lower
MMP1/TIMP1 ratio.

From the 2D study we selected LD BMP4 as the most
promising MI treatment to go further into a more devel-
oped engineered 3D gingival in vitro tissue model to mimic
the oral mucosa. Immunostaining results of the histo-
logical sections for the 3D study confirmed a good mul-
tilayer epithelial structure, with similarities to cells in
native oral mucosa and more importantly with expression
of different typical markers of an oral mucosa. Growth
and development of human fibroblasts were allowed, as
proved by the expression of Vimentin.*> Moreover, a well
differentiated epidermis was confirmed by the expression
of Keratin 17 and Involucrin, two markers of differentiated
keratinocytes that are expressed in the basal layer of com-
plex epithelia.***® Furthermore, the proliferative capacity
of keratinocytes was confirmed by the expression of Ker-
atin 19, marker of early differentiation.>>*° Qualitatively,
we observed no differences among the groups studied, sug-
gesting no major pathological changes in the of human tis-
sue equivalent of gingiva.

However, in contrast with the 2D model, tissue viability
under inflammatory conditions was reduced in the vehi-
cle group. On one hand, the inflammatory stimuli might
have induced such reduction, but also, we should take
into consideration the composition of the vehicle, being
lactose-sucrose, which might have caused a stress on the
tissue.’* However, the reduced tissue viability induced
by the inflammatory stimulus in the vehicle group was
overcome in the LD BMP4 group, with similar biocom-
patibility to the uninflamed control tissue, emphasizing
the effect of LD BMP4 treatment to protect and prevent
the tissue from the inflammatory stimuli. The potential of
LD BMP4 to effectively inhibit PGE2 release could not be
confirmed in this 3D study, although, the results revealed
a tendency to decrease inflammation as shown by the
measured by PGE2 levels at 11 days. Also, no effect was
observed after stimulation of inflammation and LD BMP4
treatment on the MMP1 or TIMPI release after 3 or 11
days, showing that MMP1 or TIMP1 production did not
play an important role in this 3D GTE after inducing an
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inflammatory status. The differences on the effects of LD
BMP4 between the 2D hGF monolayer and the 3D gingiva
culture model emphasize the utility of the use of 3D culture
models to study the effects of specific molecules, since they
are closer to the in vivo situation.

In summary, LD BMP4 treatment decreases the release
of the inflammatory mediator PGE2 and counteracted the
collagenolytic metabolism induced by IL18 stimulation of
primary hGF. In a 3D situation of gingival mucosa, LD
BMP4 treatment shows beneficial effects on the viability
of the tissue under inflammation. All in all, this study sug-
gests that LD BMP4 could contribute to protect and recover
the integrity of gingival tissues in a situation of periodon-
titis, with significant potential for stimulating periodon-
tal regeneration. Thus, although further studies should
confirm the effects in an in vivo periodontitis model, we
believe that BMP4 5CH could be a potential MI treatment
for primary prevention of periodontitis or maintenance
care in patients suffering this disease.

5 | CONCLUSIONS

The present manuscript reports for the first time a ben-
eficial effect of LD BMP4 MI in two in vitro models of
periodontitis. LD BMP4 MI treatments presented anti-
inflammatory properties and beneficial effects on collagen
metabolism on hGF culture. Moreover, in a more com-
plex 3D model, LD BMP4 recovered tissue viability under
inflammatory conditions. Thus, in this study, we verified
the in vitro efficacy of LD BMP4 treatment as a new and
promising approach for periodontitis treatment.
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