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Abstract

Background The cytotoxic effect of chemotherapeutic agents to the oral mucosa, as a side-
effect of cancer treatment, is a major problem. Cooling the oral mucosa using ice chips in

conjunction with chemotherapy is known to reduce the severity of oral mucositis. However,
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although the use of ice chips is of clinical value, this method of cooling has inherent
problems including discomfort for the patient, non-uniformity and fluctuations in cooling
temperature throughout the oral cavity. Furthermore, despite being used clinically, it is not
known what reduction in temperature is required to prevent oral mucositis. The aim of the
present study was therefore to determine in vitro if the cytotoxic effect of 5-Fluordi@acil

FU) on the oral mucosa could be reduced by lowering the temperature during
chemotherapeutic treatment.

Methods Tissue engineered oral mucosal (TEOM) models were incubated at 20, 25, 30, or
35 °C for 30 minutes followed by exposure to a clinically relevant concentratior-of 5-
(162 pg/ml) for two hours and compared to untreated models (35°C). Cell viability and
inflammatory cytokine production (IL-6 and TNB-were measured using PrestoBlue® and

ELISA, respectively.

Results: TEOM models incubated at 20°C showed an increased cell viability aral had
reducedlL-6 and TNFe production compared to models treated withF& incubated at
35°C.

Conclusion This study demonstrates a reduced cytotoxic effect to the TEOM by reducing the
temperature of the tissue during chemotherapy treatment and suggests that decreasing the

temperatureéo 20°C could have clinical advantages.

Introduction

Chemotherapy, along with radiotherapy and surgery are the most commonly usedesttatagat
cancer (1). The main action of chemotherdpyto target rapidly dividing cells, which ia
characteristic feature of cancer cells (2). However, oral epithelialarellalso highly proliferative (3)
and are therefore susceptible to the cytotoxic effect of chemotherapeutic dyessigorouracils-
FU) is a well-established chemotherapeutic drug and has for a longbee® used for the
management of a range of different cancers including colorectal, breast andrsién, but is also an
alternative treatment in patients with metastatic or recurrent head andcaecdr. 5-FU is an
analogue of uracil and enters the cells through the same facilitated tramgamdranism as the
nucleotide. Intracellularly, 5-FU is converted to several active metabolites atieatfurther

incorporated into macromolecules such as DNA and RNA, inhibiting their normal fun(&i@hs
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The mechanism by which chemo- and radiation therapy induce cell damage is believes froma
of a cascade of biological events taking place in the underlying subepithelibsedsient activation
of transcription factors and release of several pro-inflammatory cytokihsding IL-6 and TNFe,

in turn leads to a compromised mucosal lining and ulcerations known as mucositis (8).

Mucositis is common debilitating side effect following chemotherapy and is frequently seen i
clinical settings prior to hematopoietic stem cell transplantatiorit(8jfects the lining epithelium of
the entire oral and gastrointestinal tract (10) and in its mildest foamif@sts clinicallyas an
erythematous lesion. However, in more severe forms, painful ulceration caused hgli@pit
detachment from the underlying submucosa is observed and routinely necessitatesamaigetsia
(11). Mucositis may also interfere with food and liquid intake and have a negapeetion several

aspects of quality of life (emotional, social and functional) (12, 13).

Chewing on ice chips before and during chemotherapy infusion is currently the standardhafgproac
prevention of oral mucositis (14). However, ice chips are extremely cold upoexjagsure in the
oral cavity causing discomfort including headache and teeth sensations (15). In additiora-thralint
temperature during ice chip treatment is not constantly maintained andededpidly, therefore
providing only transient benefit to the patient. The aim of this study was to determinkri§casing

a constant low temperature, caused a reduction in the pro-inflammatory cytokirese rated
cytotoxic effect of 5-FU treatment on tissue engineered oral mucosa (TE@Mherefore prevent

tissue damage.
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Material and methods

