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Abstract

Despite continuous exposure to environmental pathogens, injured mucosa within the

oral cavity heals faster and almost scar free compared with skin. Saliva is thought to be

one of the main contributing factors. Saliva may possibly also stimulate skin wound

healing. If so, it would provide a novel therapy for treating skin wounds, for example,

burns. This study aims to investigate the therapeutic wound healing potential of

human saliva in vitro. Human saliva from healthy volunteers was filter sterilized before

use. Two different in vitro wound models were investigated: (a) open wounds repre-

sented by 2D skin and gingiva cultures were used to assess fibroblast and keratinocyte

migration and proliferation and (b) blister wounds represented by introducing freeze

blisters into organotypic reconstructed human skin and gingiva. Re‐epithelialization

and differentiation (keratin K10, K13, K17 expression) under the blister and inflamma-

tory wound healing mediator secretion was assessed. Saliva‐stimulated migration of

skin and oral mucosa fibroblasts and keratinocytes, but only fibroblast proliferation.

Topical saliva application to the blister wound on reconstructed skin did not stimulate

re‐epithelization because the blister wound contained a dense impenetrable dead

epidermal layer. Saliva did promote an innate inflammatory response (increased

CCL20, IL‐6, and CXCL‐8 secretion) when applied topically to the flanking viable areas

of both wounded reconstructed human skin and oral mucosa without altering the skin

specific keratin differentiation profile. Our results show that human saliva can

stimulate oral and skin wound closure and an inflammatory response. Saliva is

therefore a potential novel therapeutic for treating open skin wounds.

KEYWORDS

cell migration, inflammatory response, oral mucosa, proliferation, reconstructed human skin, saliva,

therapy, wound healing
1 | INTRODUCTION

Due to advancements in patient care, survival chances have increased

significantly for severe burns patients. Now the major issue has
- - - - - - - - - - - - - - - - - - - - - - - - - -
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become the prevention of infection and improving the quality of the

final scar. Both of these are directly related to the rate of wound clo-

sure, the longer the wound remains open the greater the risk of

adverse healing. The prevalence of post‐burn pathological fibrosis
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(hypertrophic scar) is very common (77%; Gangemi et al., 2008). The

quality of life of burns patients with hypertrophic scars can be

severely affected due to chronic itching, loss of joint mobility, contrac-

tures, and disfigurements, which lead to accompanying psychological

problems (Bayat, McGrouther, & Ferguson, 2003). Also, patient care

is extremely expensive due to the repeated surgical interventions

needed to release scar contracture (Bayat et al., 2003). Hypertrophic

scars occur most often after full thickness wounding, where no viable

dermis is left (Deitch, Wheelahan, Rose, Clothier, & Cotter, 1983).

Although there are various treatment strategies (including meshed

autografts and skin substitutes), it is generally accepted that current

strategies are still far from optimal. Excessive granulation tissue forms

within the meshed area of autografts resulting in hypertrophic scar

formation (Finnerty et al., 2016). Initial results with skin substitutes

look promising (Gardien et al., 2016), but such advanced therapy

medicinal products are extremely expensive to produce and require

complicated logistics to receive patient (autologous) biopsies to the

cleanroom facility and to transfer the living skin substitute back to

the specialized hospital (Hartmann‐Fritsch, Marino, & Reichmann,

2016). Therefore, there is an urgent need to develop easy to use,

inexpensive therapies which will enhance wound closure, as these in

turn are expected to reduce the risk of wound infection and granula-

tion tissue formation, and in doing so improve the final scar quality.

Wound healing involves four overlapping phases (hemostasis,

inflammation, proliferation, and tissue remodelling; Gurtner, Werner,

Barrandon, & Longaker, 2008; Martin, 1997; Martin & Leibovich,

2005; van den Broek, Limandjaja, Niessen, & Gibbs, 2014). Hemostasis

occurs directly after injury and results in vasoconstriction and activa-

tion of platelets, which secrete many soluble wound healing factors to

activate the coagulation pathway leading to the deposition of a fibrin

clot. At the onset of trauma, inflammatory cytokines are released for

the recruitment of different cell types. Monocytes and macrophages

infiltrate the wounded area to combat infection and remove the dam-

aged tissue. Upon wounding, it is most essential that the skin barrier

function is restored as quickly as possible. Re‐epithelialization of a

wound involves keratinocyte proliferation, migration, and differentia-

tion in order to restore the breached epithelial barrier (Hakkinen, Uitto,

& Larjava, 2000). In the underlying connective tissue, fibroblasts prolif-

erate and migrate into the wound bed and deposit new extracellular

matrix, which remodels into scar tissue. The challenge for scientists

and clinicians is to develop therapies to guide the wound healing

process in order to achieve optimal repair and ultimately regeneration

(full restoration of structure and function) of the damaged tissue.

