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Abstract

Gingival and periodontal ligament fibroblasts are functionally distinct cell types within the dento-gingival unit that
participate in host immune response. Their microenvironment influences the behavior and immune response to
microbial challenge. We developed three-dimensional gingival and periodontal connective tissue equivalents (CTEs)
using human fibrin-based matrix. The CTEs were characterized, and the heterogeneity in their innate immune response
was investigated. The CTEs demonstrated no to minimal response to planktonic Streptococcus mitis and Streptococcus
ordlis, while their biofilms elicited a moderate increase in IL-6 and IL-8 production. In contrast, Fusobacterium nucleatum
provoked a substantial increase in IL-6 and IL-8 production. Interestingly, the gingival CTEs secreted significantly higher
IL-6, while periodontal counterparts produced higher IL-8. In conclusion, the gingival and periodontal CTEs exhibited
differential responses to various bacterial challenges. This gives insights into the contribution of tissue topography and
fibroblast heterogeneity in rendering protective and specific immune responses toward early biofilm colonizers.

Keywords
3D culture, tissue constructs, fibroblast heterogeneity, innate immune response, periodontopathogens, inflammatory
cytokines

Date Received: 16 March 2022; accepted: 20 June 2022

Introduction sub-population with differential immune responses.® Hence,
it becomes imperative to understand fibroblast heterogene-
ity within the dento-gingival unit and their immune response
to early microbial colonization.

| Gingival fibroblasts (GFs) and periodontal ligament
nents. I.n health, the oral commens.alsland 'Fhe host QCfe.nse fibroblasts (PDLFs) are the primary cell types within the
mechanism offered by the dento-gingival tissues exist in a connective tissues of superficial gingival and deeper perio-

state of homeostasis. Dysbiosis in the microflora with the .11 tissues respectively.® Although the GFs and PDLFs
colonization of periodontal pathogens leads to a disruption 0 spatially located close to each other and have a similar
in the homeostasis, local tissue destruction, and periodonti-

tis.? Along with the epithelium, the gingival and periodontal
connective tissues actively participate in innate immune \ . ) o ) )
inst the bacteria in health and diseased Faculty of Dentistry, National University of Singapore, Singapore

I'GSPOIESSS aga.ms . © ¢ . €. . ; Sease Znstitute for Health Innovation and Technology (iHealthtech), National
states.”° Despite being covered by gingival epithelium, the University of Singapore, Singapore
gingival, and periodontal connective tissues are not com- .

letely sterile even in healthy states. Instead, they are con- Corresponding author:
pletely sterle eve . calthy states. S cad, they 2 © 0 Gopu Sriram, Faculty of Dentistry, National University of Singapore, 9
stantly exposed to microbes and/or their products,” which Lower Kent Ridge Road, Singapore 119085, Singapore.
can drive the selective expansion of regional fibroblast Email: sriram@nus.edu.sg

The dento-gingival unit that forms a collar around the teeth
comprises of epithelial (gingival, sulcular, and junctional)
and connective tissue (gingival and periodontal) compo-
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spindle-shaped morphology in vitro, they have distinct
functional characteristics.®'* GFs and PDLFs are known to
produce a variety of pro-inflammatory cytokines, including
interleukin (IL)-13, IL-6, IL-8, stromal-derived factor
(SDF)-1, and tumor necrosis factor-alpha (TNF-o).!'"14
Interestingly, stimulation of monolayer cultures of GFs and
PDLFs with periodontopathogens or their virulence factors
like lipopolysaccharide (LPS) demonstrate heterogeneity in
their pro-inflammatory cytokine response.*!"14-16 However,
much of the literature is based on studies on monolayer cul-
tures, and the findings are conflicting. GFs exposed to LPS
from Porphyromonas gingivalis (P. gingivalis) demon-
strated increased SDF-1 and IL-6 compared to PDLFs from
the same donor.!! However, exposure to viable P. gingivalis
induced differential levels of IL-6 and IL-8 production by
PDLFs and GFs.* Another study found that GFs exhibited a
stronger IL-8 response compared to PDLFs upon stimula-
tion with Staphylococcus epidermidis peptidoglycan and
muramyldipeptide.’ These studies using monolayer cultures
have provided fundamental knowledge on the differential
contribution of GFs and PDLFs to the homeostasis and
immune response.

There has been growing interest in the application of in
vitro three-dimensional (3D) organotypic cultures of
reconstructed epithelium,'”?° connective tissue,?'>3 and
full-thickness®**3% equivalents to recapitulate native tis-
sue microenvironment. The 3D culture models have
recently enhanced our understanding of the immune
response of the gingival epithelium against commen-
sal,?®3! intermediate,” and late!”'82%28 colonizing patho-
genic microbiome. However, the isolated response of
connective tissues to early microbial colonizers is poorly
understood. Secondly, the use of 3D cultures to capture the
topological heterogeneity of superficial gingival and
deeper periodontal tissues and their immune responses to
the oral biofilm colonizers has not been explored.