Notably, oral wounds heal much faster than skin wounds and with

relatively much less scar formation (Hakkinen et al., 2000; Oudhoff

et al., 2008; Oudhoff, Kroeze, et al., 2009; Oudhoff, van den Keijbus,

et al., 2009; Wong et al., 2009). A major difference between skin

and oral mucosa which regulates the tissue wound healing response

is the presence of saliva in the oral cavity (Brand, Ligtenberg, &

Veerman, 2014; Dawes et al., 2015). In addition to its lubricating func-

tion, saliva contains a vast cocktail of proteins (>1,000 proteins) which

function in synergy so that saliva is mitogenic, enhances cell migration,

and also acts in an anti‐microbial manner resulting in a healthy oral
microflora (Denny et al., 2008; Mohanty et al., 2017). For example,

defensins, LL37, histatins, and mucins protect against the formation

of a pathogenic microbiome; whereas cytokines (Boink et al., 2017),

chemokines, and growth factors directly enhance wound closure

(Behm, Babilas, Landthaler, & Schreml, 2012). Saliva also stimulates

the innate immune system, and therefore, the inflammatory phase of

wound healing by stimulating fibroblasts to produce, for example, IL‐

6 and CXCL8 (Cvikl, Lussi, Moritz, Sculean, & Gruber, 2015). By regu-

lating the wound healing response and microbiota, saliva is thought to

contribute to the almost scar‐free healing in the oral cavity. The

wound healing properties of saliva was already acknowledged by the

ancient Greeks 2,000 years ago when they applied snake saliva to

open wounds to enhance cutaneous wound healing. Also, rats, which

were allowed to lick burn wounds, showed enhanced wound healing

compared with controls (Hakkinen et al., 2000). Notably, a primary

human instinct is to directly apply saliva to a wound (e.g., on a finger)

by licking the injured skin if possible. Taken together, saliva may

contain components that are beneficial to skin wound healing as well

as oral wound healing.

Oral wound healing is guided by both the intrinsic properties of the

cells within the oral mucosa and interactions with saliva (Boink et al.,

2016; Glim, van Egmond, Niessen, Everts, & Beelen, 2013). This sug-

gests that the synergistically functioning multitude of saliva‐derived

molecules may potentially be used as a potent novel therapeutic for

enhancing skin wound closure. However, before such a saliva therapy

can be investigated in human clinical studies, pre‐clinical experiments

must first be performed. Animal studies are unsuitable for such a pre-

clinical investigation of the therapeutic properties of human saliva

because its consistency and many of the corresponding cellular recep-

tors are specific for primates (de Sousa‐Pereira et al., 2013). The aim

of this study was therefore to investigate the therapeutic wound

healing potential of whole human saliva in vitro.

Human saliva was collected from healthy volunteers and filter ster-

ilized before applying to cell cultures. Two types of in vitro wound

models were investigated: (a) open wound represented by 2D culture

models (Monsuur et al., 2016) and (b) a blistering wound represented

by introducing freeze blisters into organotypic 3D reconstructed

human skin (RHS) and gingiva (RHG; air‐exposed, differentiated epi-

thelium on a fibroblast populated hydrogel; Breetveld, Richters,

Rustemeyer, Scheper, & Gibbs, 2006; Kosten, Buskermolen, Spiekstra,

de Gruijl, & Gibbs, 2015).
2 | MATERIALS AND METHODS

2.1 | Isolation and culture of human skin and gingiva
keratinocytes and fibroblasts

Human skin was obtained after informed consent from healthy donors

who underwent an abdominal dermolipectomy. Human gingiva was

obtained as surgical waste after dental implant surgery. Both skin

and gingiva were used in an anonymous fashion in accordance with

the “Human Tissue and Medical Research: Code of conduct for
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responsible use” as formulated by the Federation of Dutch Medical

Scientific Societies (www.federa.org).

Skin and gingiva keratinocytes were isolated and cultured as

described previously (Waaijman et al., 2010). In short, epithelial sheets

were separated from the dermis (skin) or lamina propria (gingiva) by an

overnight incubation in dispase II (Sigma‐Aldrich, St. Louis, MO, USA)

at 4°C. The epithelial sheet was then trypsinized and the primary

keratinocytes were cultured at 37°C and 7.5% CO2 in KC‐medium

consisting of Dulbecco's Modified Eagle Medium (DMEM; Lonza,

Basel, Switzerland)/Ham's F‐12 (Gibco, Grand Island, USA) (3:1), 1%

Ultroser G (BioSepra S.A. Cergy‐Saint‐Christophe, France), 1%

penicillin–streptomycin (Gibco), 1 μM hydrocortisone (Sigma‐Aldrich),

1 μM isoproterenol (Sigma‐Aldrich), and 0.1 μM insulin (Sigma‐Aldrich)

and supplemented with 1 ng/ml keratinocyte growth factor (KGF;

Sigma‐Aldrich) for skin keratinocytes or 1 ng/ml epidermal growth fac-

tor (EGF; Sigma‐Aldrich) for gingival keratinocytes. The keratinocytes

were used at Passage 1. This culture medium enables keratinocytes

to differentiate as well as proliferate. A separate skin donor was

used for each individual experiment described below, skin donors

were not pooled.

Skin and gingival fibroblasts were isolated from the lamina propria

(after removal of the epithelium) by incubation in collagenase (Gibco)

for 3 hr. After passing the suspension through a 40 μm cell strainer,

to remove extracellular matrix, the fibroblasts where cultured at

37°C, 5% CO2 in fibroblast medium containing DMEM, 1% Ultroser

G, and 1% penicillin–streptomycin. Fibroblasts were used at Passage

1 or 2. A separate skin donor was used for each individual experiment

described below, skin donors were not pooled.
2.2 | Saliva collection and dilution

Unstimulated saliva was collected from self‐reported healthy volun-

teers in the morning between 8:00 and 12:00 a.m. Participants were

instructed not to consume food or drink beverages other than water

for at least 1 hr prior to the collection of saliva and to wash their

mouth thoroughly with water before the collection of saliva. Saliva

was collected for 10 min by dribbling into sterile 50 ml tube (Greiner

Bio‐One, Alphen aan de Rijn, the Netherlands). Fresh saliva was

collected and immediately used for the experiments. No protease or

phosphatase inhibitors were added to the saliva. Saliva from a total

of eight volunteers was collected; ranging from pH 6.2 to 8.3. This

saliva from two to five volunteers was pooled, depending on the

required volume necessary for each experiment, and filter sterilized

through a 0.22 μm filter (Merck, Darmstadt, Germany) to remove

pathogens. Pooled saliva resulted in batches ranging from pH 6.5 to

7.6. For the fibroblast and keratinocyte monolayer experiments (see

below), the pooled saliva was diluted in PBS (as PBS is most compati-

ble with cell culture and would be easy to implement in a future clin-

ical study) to concentrations of 0%, 20%, 40%, and 100% saliva and

further diluted in the culture medium (1:1) to final concentrations of

0%, 10%, 20%, and 50% saliva, so that all conditions contained the

same percentage of culture medium (50%) and only the ratio of saliva
to PBS differed between conditions. In the blister wound healing

experiments, the saliva was added topically and undiluted (100%) to

the RHS and RHG, because RHS and RHG have a fully differentiated,

keratinized, and stratified epithelial layer, which provides a barrier to

topically applied substances and therefore higher concentrations are

required.
2.3 | Fibroblast wound healing scratch assay

To investigate the ability of saliva to stimulate skin and gingiva fibro-

blast wound closure, a wound healing scratch assay was performed as

previously described (Monsuur et al., 2016). The fibroblasts were cul-

tured in a 48‐well plate (Corning, Tewksbury, MA, USA) in fibroblast

medium (see above). When cultures reached 100% confluency, a

scratch was made across the middle of the well with a 1 ml pipet tip.

After washing with PBS to remove any loose fibroblasts, fibroblasts

were further cultured in DMEM with 0.1% BSA (Sigma‐Aldrich), sup-

plemented with different concentrations of pooled saliva (see above)

or 1 ng/ml EGF (positive control). At day 0 and 2 after introduction of

the scratch, phase contrast micrographs were made. The surface area

of the scratch was measured using an image processing algorithm pre-

viously described in detail (Monsuur et al., 2016; Topman, Sharabani‐

Yosef, & Gefen, 2012). Reduction of the scratch surface area relative

to the 0% saliva control (50% PBS and 50% culture medium) was

calculated for each experiment. Three independent experiments were

performed; each experiment had an intra‐experiment duplicate.
2.4 | Keratinocyte epithelialization model

In order to assess epithelial outgrowth from a 1 cm diameter confluent

circle, 5 × 105 skin or gingiva keratinocytes in 100 μl KC‐medium (see

above) were seeded into a metal ring (1 cm diameter) on collagen IV‐

coated 10 cm culture dishes (Corning). After 4 hr of incubation, to

enable keratinocyte attachment, the metal ring was removed and cells

were further cultured in medium containing DMEM/Ham's F‐12 (3:1),

0.2% Ultroser G, 1% penicillin–streptomycin, 1 μM hydrocortisone,

1 μM isoproterenol, 0.1 μM insulin, with 1 ng/ml KGF for skin

keratinocytes, and 1 ng/ml EGF for gingiva keratinocytes. This culture

medium contains a high calcium concentration (1.6 mM) and therefore

enables keratinocyte differentiation with limited stratification as

well as proliferation (P. E. M. Gibbs & Lawrence, 1993; S. Gibbs,

Backendorf, & Ponec, 1996). The culture medium was further supple-

mented with different concentrations of pooled saliva (see above).