Therefore, the present study aimed to reconstruct and
characterize connective tissue equivalents (CTEs) repre-
sentative of gingival and periodontal tissues; and investi-
gate their immune response to early microbial colonization
represented by oral commensals Streptococcus mitis (S.
mitis), Streptococcus oralis (S. oralis), and intermediate
colonizer Fusobacterium nucleatum (F. nucleatum).

Methods

Cell culture and fabrication of gingival and
periodontal CTEs

Primary PDLFs and GFs were isolated from non-carious
human impacted third molars extracted with informed con-
sent from healthy donors following Institutional Review
Board approval (No. 2018/00256). The PDLFs were isolated
from the tissue fragments scrapped from the middle one-
third of the roots. The GFs were isolated from the gingival

tissues attached to the peri-coronal area of the molar tooth.
The tissue fragments were cultured as explants in Dulbecco’s
modified Eagle’s medium (DMEM)-low glucose (Gibco)
supplemented with 10% fetal bovine serum (Biowest), 1%
penicillin-streptomycin (Gibco), and 0.50pug/mL ampho-
tericin-B (Gibco). The expanded fibroblasts were cultured
under the same media conditions without amphotericin-B,
and passage 4—7 were used for the fabrication of the CTEs.

Gingival and periodontal CTEs were fabricated using a
fibrin-based hydrogel matrix as previously described.’
Briefly, human fibrinogen (40 mg/mL, Merck Millipore) and
polyethylene glycol, succinimidyl glutarate-terminated
(PEG, 10mg/mL, Sigma-Aldrich, 10kDa) were mixed in a
volume ratio of 4:1. After incubation at 37°C for 30 min, the
PEG-fibrinogen solution was mixed with fibroblast cell sus-
pension containing 25,000 GFs or PDLFs. The gelation of
this mixture was initiated by adding an equal volume of
human thrombin (6.25U/mL, Sigma-Aldrich) in calcium
chloride solution (40mM, Sigma-Aldrich). The constructs
(50pL in volume) were cultured for 9days within a low-
serum media containing ascorbic acid, hydrocortisone, basic
fibroblast growth factor, aprotinin, and 1% penicillin-strep-
tomycin.’* The antibiotics were eliminated from the culture
media 3 days before challenge with oral microbes.

Bacterial culture

S. mitis (ATCC 49456), S. oralis (ATCC 35037), and F.
nucleatum (ATCC 25586) strains were purchased from the
American Type Culture Collection. S. mitis and S. oralis
were cultured in brain heart infusion (BHI) broth
(Acumedia) in a humidified incubator with 5% CO, at
37°C. F nucleatum was cultured in BHI broth supple-
mented with 0.5% yeast extract, 5pg/mL hemin (Sigma-
Aldrich), and 1 pg/mL vitamin K, and incubated at 37°C in
an anaerobic chamber (Don Whitley Scientific).

Exposure of CTEs to pattern recognition
receptor agonists

CTEs were exposed with TLR-2 agonist (Pam3CSK4,
Invivogen), and TLR-4 agonist (ultrapure P gingivalis
LPS, Invivogen) for 4 and 24 h. Following challenge, the
culture supernatants were collected, centrifuged at 5000g
for Smin to remove cellular debris, and the supernatants
were stored at —80°C for downstream cytokine analysis.

Bacterial challenge

For the bacterial challenge in planktonic state, the gingival
and periodontal CTEs were challenged with the respective
microbes (10°CFU/cm?) for 4 and 24 h. To recapitulate post-
colonization events, S. mitis and S. oralis (10° CFU/mL) were
cultured on salivary pellicle-coated glass coverslips for 24h
to form biofilm. Before exposure to the CTEs, the biofilms
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Figure |. Schematic depicting the workflow for fabrication of gingival and periodontal CTEs and subsequent microbial challenge.

were characterized for viability and biomass. Briefly, the bio-
films cultured on coverslips were washed two times with ster-
ile phosphate-buffered saline (PBS) to remove non-adherent
bacteria. This was followed by their staining with LIVE/
DEAD® BacLight™ bacterial viability kit (Molecular Probes)
comprising of SYTO9 (Excitation/Emission 480 nm/500nm)
and propidium Iodide (Excitation/Emission 490 nm/635nm)
with the fluorochrome ratio of 1:1. The stained samples were
incubated at 37°C for 30 min, gently washed three times with
PBS (immersion time per rinse, 3min) and imaged using
laser scanning confocal microscopy (Olympus FluoView"™
FV1000). 3D reconstruction of the z-stacks was performed
using Imaris software (Oxford Instruments), and percentage
viability and biomass were computed as previously
described.’>* Subsequently, for the bacterial challenge in
the biofilm state, the coverslips with biofilms were placed on
top of the CTEs with the bacterial front facing the tissue and
incubated for 24 h. After bacterial challenge in planktonic and
biofilm state, the culture supernatant was collected, centri-
fuged to remove cellular debris, and stored at —80°C for
downstream cytokine analysis.

Whole-mount visualization using confocal
reflectance microscopy

To visualize the collagen and other extracellular matrix
(ECM) fibers, whole-mounts of the formalin-fixed CTEs
were imaged using laser scanning confocal microscopy
(Olympus FluoView"™ FV1000) under reflectance mode as
previously described.** Briefly, the samples were illumi-
nated at 488 nm, and the reflected light was detected with
photomultiplier tube detectors. Z-stack images were pro-
cessed using Fiji/Image J (NIH, USA) and Imaris software
(Oxford Instruments).