After 1 week, during which time the culture medium with saliva was

refreshed at Day 3, the culture medium was exchanged for 2 ml of

2 mg/ml Thiazolyl Blue Tetrazolium Bromide (MTT; Sigma‐Aldrich) in

PBS. After 1 hr of incubation at 37°C in the MTT solution, during

which metabolic active keratinocytes stained blue/purple, photo-

graphs were made to determine the surface area of the expanding

epithelium relative to 0% saliva. Three independent experiments were

performed; each experiment had an intra‐experiment duplicate.

http://www.federa.org
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2.5 | Keratinocyte and fibroblast proliferation

Skin and gingiva fibroblasts or keratinocytes were seeded into a 48‐

well plate at 5 × 103 cells per well. Keratinocytes were cultured in col-

lagen IV coated plates in KC‐medium supplemented with saliva (as

described above). Fibroblasts were cultured in DMEM supplemented

with 0.5% UltraserG and 1% penicillin–streptomycin supplemented

with saliva as described above. After four days of culture, cells were

harvested and DNA content per well was determined using a DNA

quantification kit (CyQuant, Thermo Fisher Scientific, Waltham, USA)

according to manufacturer's instructions. For quantification of cell

number a serial dilution of a known amount of fibroblasts or

keratinocytes was used. Three individual experiments were per-

formed; each experiment had an intra‐experiment duplicate and

results are expressed relative to the unexposed cultures.
2.6 | Reconstructed human skin and gingiva wound
model

RHS and RHG (reconstructed epithelium on fibroblast‐populated

hydrogel) were constructed exactly as previously described (Kosten

et al., 2015). Keratinocytes and fibroblasts were donor matched from

a single donor within each independent experiment. In short, gingiva

fibroblasts (1 × 105 cells/ml) were mixed with a 4 mg/ml collagen solu-

tion and pipetted into trans‐well inserts (2.4 cm diameter, 0.4 μm pore

size [Corning]). After overnight incubation in fibroblast medium,

keratinocytes (5 × 105 cells/hydrogel) were seeded on top. RHS and

RHG were cultured, submerged in KC‐medium for 3 days and then fur-

ther cultured for 10 days at the air liquid interface in medium containing

DMEM/Ham's F12 (3:1), supplemented with 0.2% Ultroser G, 1%

penicillin–streptomycin, 2 μMhydrocortisone, 0.1 μM insulin, 1 μM iso-

proterenol, 10 μM carnitine (Sigma‐Aldrich), 10 mM L‐serine (Sigma‐

Aldrich), 0.4 mmol L‐ascorbic acid (Sigma‐Aldrich), 2 ng/ml KGF (RHS),

or 2 ng/ml EGF (RHG). Culture medium was refreshed every 3 days.

After 10 days of air exposed culture, full thickness freeze blister

wounds were introduced as previously described (Breetveld et al.,

2006; Buskermolen et al., 2016). In short, a spatula cooled in liquid

nitrogen was pressed lightly against the RHS and RHG surface for 5 s

to freeze a narrow line (2‐cm long and 2‐mm wide) across the models

(2‐cm diameter). This resulted in death of fibroblasts within the gel

and detachment (blister forming) of the dead epithelium from the gel

in the vicinity of the freeze wound only. Parallel cultures were used to

examine the effect of saliva on RHS and RHG without wounds. New

culture medium (without KGF or EGF) was added underneath the

wounded and unwounded RHS and RHG. The models were subse-

quently topically exposed to 100 μl of undiluted pooled saliva or PBS

(control) so that the entire culture surface was covered. After 24 hr, cul-

ture supernatant was collected and stored at −20°C for further analysis

of inflammatory cytokine secretion by ELISA. At 24 hr and 3 days after

the introduction of the wound, RHS and RHG were harvested for stan-

dard paraffin embedment and histological analysis in order to measure

re‐epithelialization of the wound area as previously described
(Buskermolen et al., 2016). Three independent experiments were per-

formed; each experiment had an intra‐experiment duplicate.

2.7 | Histology and immunohistochemistry

RHS and RHG were fixed in 4% paraformaldehyde and processed for

paraffin embedment. After rehydration, tissue sections (5 μm) were

stained with haematoxylin and eosin (H&E) for histological examina-

tion or processed for immunohistochemistry (IHC). For IHC, after anti-

gen retrieval, sections were incubated for 1 hr with mouse antibodies

against K10 (Santa Cruz Biotechnology), K13, or K17 (Monosan), as

previously described (Kosten et al., 2015; Vriens et al., 2008). Hereaf-

ter, the sections were washed in PBS and incubated for 30 min with

Brightvision (Immunologic). Next, the sections were incubated with

AEC substrate for 10 min followed by haematoxylin staining. The

microscopic slides were visualized with a Nikon Eclipse 80i. Quantifi-

cation of re‐epithelialization on H&E sections were done with NIS‐

Elements software (Nikon Instruments Europe B.V.).

2.8 | ELISA for cytokine production

The amount of IL‐6 (R&D systems, Minneapolis, USA), CXCL8 (Sanquin,

Amsterdam, the Netherlands), and CCL20 (R&D systems) in the culture

supernatant was quantified by ELISA according to the manufacturers

specifications as previously described (Spiekstra et al., 2005).