Histology, immunostaining, and fluorescence in
situ hybridization

The CTEs were fixed in 10% neutral-buffered formalin
(Sigma-Aldrich), processed, and embedded in paraffin.

Tissue sections (5um thick) of formalin-fixed, paraffin-
embedded (FFPE) tissues were stained with hematoxylin-
eosin (H-E) for histological evaluation.

For immunostaining, the deparaffinized sections were
subjected to heat-induced epitope recovery at 121°C in a
pressure vessel (Retriever™ 2100, Aptum Biologics) and
0.01M (pH6) citrate buffer (Sigma-Aldrich). Following
blockage of nonspecific staining, the sections were incu-
bated with respective primary antibodies overnight at 4°C.
The primary antibodies include rabbit polyclonal anti-col-
lagen-I (Abcam, ab34710, dilution 1:600) and mouse mon-
oclonal anti-vimentin (Novocastra, NCL-VIM-V9, dilution
1:500, Clone V9). Sections were washed, labeled with
appropriate secondary antibodies (goat anti-mouse alexa
fluor 488 and goat anti-rabbit alexa fluor 594, Molecular
Probes) for 45 min, counterstained with DAPI, and mounted
with anti-fade fluorescent mounting medium (Abcam). To
visualize the bacteria on the CTEs, fluorescence in situ
hybridization (FISH) was performed as per manufacturer’s
specifications (Biovisible BV). Briefly, the deparaffinized
and dehydrated tissue sections were hybridized using EUB
338 probe (5-GCTGCCTCCCGTAGGAGT-3') at 60°C in
a humidified chamber for 16 h. The slides were washed and
mounted for microscopy.

H-E stained slides were visualized using a brightfield
microscope (Nikon Eclipse E600 equipped with NIS-
Elements software). Immunostained slides were visualized
under a fluorescence microscope (Leica DMi8, Leica
Microsystems equipped with Leica Application Suite X
software) and FISH slides were visualized using laser scan-
ning confocal microscopy (Olympus FluoView™ FV1000).

Enzyme Linked Immunosorbent Assay (ELISA)
for secretome analysis

In accordance with manufacturer’s instructions, ELISAs
for cytokines IL-1B, IL-6, IL-8, and TNF-a (all from
Biolegend) were performed using the culture supernatants.
The absolute cytokine values were normalized to the total
protein content using BCA assay (Thermo Fisher Scientific).
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Statistical analysis

All experiments were performed as biological triplicates,
and results are presented as mean * SD. Statistical signifi-
cance between groups was determined using ANOVA with
Bonferroni corrections and independent t-test using Stata
16 statistical software. Differences were considered sig-
nificant if p =< 0.05.

Results

Fabrication and characterization of gingival and
periodontal CTEs

Donor-derived GFs and PDLFs were characterized for the
expression of mesenchymal (CD26, CD44, CD73, CD90,
CD105), neural/neural-crest (CD56, CD271) and major
histocompatibility complex (HLA-ABC and HLA-DR)
markers (Supplemental Figure S1 and Table T1). Results
showed that there was no significant difference in the sur-
face marker expression among the two fibroblasts. The
GFs and PDLFs were embedded within a human fibrin-
based matrix to construct 3D gingival and periodontal
CTEs respectively (Figure 1). The fibrin-based matrix was
stable, without any visible contraction or degradation over
the 9-day culture period. H-E and immunostained sections
of the CTEs revealed the presence of vimentin-positive,
spindle-shaped fibroblasts that are uniformly distributed
within the fibrin matrix (Figure 2(a) and (b)). The fibrin-
based matrix provided a natural provisional matrix for the
vimentin-positive fibroblasts to produce lamina propria-
like ECM. This is evident by the strong expression of cell-
derived fibrillar collagen-I in the gingival and periodontal
CTEs (Figure 2(a)). Further, whole-mount label-free imag-
ing using confocal reflectance microscopy demonstrated
the presence of the fibroblasts within a 3D network of
thick cell-derived collagen fibers interspersed with fine
collagen fibrils (Figure 2(c) and (d), and Supplemental
Videos SV1 and SV2). In most places, the fibroblasts and
their cellular processes were embedded within the dense
cell-derived collagen network (Figure 2(b)). Amorphous
material representative of native fibrin matrix was also
seen interspersed between the newly formed collagen fib-
ers. This data correlated well with the immunostaining
images wherein a stronger signal of collagen-I was present
in the proximity and periphery of the fibroblasts of both
gingival and periodontal CTEs. Taken together, these find-
ings suggest matrix remodeling and de novo deposition of
collagen-containing ECM by the respective fibroblasts.

CTEs exhibit differential responses to TLR-2
and TLR-4 agonists
Before experiments with bacteria, we investigated the

response of gingival and periodontal CTEs to surrogate
challenge with TLR-2 (Pam,CSK,) and TLR-4 (P

gingivalis LPS) agonists. Both gingival and periodontal
CTEs responded by a strong dose and time-dependent
increase in the production of IL-6 and IL-8 (Figure 3(a)
and (b)). Interestingly, the amount of IL-6 and IL-8 pro-
duced by the gingival CTEs was significantly higher than
that produced by periodontal CTEs (Figure 3(c)). In con-
trast, both the CTEs challenged with ultrapure P. gingivalis
LPS, a TLR-4 agonist did not trigger the production of
IL-6 and IL-8 compared to untreated controls (Figure
3(d)—(f)). Transcriptomic studies on monolayer cultures of
gingival and periodontal ligament fibroblasts showed
expression of TLR-4 mRNA in low abundance (C,> 35,
data not shown). These results may explain the absence of
immune response to TLR-4 agonist challenge. Overall, the
gingival and periodontal CTEs demonstrate a differential
pro-inflammatory cytokine response to TLR-2 agonists.

CTEs elicit a heterogenous innate immune
response to planktonic bacteria

We next investigated the innate immune response of gingi-
val and periodontal CTEs to live bacteria (early and inter-
mediate colonizers) exposed in a planktonic state. To
recapitulate the initial colonization events, the CTEs were
challenged with commensals or primary colonizers S. mitis
and S. oralis and intermediate colonizer F. nucleatum in
the planktonic state. H-E stained sections showed that the
planktonic bacteria had formed biofilm-like structures
over the CTEs following the 24 h exposure period (Figure
4(a) and (b)). Hybridization with FISH rRNA probe EUB-
338 showed the formation of a well-defined layer of bacte-
rial biofilm on top of the CTEs (Figure 4(b)). Serial
z-sections demonstrate the thickness of the biofilm and the
invasion of some sporadic bacteria into the CTEs (Figure
4(b) and (c)).

The innate immune response of the CTEs was assessed
by quantifying the production of IL-1p, IL-6, IL-8, and
TNF-a in the culture supernatants. There was no signifi-
cant difference in the IL-6 and IL-8 production by gingival
CTEs co-cultured with S. mitis and S. oralis at both 4 and
24 h time points (Figure 4(d)). The same was seen in peri-
odontal CTEs except for S. oralis, which had triggered a
significant IL-8 production after 24h exposure (Figure
4(e)). Both IL-1p and TNF-a were below the detection
limits for all the bacterial exposures studied.

In contrast to the primary colonizers, F. nucleatum elic-
ited a time-dependent, significant increase in the IL-6 and
IL-8 secretion by both gingival and periodontal CTEs
(Figure 4(d) and (e)). IL-6 and IL-8 at 24 h time point were
over 100-fold compared to the controls and primary colo-
nizers (p <0.01). A comparison of the secretome responses
of gingival and periodontal CTEs to F nucleatum showed
contrasting trends. Gingival CTEs showed significantly
higher IL-6 response, while the periodontal CTEs a signifi-
cantly higher IL-8 response (p < 0.05) (Figure 4(f) and (g)).
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Figure 2. Characterization of connective tissue equivalents (CTEs): (a) H-E and immunostaining of gingival and periodontal CTEs
with uniformly distributed, vimentin-positive fibroblasts and cell-derived collagen-I rich extracellular matrix (scale bar-50 um). (b)
Low and high-power magnification of 3D reconstruction of CTEs with CellMask-labeled fibroblasts (scale bar-200 um). (c) Label-free
imaging of CTEs using confocal reflectance microscopy shows cellular and extracellular components that include fibroblasts (white
block arrows) surrounded by the newly formed fine network of collagen fibers (red arrowheads). Some collagen fibers could be seen in
direct continuity with the fibroblasts (white arrowheads). The amorphous regions (asterisk) interspersed between the collagen fibers
represent the remanent fibrin matrix, and (d) XYZ cross-sectional views of confocal z-stack images at different z-levels show the
remodeling of the fibrin matrix and dense collagen fiber network formation throughout the matrix (scale bar-50 um).




(€=U 100> dsx ‘500> 9y ‘S  UedW se pajuasaud ezeq) Y 404 siuode (Ju/Brg|) p-yL pue

(qu/Brl |) Z-91L yYaim pasdusjeyd usym UOIIBII3S g-T| PUB 9-| Ul dsuodsau [BIIUIIYIP SYI MOYs SJ | D) UaMIaq suosliedwor) (§ pue 2) *(Sd7 sypaiSuis -g) IsiuoSe -y Ydim a8uajieyd
juapuadap-awn Jaye (3) s31 D |eauopoluad pue (p) [eaiduid Aq uononpoud g-| pue 9-7] Suimoys sydeds) “(dSDswey) 1siuode Z-y11 Yum a3udjjeyd Juspuadap-awil pue -asop Jaie
(9) s31D |eauopotiad pue (e) [eaiduid Aq uononpoud g-| pue 9-7| Suimoys sydedo) ‘sisiuode Y| 03 pasodxa (s3] D)) SIUSJeAINba dNSS[) SAIIIBUUOD JO SISA[BUB SWOIRURS € 4nSi4