2.9 | Statistics

Statistical analysis was performed with the aid of GraphPad Prism,

version 6 (GraphPad Software, Inc.). Data were analyzed with the

Friedman test followed by Dunn's multiple comparison test, except

the re‐epithelialization of RHS, which was analyzed with a two‐way

ANOVA, followed by Fisher's LSD test to analyze keratinocyte out-

growth. Differences were considered significant when p < .05. Data

are represented as mean ± standard error of mean (SEM); *p < .05;
**p < .01; and ***p < .001.
3 | RESULTS

3.1 | Saliva stimulates fibroblast but not keratinocyte
proliferation

In order to determine whether saliva could increase fibroblast and

keratinocyte proliferation, conventional submerged cultures were

exposed to increasing concentrations of saliva (Figure 1). For fibro-

blasts, 5% saliva resulted in the highest increase in proliferation (gin-

giva: 1.9 ± 0.2 fold; skin: 1.8 ± 0.3 fold compared with unstimulated

fibroblasts). In contrast, saliva did not stimulate keratinocyte prolifera-

tion, and indeed 50% saliva appeared to have a cytotoxic effect on

both skin and gingiva keratinocytes as observed by the dose‐

dependent decrease in proliferation. Overall, saliva had a stimulating

effect on gingiva and skin fibroblast but not keratinocyte proliferation.



FIGURE 1 Saliva stimulates fibroblast (a) but not keratinocyte (b) proliferation. Proliferation, as determined by DNA quantification after
exposure to saliva for 4 days is shown. Three independent experiments each with an intra‐experiment triplicate; mean ± SEM relative to
unstimulated controls; *p < .05; Friedman test followed by Dunn's multiple comparisons test
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3.2 | Saliva stimulates wound closure in fibroblast
scratch assay

Using the scratch wound closure assay, it was found that gingiva

fibroblasts had a significantly greater intrinsic capacity to migrate into

the wound area than skin fibroblasts (0.1 ± 0.01 mm2 versus

0.07 ± 0.01 mm2, respectively, in 48 hr; Figure 2) in agreement with

previous results shown by (Boink et al., 2016; Oudhoff, Kroeze,

et al., 2009). Supplementation of the culture medium with saliva

resulted in an increase in wound closure in both skin and gingiva fibro-

blast cultures. Stimulation with 20% saliva resulted in the greatest

increase in scratch closure relative to the controls: 2.5 ± 0.4 fold

increase for both skin and gingiva fibroblasts. For comparison, stimula-

tion with the potent mitogen EGF (2 ng/ml) only increased wound

closure by 1.5 ± 0.2 fold for skin fibroblasts and 1.8 ± 0.2 fold for

gingiva fibroblasts (data not shown).
3.3 | Saliva stimulates keratinocyte epithelialization

The epithelial expansion from a confluent circle of proliferating and

differentiating keratinocytes derived from skin or gingiva (submerged

culture conditions) was used to mimic epithelialization over an open

wound area (Figure 3a). Gingiva keratinocytes had a greater capacity

to grow out from the circle than skin keratinocytes (3.5 ± 1.1 cm2

versus 1.4 ± 0.02 cm2, respectively). Supplementation of culture
medium with saliva resulted in a further expansion reaching a maxi-

mum for skin keratinocytes with 50% saliva (1.5 ± 0.1 fold) and for

gingiva keratinocytes with 20% saliva (1.8 ± 0.2 fold). Under the

experimental conditions used in this study, 50% saliva inhibited the

basal outgrowth of gingiva keratinocytes from the seeded area,

possibly due to cytotoxicity (Figure 3a,b). Keratinocytes from both

skin and gingiva at the outgrowth edge showed a different morphol-

ogy when stimulated with saliva compared with unstimulated

keratinocytes (Figure 3c). Under conditions where maximum out-

growth was obtained (skin: 50%; gingiva: 20%), the typical intact

epithelial sheet observed in control cultures at the migrating front

appeared less compact with intercellular spaces becoming visible,

particularly in the case of the gingiva epithelium. This is in line with

the finding that saliva stimulates keratinocyte migration but not pro-

liferation (compare Figure 1 and 2).

3.4 | Saliva does not stimulate skin blister closure

Organotypic RHS and RHG (each batch made from a separate skin or

gingiva donor) were used to investigate healing from beneath a blis-

ter (Figure 4). Both RHS and RHG consist of a stratified, differenti-

ated epithelium on a fibroblast populated collagen hydrogel. The

stratum corneum of RHS contains no cell nuclei, which is typical for

ortho‐keratinized (skin) epithelium; whereas RHG clearly has nuclei

still visible in the most differentiated upper cells, which is typical



FIGURE 2 Saliva stimulates fibroblast
migration in a wound healing scratch assay. (a)
Representative photographs of Day 0 (top)
and Day 2 (bottom) showing intrinsic scratch
wound closure of skin fibroblasts (left) and
gingiva fibroblasts (right). Dotted line
represents initial scratch border on Day 0. (b)
Quantification of scratch area closure
(ingrowth area) after exposure to saliva. Data
represents mean ± SEM of three independent
experiments, each with an intra‐experiment

duplicate; *p < .05; **p < .01; ***p < .001;
Friedman test followed by Dunn's multiple
comparisons test [Colour figure can be viewed
at wileyonlinelibrary.com]
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for para‐keratinized (oral mucosa) epithelium (Figure 4a). Upon freez-

ing, the wounded epithelium detaches from the hydrogel mimicking

blister formation in vivo (Breetveld et al., 2006) (Figure 4b). Three

days after introduction of the freeze wound, re‐epithelialization is

visible underneath the blister of dead epithelium for both the RHS

and RHG. Topical application of saliva to the surface of RHS did

not stimulate the RHS wound closure above that observed for unex-

posed RHS (Figure 4c). For RHG, which exhibits a different type of

terminal differentiation (para‐keratinized and less cornified) to

ortho‐keratinized skin, it was not possible to measure the ingrowth

of the epithelial sheet because it was not possible to accurately

identify the wound margin, which is needed for such a quantification.