Journal of Tissue Engineering

3L aLo aLo aLo 310 310 310 310
|ejuopoliad [eAalbuin |ejuopolidd  |eAlbuin |ejuopouad |eAlbuin |ejuoponiad |eAlbuio
F0 = t0 = Fo
toz 2 Lg 2 L 00s &
Loy € € 3 89%
oy .W L o1 .W M
.me * .m—.m . .oomrw.
rog S g L 000z &
o oz 2 o
r 00l © o r 00S¢ o
S l gz S S
Lozl @ S¢g L 000 @,
su 2 2 2 2
L ovL L og L ooor L oose
(1suobe p-y71 +) (1stuobe y-411 +) (1s1uobe z-y11 +) (3siuobe z-y11 +)
8-1I 91l 8-1I 9-1I
@ ()
(jwybri .mn: Bd) Jsiuoby y-47L (lwybri 'S4 Bd) 1S1U0BY $-47L (lw/brl “py1SOgWed) J1uoby Z-47.1 (lwybrl ‘p}SOgWed) JS1uobY 2-47.L
Uy Uy _ uve Uy _ uve uy uve uy
r [ - -
oL & 0 S_o & v_vo_o P_F.o_o i _F.o_ v_vo_o &
0 MF 0 NN — . = —— 0 .m 0 w:
.Omm vorm 'oomm x .Oomnw
[} L o * L
- 0oL 5 % g i 2 o 2
Y su oty roosk g * &
% g Fovg L 000z g 008 o
- 002 & L os & L oosz & - 00zl &
3 2 x =) e
- 0S¢ - 09 - 000€ * L 0051
(3stuobe y-y11 +) (3s1uobe y-411 +) (¥s1uobe z-y11 +) (3s1uobe z-y1L +)
319 [ejuopoudd : g-| 310 [ejuopoudd : 9| 310 Iejuopouiad : g-| 319 [ejuopouiad : 9-7]|
(@) @
(72 .mn: Bd) Jsiuoby y-47L (luy/bri 'S4 Bd) 11U0BY $-47L (lw/Brl ‘p}SOgWed) Jsiuoby g-11 (juybrl ‘x1SOgWed) Jsiuoby g-47L
Uy Uy _ uve uy _ uve uy
i " . . =
oL & oL 0 ol 0 & _S_o F_S_o Py
0 w 0 w/ —— = 0 =
Los 3 Loz 3 * (008 S
e 1 e I 000l @
- ool & su tor g . L oost =
-~ -~ o
- osL 2 U oo 2 L 000z &
ooz § Los § [ 0023
o) g F ooog .
Losz T L ool * L ooge =
(3stuoBe p-y11 +) (3siuobe p-y11 +) (1siuobe g-y11 +) (3siuobBe z-y11 +)
319 leabuig : g-7| 319 [eabuig : -7 319 1eaibuio : g-| 319 [ealbuio : g-|
(p) (®)




Makkar et al.

(a) S.mitis/ S.oralis/
F. nucleatum EUB 338 DAPI EUB 338 DAPI
(planktonic)
00 ¢
ks
CTEs 10um
—
24h
Planktonic (C) EUB 338 DAPI vz EUB 338 DAPI EUB 338 DAPI
suspension
Biofilm-like structures )
& Invasion -
.. TR VR TR
(d) IL-6 (4h) IL-6 (24h) IL-8 (4h) IL-8 (24h)
2000 5000 600 6000 *
*
1800 4500 . 5400
1600 4000 500 4800
£ 1400 ko 2 k)
s £ 3500 £ 400 g 4200
w Q Q Q QU
= 51200 5 3000 5 5 3600
O 3 s s s
® % 1000 ‘s 2500 s 300 ‘s 3000
> <) > > >
o § 800 £ 2000 § £ 2400
S 2 g g 200 &
O o 6 s © 60 nsons o © 300
= 2 = ns ns =
40 ns 40 200 ns ns
100
20 20 100
0 0 0 04
Control  Sm So Fn Control  Sm So Fn Control  Sm So Fn Control  Sm So Fn
(©
IL-6 (4h - IL-8 (4h IL-8 (24h)
1500 (4h) 3000 IL-6 (24n) 800 (@n) * 8000
1350 * 2700 700 7200 *
1200 2400 6400
w 5 0 E2100 § o 5
£ 1051 k) 2 2
5 & . £ e
O 3w 3 1800 5z 3 4800
s 2 s s s
‘g‘ 5 750 5 1500 5 400 ‘5 4000
> > > >
3§ 600 § 1200 § § *
g ¢ g g g
T © 45 © 90 ns Y o 1500
[ N = 200 =
30 ns ns 60 ns ns ns 1000
15 30 100 500 ns
0 E 0
Control  Sm So Fn Control  Sm So Fn Control  Sm So Fn Control  Sm So Fn
(f) IL-6 ( ) IL-8
6000 o g
£ S
2 L
IS 4
Q Q
8 3
L L
s s
> >
5 5
& <
© ©
2 2
Control