In all experiments, the RHG wound area was totally closed (re‐

epithelialized and fibroblasts had repopulated the hydrogel) within

72 hr after wounding (Figure 4b).
3.5 | Saliva stimulates secretion of inflammatory
cytokines in blister wounded RHS and RHG

When unwounded RHS and RHG were topically exposed to saliva for

24 hr, the secretion of IL‐6 and CXCL8 was increased from each of the

three donor batches (Figure 5). The secretion of these cytokines was

also increased during the 24 hr after creating the freeze blister wound

in the absence of saliva. Particularly in the case of CXCL8, a combina-

tion of a freeze wound and the exposure to saliva had an additional
effect, causing a higher cytokine release than the separate treatments.

CCL20 secretion was not increased by topical saliva application but

did show an increase in two of the three batches of RHS and RHG

after creating the freeze blister wound. For RHG, these same two

donors showed a further increase in CCL20 secretion when saliva

was applied to the wounded RHG.
3.6 | Saliva does not influence skin or gingiva
epithelial differentiation

Because skin and gingiva epithelium have different barrier functions

adapted to an air versus moist environment, they are histologically very

distinct from each other (Figure 4 and 6). Skin has a stratum corneum,

suprabasal K10 expression and no expression of K13 or K17. In con-

trast, gingiva has no stratum corneum and nuclei were still visible in

the terminally differentiated keratinocytes being sloughed from the

upper surface. K10 and K17 are expressed only in the upper differenti-

ated cell layers and K13 has intermittent expression. Therefore, it is

most important to ensure that a potential skin saliva therapy will not

result in an epithelium more representative of gingiva than skin. After

3 days of topical exposure to saliva, the characteristic intrinsic proper-

ties of the epithelium of RHS and RHG were maintained (Figure 4 and

6). A typical compact basal layer of keratinocytes, a spinous layer, and

a stratum granulosum and stratum corneum could still be observed in

the epidermis of unwounded RHS. The epithelium of RHG lacked a

http://wileyonlinelibrary.com


FIGURE 3 Saliva stimulates keratinocyte
epithelium expansion. (a) Representative
macroscopic photographs showing skin
keratinocyte (top) and gingiva keratinocyte
(bottom) outgrowth from a 1‐cm diameter
seeding circle over a cell culture plate upon
exposure to saliva. Keratinocytes are grown in
traditional submerged culture conditions.
Bar = 1 cm. (b) Quantification of epithelial
surface area after exposure to saliva. Data
represents mean ± SEM of three independent
experiments, each with an intra‐experiment
duplicate; *p < .05. (c) Representative phase

contrast images picturing skin (top) and
gingiva (bottom) keratinocytes at the
outgrowth margin under influence of 0%,
20%, or 50% saliva [Colour figure can be
viewed at wileyonlinelibrary.com]
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clearly defined stratum granulosum and stratum corneum, and nuclei

were still visible in the differentiated keratinocytes being sloughed from

the surface. Furthermore, the expression of keratinocyte markers K10,

K13, and K17 in RHS and RHG still correlated closely to that in native

skin and gingiva (S. Gibbs & Ponec, 2000) and were not influenced by

the topical application of saliva in the unwounded area of the cultures.

Re‐epithelializing RHS did show increased K17 expression in line with
its increased expression in healing wounds (McGowan & Coulombe,

1998; Figure 6). Re‐epithelializing RHG showed K10, K13, and K17

expression similar to native gingiva. Both saliva‐exposed RHS and

RHG showed the same expression of keratins as their control, non‐

saliva exposed counterparts (data not shown). Taken together, these

results show that saliva will not influence the differentiation phenotype

typical of skin epidermis.

http://wileyonlinelibrary.com


FIGURE 4 Blister wound healing model. (a)
Representative haematoxylin and eosin
staining is shown for native skin and native
gingiva (left); reconstructed human skin (RHS;
orthokeratinized epithelium) and
reconstructed human gingiva (RHG;
parakeratinized epitheliu; middle); RHS and
RHG topically exposed to 100% saliva (right).
(b) Freeze blisters were introduced into RHS
and RHG. Re‐epithelialization is shown 72 hr
after wounding with and without saliva
treatment. RHS tissue sections showing
original wound edge (black arrow), interface
between dead epithelial layer and ingrowing
epithelial layer (dotted line) and migrating

front (arrow head). RHG tissue sections show
that 72 hr post wounding, the fibroblasts have
already migrated into the wound bed and the
wound is completely closed, making it
impossible to adequately define the exact
wound margin. Scale bars represent 100 μm.
(c) Quantification of re‐epithelialization after
topical exposure to 0% (PBS) and 100% saliva
for 72 hr, starting at time of introduction of
freeze wound. *p < .05; **p < .01; ***p < .001;
two‐way ANOVA followed by Fisher's LSD
test [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 5 Cytokine IL‐6, CXCL8, and CCL20 secretion in culture supernatants of RHS (left) and RHG (right) was determined by ELISA 24 hr
after introduction of the wound and/or topical application of 0% (PBS) or 100% saliva *p < .05; Friedman test followed by Dunn's multiple
comparisons test. Data represents mean ± SEM of three independent experiments each with an intra‐experiment duplicate. Each experiment
represents a batch of RHS or RHG constructed from a single skin donor; three different skin and gingiva donors were used in total
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4 | DISCUSSION

Our results show that human saliva has the potential to stimulate

skin wound closure and an inflammatory response, whereas not

influencing normal epidermal differentiation. These findings may
have significant clinical implications as a patient own (autologous,

non‐cell‐based) saliva therapy would provide an extremely easy to

implement and low cost means to enhance wound closure. This is

in contrast to drugs or cell‐based products (advanced therapy medic-

inal products), which involve extensive development, safety, and



FIGURE 6 Immunohistochemical staining
with K10, K13, and K17 of (a) skin and (b)
gingiva. Left: Healthy native skin or gingiva
biopsy; middle: Unwounded area of RHS or
RHG, which was exposed topically to 100%
saliva for 72 hr; right: Epithelial migrating
front of wounded RHS or RHG exposed
topically to saliva for 72 hr. Scale bars
represent 100 μm [Colour figure can be
viewed at wileyonlinelibrary.com]
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efficacy testing, thus making them expensive and/or difficult to

implement in a regular clinical setting. A saliva therapy could also

be combined with standard surgical (autograft) and wound care pro-

cedures. In our study, we choose to investigate whole saliva as it is

easy to collect without the aid of any complicated collection devices

(Henskens et al., 1996). Previously, a positive effect of human

parotid saliva was found on the migratory properties of human buc-

cal mucosa keratinocytes (squamous cell carcinoma cell line TR146;

Oudhoff et al., 2008). However, collection of parotid saliva requires

suction devices being attached to the oral gland which would involve

an unnecessary extra burden to the patient involved and require

handling expertise by the clinical staff.
Saliva contains more than a 1,000 active peptides, which function

in a complementary and synergistic fashion (Amerongen & Veerman,

2002; Ashcroft et al., 2000; Ghosh, Gupta, Jiang, & Weinberg, 2011;

Oudhoff, Kroeze, et al., 2009; Prodan et al., 2015; Veerman,

Oudhoff, & Brand, 2011). For example, the salivary protein histatin

1, which is only present in higher primates, has shown to have a pos-

itive influence on wound closure. Synthesized and HPLC purified

histatin‐1 peptide was found to promote endothelial cell adhesion,

migration, and angiogenesis in vivo as well as in vitro (Torres et al.,

2017). Previously, we investigated the effect of histatin 1 on skin

and gingiva fibroblast migration (Boink et al., 2016). It was found

that histatin 1 stimulated migration slightly and to a lesser extent

http://wileyonlinelibrary.com
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than EGF (10 ng/ml). The effect of whole saliva on human skin or

non‐cancerous human oral cells has not been researched before.

In this study, we show for the first time the wound healing

potential of whole human saliva in healthy human wound healing

models.

The models used in our study represented either an open wound

or a blister wound. The scratch wound healing assay is representative

of cells migrating into an open wound area. Previously, we showed

that gingiva fibroblasts have a greater intrinsic capacity to migrate

in this assay than skin fibroblasts (Boink et al., 2016; Oudhoff, van

den Keijbus, et al., 2009). In this study, we show that migration

reached a maximum in cultures supplemented with 20% saliva and

decreased when 50% saliva was used. The reason for this is currently

unknown, but it needs to be considered that saliva contains many

peptides, for example, LL37, which have also been shown to be cyto-

toxic to cultured cells at high concentrations (>10 μM; Boink et al.,

2017) and that in vivo saliva rarely has direct contact with fibroblasts

because it first needs to penetrate granulation tissue forming in a

wound bed or the epithelium in intact gingiva. Using a model to

investigate epithelial expansion, we were indeed able to show that

50% saliva was not cytotoxic but resulted in maximum migration of

differentiating skin keratinocytes growing out from a confluent circle

over a cell culture surface. By using a 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐

diphenyltetrazolium bromide (MTT) dye, we were able to clearly

visualize the metabolically active migrating keratinocytes. As with

gingiva fibroblasts, gingiva keratinocytes migrated faster than skin

keratinocytes. Of note, saliva stimulated fibroblast proliferation but

not keratinocyte proliferation. This later was also noticeable in the

microscopic analysis of the edges of the epithelial sheets

where under conditions with maximum outgrowth (50% and 20%

for skin and gingiva respectively), the migrating front appeared less

compact than in the control cultures. This finding was surprising

considering the large number of molecules present in saliva, including

salivary leptins, CCL5 (RANTES), IL‐1α, and KGF, which are described

as mitogens (Dawes et al., 2015; Groschl et al., 2005; Kroeze et al.,

2012). However, it must also be considered that cytotoxic proteins

such as LL37, as mentioned above, are also present in saliva,

indicating that a delicate balance exists between mitogens and

antimicrobial proteins (Boink et al., 2017). It has been shown that a

prolonged acidic wound environment can prevent wound closure

and re‐epithelialization (Kruse et al., 2017). Even though pH values

of saliva can differ between donors, pooled saliva results in batches

within the pH range (6.5 to 8.5) that have been shown to be well‐

tolerated for keratinocyte proliferation (Sharpe, Harris, Jubin,

Bainbridge, & Jordan, 2009). For the majority of the experiments,

the pooled saliva was added directly to the buffered cell culture

medium. The pH of the medium remained at approximately 7.5 as

observed by phenol red indicator in DMEM. Therefore, we can

conclude that no cytotoxicity occurred due to extreme pH values

and that the pH was not the reason for the decrease in keratinocyte

proliferation. For the experiments with the blistering wound

where undiluted saliva was applied topically to RHS and RHG, no

cytotoxicity was observed as assessed by haematoxylin eosin staining
of tissue sections. Our findings are in line with our previous study,

investigating extensive cold injury in which we also found that

keratinocytes when rapidly re‐epithelializing a dermal matrix migrate

but do not proliferate in the outermost migrating front (Breetveld

et al., 2006).

In order to mimic re‐epithelialization under a healing blister,

freeze blisters were introduced into organotypic RHS (Buskermolen

et al., 2016). Saliva, when topically applied to the blister wound,

did not result in increased epithelialization. Because saliva did

increase skin keratinocyte migration and fibroblast proliferation and

migration in the open wound models discussed above, these results

indicate that saliva cannot penetrate the dense layer of dead epider-

mis with stratum corneum in the blister model. Therefore, if a saliva

therapy is anticipated for healing skin wounds in a future phase 1

clinical study, blisters should first be removed and the saliva only

applied to the open wound. Due to technical limitations (wound

width: 2.56 ± 0.77 mm) it was not feasible to remove the blisters

in this in vitro model. For this reason, the epithelial outgrowth model

was designed in order to mimic an open wound. Importantly, our

results show that topical saliva application to RHS did not influence

epidermal differentiation and that the typical expression profiles of

skin keratinocyte differentiation markers K10, K13, and K17 (Vriens

et al., 2008) were not altered. The increased expression of K17 at

the wound edges of RHS is in line with wound healing where K17

is induced within hours (together with K6 and K16) upon acute injury

(McGowan & Coulombe, 1998). Even though it was not possible to

define accurately the exact wound margins of RHG due to technical

issues with the histological sections, it was possible to determine

keratin expression in the region. After topical exposure to saliva,

RHG maintained the keratin expression, which is typical to that of

native gingiva and is different to that of skin.

Topical application of saliva to RHS and RHG or introduction of a

blister wound stimulated the secretion of inflammatory cytokines

involved in wound healing (IL‐6, CXCL8 and to a lesser extent

CCL20). This effect became even more pronounced when saliva

was applied topically to cultures with a blister wound. Previously,

we have shown that histatin 1 and LL37 (both salivary peptides)

stimulate inflammatory cytokine release from keratinocytes, the

latter via an IL‐1α‐dependent pathway (Boink et al., 2017). Since

IL‐1α is pre‐stored in the stratum corneum and is also readily

synthesized by keratinocytes, it is most probable that saliva

stimulates pro‐inflammatory cytokine release from keratinocytes,

which in turn stimulates an inflammatory cytokine cascade via

the fibroblasts (Boink et al., 2017; Dawes et al., 2015;

Spiekstra, Breetveld, Rustemeyer, Scheper, & Gibbs, 2007). Such

an effect would be even more pronounced in the presence of a

wound.

As with all in vitro studies, the limitations of the models used in

this study should be acknowledged. The models were designed to

investigate skin and gingiva keratinocyte proliferation and migration

under defined conditions and to mimic wound closure. The

models do not take into account the inflammatory status of a wound

bed, infiltrating cells, and vascular effects. Neither do they take

https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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into account the microbiome, which would be expected to strongly

influence re‐epithelialization (Shang et al., 2018). The experiments

in this study represent multiple saliva donors (pooled saliva) and

multiple skin or gingiva donors. Our results suggest that donor varia-

tion is apparent (in particular regarding the inflammatory response).

Therefore, before progressing to a phase 1 clinical study, it would

be necessary to further investigate the potential impact of the

skin and saliva donor variation in vitro. In particular, the influence

of the trauma (e.g., burn) on saliva composition and the age of

the saliva donor needs to be investigated. In addition, burns are

known to influence the immune status of the patient and wound

closure occurs slower in the elderly. However, we do show here

the potential of human saliva as a therapeutic for skin wound

healing. Whether saliva may also have the ability to reduce scar

formation or stimulate chronic wound closure still has to be

investigated.
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