Figure 4. Innate immune response by CTEs after co-culture with bacteria in planktonic state: (a) Schematic representing the
exposure of CTEs with primary and intermediate colonizers in planktonic state and formation of biofilm-like clusters on tissue
equivalents after 24 h of co-culture, (b) H-E micrographs showing bacterial clusters (black arrows) on the CTEs (scale bar-50 um).
Representative projections of confocal z-stacks of tissues hybridized by FISH probe EUB 338 shows well-defined biofilm formation
of tissue equivalents across the length of the section, (c) A defined area in yellow-dotted rectangle is shown as a series of confocal
z-stack images from the top to the bottom of the stacks. The cross-hair lines denote XZ and YZ projections (scale bar-5 um). Series
of bar graphs show the IL-6 and IL-8 secretion by gingival (d) and periodontal () CTEs after 4 and 24 h of co-culture with Sm, So,
and Fn. (f and g) Comparisons between the gingival and periodontal CTEs shows the contrasting response in IL-6 (f) and IL-8 (g)
secretion after co-culture with primary (Sm, So) and intermediate (Fn) colonizers in the planktonic state for 24 h (Data presented as
mean * SD, *p <0.05, *p < 0.01, n=3.). Sm—S. mitis, So—S. oralis, Fn—F. nucleatum.
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Overall, these results show the contrasting cytokine
response of gingival and periodontal CTEs to primary and
intermediate colonizers in the planktonic state.

Gingival and periodontal CTEs elicit differential
immune responses to bacterial biofilms

We next investigated the immune response of the two
CTEs to bacterial biofilms post-colonization, wherein the
cultures were exposed to 24 h-old biofilms (Figure 5(a)).
The total biomass of the microbial biofilms computed
based on the 3D reconstruction of confocal z-stack images
showed similar biomass across all bacterial species (Figure
5(b) and (c)). Viability assessment of bacterial biofilms of
S. mitis and S. oralis after 24-h culture showed ~80% via-
bility (Figure 5(c)). Following the biofilm formation, they
were placed on top of the CTEs for a 24 h challenge period.
Confocal z-stacks of the tissues hybridized with FISH
rRNA probe EUB-338 showed the presence of adherent
biofilm over the exposed surface of the CTEs and some
sporadic bacteria invading the matrix (Figure 5(d) and (e)).

In contrast to the planktonic state, the CTEs exposed to
primary colonizers in the biofilm elicited a moderate
immune response demonstrated by significant secretion of
IL-6 and IL-8 (Figure 5(f)). However, the IL-6 and IL-8
levels were significantly lower than that elicited by F
nucleatum (p <0.05). We also noticed a differential innate
immune response by the CTEs, wherein the gingival CTEs
secreted significantly higher IL-6 and periodontal CTEs
higher IL-8 levels upon exposure to streptococcal biofilms
(Figure 5(f)). Overall, the higher and differential cytokine
secretion by the two CTEs in response to streptococcal
biofilms, demonstrate the heterogeneity between gingival
and periodontal connective tissues.

Discussion

This study presents a method to fabricate 3D gingival and
periodontal CTEs using a human fibrin-based matrix and
investigate the heterogeneity in their innate immune
response to early microbial colonization. To understand
the host-microbiome interaction of the CTEs, an in vitro
infection model employing a range of bacterial challenges
that include surrogate TLR-2 and TLR-4 agonists, com-
mensal bacteria (S. mitis and S. oralis), and intermediate
colonizers (F. nucleatum) were used. Although the GFs
and PDLFs were isolated from the same donors and topo-
graphically close locations, they exhibited diverse
responses to bacterial challenges that recapitulated the
regional fibroblast heterogeneity. The CTEs exhibited a
heterogeneous response to commensal bacteria depending
on planktonic and biofilm states. Oral streptococci in the
planktonic state triggered no to mild innate immune
response, while streptococcal biofilms elicited a moderate
immune response characterized by the production of

higher amount of pro-inflammatory cytokines IL-6 and
IL-8. In contrast, exposure to F. nucleatum elicited a strong
and differential production of IL-6 and IL-8 by the two
CTEs. The gingival CTEs representative of superficial
connective tissue produced a higher pro-inflammatory and
mitogenic cytokine IL-6. In contrast, the deeper connec-
tive tissue (periodontal CTEs) predominantly responded
through higher production of IL-8, a chemokine involved
in immune cell chemotaxis and angiogenesis (Figure 6).
Exposure of GFs and PDLFs cultured as monolayers
are commonly used for host-microbiome studies, till date.
They are the simplest models, easy to setup, and effective
for mechanistic studies. However, the results from mon-
olayer culture models may not represent the features of
complex 3D cell-cell and cell-matrix interactions®> and
their impact on the tissue response to bacterial challenge.
Therefore, in this study, we developed a 3D culture model
to represent the gingival and periodontal connective tissue
elements of the dento-gingival unit, respectively. ECM is
an integral component of connective tissue and the host
cellular microenvironment. Collagen-based matrices (typ-
ically from rat-tail and bovine origin) are commonly used
for the fabrication of 3D cultures.?>?*3¢ However, it has
technical and translational limitations owing to its contrac-
tile nature and xenogeneic origin.*® Contraction of the col-
lagen gels due to polymerization and fibroblast-mediated
process raises technical concerns on reproducibility and
long-term cultures.*® Polymeric scaffolds are thus com-
monly used to counteract the contraction and handling
issues with collagen matrices.?! Unlike commonly used
collagen matrices,?>*¢ the human fibrin-based matrix used
in this study was stable without any visible contraction or
degradation issues, thus enabling culture over a long
period. Non-invasive and label-free imaging using confo-
cal reflectance microscopy supplemented with immu-
nostaining for collagen-1 revealed that the GFs and PDLFs
deposited de novo cell-derived collagen and ECM fibers.
The ECM plays a critical role in providing substrate for
microbial adhesion and penetration in the host. There is
growing evidence that various ECM components and their
degradation products also contribute to tissue inflamma-
tion and innate immune response to microbial patho-
gens.’”*® ECM components and degradation products of
collagen, glycoproteins (e.g. fibrinogen, fibronectin,
tenascin-C), proteoglycans (e.g. aggrecan, biglycan,
decorin, versican), and glycosaminoglycans (e.g. hyaluro-
nan, heparan sulfate) which can be potentially released
from damaged tissues have been identified as capable of
acting as danger-associated molecular patterns.>” Hence,
the choice of ECM components used to fabricate 3D tissue
equivalents can potentially impact the innate immune
response against microbial pathogens. For instance, low
molecular weight hyaluronic acid has been shown to acti-
vate TLR-2 signaling, while its high molecular counterpart
inhibits TLR-2 signaling.** Similarly, fibrin and its
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precursor fibrinogen have been demonstrated to display
differential regulation of macrophages upon stimulation
with LPS and interferon-y.** Macrophages cultured on
fibrin gels displayed an anti-inflammatory phenotype
(increased production on IL-10 and decreased levels of
tumor necrosis factor alpha), while its precursor fibrinogen
stimulated inflammatory activation. Future studies on the
impact of various ECM components and their degradation
products (in response to host or bacterial proteases) on the
innate immune response against periodontopathogens can
provide insights on developing ECM-based immunomod-
ulatory strategies.*!*?

The in vitro infection of CTE models used in this study,
enabled the potential to recapitulate spatiotemporal early
microbial colonization by planktonic oral commensals.
The planktonic oral commensals formed well-defined bio-
film-like structures over the tissues after 24 h of co-culture.
Alternatively, as demonstrated in this study and oth-
ers,”72>% the 3D organotypic tissues could be challenged
with preformed bacterial biofilms. The 3D architecture of
organotypic cultures also offers the advantage of visualiz-
ing microbial adhesion, biofilm formation, and microbial
invasion.”®?° The bacterial challenge in the form of both
live planktonic and biofilm states used in this study and
studies using organotypic gingival epithelium,>’2%43
results in the recapitulation of the host-microbiome inter-
face of native gingival and periodontal tissues (albeit with-
out the overlying gingival epithelium). In contrast,
host-microbiome studies on monolayer cultures are typi-
cally based on exposure of microbiome in planktonic states
using multiplicity of infection or CFU/mL.*!4 However,
exposure on 3D culture models offer the potential for
exposure based on surface area and as microbial biofilms.

This precludes the ability for direct comparison of the cel-
lular responses between monolayer and 3D culture
systems.

Previous studies using monolayer cultures of GFs and
PDLFs and gene expression or microarray analysis have
demonstrated the heterogeneity in constitutive expression
of various genes, including inflammatory cytokines among
the two cell types.®!'"14% Further, this translates to con-
trasting cytokine responses of the GFs and PDLFs to peri-
odontopathogens like P. gingivalis or its virulence factors
like LPS.#!1:1416 Similarly, previous studies have demon-
strated the differential innate immune response of mon-
olayer cultures of gingival keratinocytes and fibroblasts to
periodontopathogens.***” Gingival keratinocytes exposed
to periodontopathogens expressed higher levels of IL-1f3
and IL-8, but not IL-6 transcripts. However, GFs exhibited
upregulation in IL-6 and IL-8 but not IL-1p transcripts.*’
Further, periodontopathogens elicit a higher IL-8 secretion
among GFs than oral epithelial cells.*® Some studies attrib-
ute the differential responses could be due to differences in
the expression levels of pattern recognition receptors
(PRRs) like the TLRs, among the different cell types and
among different donors.*>* However, exact mechanisms
driving the heterogeneity in the response to bacteria and
their products is poorly understood.

Previous studies have demonstrated the involvement of
TLR and nucleotide-binding oligomerization domain
(NOD)-containing protein-like receptors (NLR) signaling
pathways to mediate the innate immune response through
the production of cytokines like IL-6 and IL-8.34348-52
TLRs are a family of membrane-associated PRRs that lead
to the activation of nuclear factor kappa B (NF-«kB), inter-
feron regulatory factors (IRF), and mitogen-activated
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protein kinases (MAPK) signaling pathways.**>%* On the
other hand, NLRs are located in the cytoplasm, and are
predominantly activated through bacterial invasion into
the cells. Activation of intracellular NOD1 and(or) NOD2
in GFs and PDLFs could mediate the release of IL-6 and
IL-8 through the activation of NF-kB and MAPK signal-
ing pathways.* In the present study, exposure to TLR-2
agonist triggered a significantly higher IL-6 and IL-8
among gingival CTEs than its periodontal counterpart. On
the contrary, we did not observe any immune response by
both CTEs exposed to TLR-4 agonist (ultrapure P. gingi-
valis LPS) despite its high dose (10 pg/mL). Though tran-
scriptomic studies did not show the expression of 7LR-4
mRNA in GFs and PDLFs (data not shown), the lack of
response could also be related to the TLR-4 agonist used in
this study. Behm et al.** demonstrated the heterogeneity in
the response of gingival and periodontal mesenchymal
stromal cells (MSCs) to standard and ultrapure prepara-
tions of P. gingivalis LPS. Both the MSCs showed a lower
immune response to ultrapure P. gingivalis LPS compared
to the standard preparations. It was attributed to the pres-
ence of trace amounts of lipoproteins in standard LPS
preparations that activates TLR-2 response in addition to
TLR-4 mediated response. In contrast, the enzymatic treat-
ment employed in the preparation of ultrapure LPS leads
to degradation of the lipoproteins and hence, to a pure
TLR-4 mediated response.

In this study, the exposure of gingival and periodontal
CTEs to oral commensals in the planktonic state triggered a
none to mild innate immune response. In contrast to S. mitis,
CTEs exposed to planktonic S. oralis induced significantly
higher IL-8 secretion after 24 h of exposure. Though both the
oral streptococci are known producers of hydrogen peroxide
as a by-product of bacterial metabolism, previous work has
shown this effect to be relatively higher in the case of S. ora-
lis.> This may have attributed towards the overwhelming of
the antioxidant defense system of the CTEs, potentially acti-
vating the redox sensitive transcription factor (e.g. NF-xB),
and eliciting the production of chemokine IL-8.5%%7 In con-
trast, challenges with commensal (streptococcal) biofilms
elicited a moderate immune response characterized by the
production of inflammatory cytokines IL-6 and IL-8.
However, the levels were significantly lower than in response
to F. nucleatum. Lactate dehydrogenase activity showed
minimal impact of the streptococcal biofilms or £ nucleatum
on cytotoxicity, and hence, it is unlikely due to cell death and
the associated release of intracellular cytokines (Supple-
mental Figure S2). It is plausible that the moderate degree of
inflammation elicited by the commensal bacteria could help
to prime the tissues against potential attack from pathogens.”
In particular, the increased production of inflammatory
cytokines by gingival connective tissues could be involved
in the induction of an anti-microbial protective response in
the overlying gingival epithelium through stimulation of epi-
thelial proliferation and migration.'®?%2? These observations

correspond with the microenvironment observed in the oral
cavity, where the commensal microbial population keeps the
gingiva in a mildly activated state. This helps the host to
counter the pathogenic challenge and maintain homeostasis.’
In the present study, exposure to commensal biofilms also
triggered the production of chemokine IL-8 by both gingival
and periodontal CTEs. IL-8 has a crucial role in maintaining
a clinically healthy junctional epithelium by promoting
immune cell chemotaxis.?’ This potentially keeps the perio-
dontium on alert state and primes the tissues to prevent fur-
ther assault by periodontal pathogens. Previous studies on
full-thickness gingiva equivalents have also shown the pro-
duction of protective cytokine and chemokines by recon-
structed tissues when co-cultured with commensal bacterial
biofilms.?® The interaction with commensal bacterial biofilms
also promoted an increased proliferation and stratification of
the gingival epithelium, thus initiating a protective response
of the barrier tissues.’ In concordance, the present study also
showed that gingival CTEs exposed to commensal biofilm
produced higher secretion of pleiotropic cytokine IL6 which
is also known to regulate epithelial proliferation.>

Future studies on exposure of the CTEs to pathogenic
biofilms, particularly from diseased sites, could help pro-
vide a deeper understanding of the priming ability of com-
mensals and immune evasion strategy of pathogens. Further,
to mimic the microphysiology, it would be beneficial to
investigate the response of the CTEs primed by commensal
biofilms before exposure to pathogenic biofilms. However,
such a setup would require a prolonged culture period,
which may not be feasible in the current 3D culture system
due to bacterial overgrowth and nutrient depletion. Next-
generation tools like microfluidic organ-on-chip systems
provide the opportunities to continuously perfuse the tissues
for better nutrient delivery and drainage of metabolic
wastes.”® Further, the microfluidic channels and compart-
mentalization can enable the potential to introduce different
bacterial challenges at desired time points and over the long-
term culture period.®*¢! Microfluidic gut-on-chip models
have demonstrated the ability to model and study long-term
host-microbiome interactions between intestinal bacteria
and gut mucosa.®® One of the limitations of our model is the
lack of immune cells that help to amplify and translate the
innate immune response of the connective tissues.
Microfluidic systems that incorporate or present the immune
cells at defined time points can also biomimic the recruit-
ment and migration of immune cells into the tissue.®>¢
Future studies combining the 3D culture and microfluidic
systems can be transformative and provide novel insights
into host-microbial interactions and opportunities to develop
novel therapeutic strategies.
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