Cell culture

Normal oral keratinocytes (NOK) and normal oral fibroblasts (NOF) were isolated and
cultured from oral mucosal biopsies obtained from patients with written, informed consent
with ethical approval (Sheffield Research Ethics Committee 09/H1308/66) as previously
described (16) and in accordance with the World Medical Association Declaration of
Helsinki. NOK were cultured in flavin- and adenifieiched medium (Green’s medium)
consisting of Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F12 medium in a
3:1 (v/v) ratio supplemendewith 10% (v/v) foetal calf serum (FCS), 0.1 uM cholera toxin,
10 ng/ml epidermal growth factor, 0.4 pg/ml hydrocortisone, 0.18 mM adenine, 5 pg/ml
insulin, 5 pg ml transferrin, 2 mM glutamine, 0.2 pM triiodothyronine, 0.625 pg/ml
amphotericin B, 100 IU/inpenicillin and 100 pg/ml streptomycin. NOF were cultured in
DMEM supplemented with 10% FCS, 2 mM glutamine, 100 IU/ml penicillin and 100 pg/ml

streptomycin.

Production of TEOM models

TEOM models were produced as previously described (16). Briefly, deebpid dermis (1 cfn
was placed in each well of a 6-well plates, an 8 mm diameter steel dngnlaihe upper surface and
5x10° NOF and 1x1ONOK added in 50Qul of Green’s medium. Medium was changed twice daily
for 48 h at which point the rings were removed and the models incubated at@haqaiid interface

on steel grids for a further 10 days at 37 °C, 5%.CO
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Drug treatments

To determine the optimum drug concentration, TEOM were treated with 2 mFOf Bissolved in
Green’s media, at three different clinically relevant concentrations (54, 162 and gg#ml) along

with a control (no drug applied) and SDS-treated (1%) control for 2 h. Follothigncubation,
TEOM models were rinsed in pre-warmed PBS to eliminate superficial cytosiatioeplaced with
pre-warmed (37 °C) medium. Models were incubated for a further 30 min &,3¥ashed again
with pre-warmed PBS to eliminate profound cytostatics, replaced with fresh madoimmcubated

for 48 h at 37 °C before analysis.

Temperature effects on TEOM

Based on initial experiments it was determined that a 5-FU concentratl@2 pg/ml would enable
the effects of temperature to be assessed in the TEOM models. TEOM models wecelmted at
20, 25, 30, or 35 °C for 30 minutes before treatment wiffu %162 pg/ml) for 2 h or at 35 °C with
no drug used as a control. Following the incubation, TEOM models were rinsed in 37%&rpred
PBS to eliminate superficial cytostatics and replaced with pre-warmed medium. sModet
incubated for a further 30 minutes at 37 °C, washed again with pre-warmedoP&mBninate

profound cytostatics, replaced with fresh medium and incubated for 48 h at 37 °C before analysis.

Cell viability assay

To measure cell viability, PrestoBlue® (ThermoFisher, Massachusetts, United) Statesised
according to themanufacturer’s instructions. Briefly, TEOM models were immersed in 1.1 ml of
PrestoBlue® reagent diluted 1:40 in DMEM + 10% FCS (v,v) and incubatée idark for 2 h at 37

°Cin 5% CO2. 200 ul of media was transferred to a 96-well plate in duplicate and measured using a
spectrophotometer (Tecan, Mannedorf, Switzerland) at excitation 560 nm and emission.590 nm

Optical density values were normalised relative to the control (O pg/ml 5-FU), which w&d set
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Enzyme-linked immunosorbent assay

Commercially available ELISA (OptEIA™, BD Bioscience) kits were used according to the
manufacturer’s instructions to measure levels of IL-6 and TNFe in TEOM conditioned

medium as described previously (17).

Histological analysis

For histological analysis, TEOM were removed from the culture medium, washed with PBS
and fixed in 10% buffered formalin overnight. The model was bisected and subjected to
routine histological processing and then paraffin wax embedded. Five um sections were cut

using a Leica RM2235 microtome (Leica microsystems) and stained with haematoxylin and

eosin (H&E).

Statistics

Data are presented as mean * standard deviation (SD) of three independenteexpénnaB) with
each test performed in triplicate unless otherwise stated. ANOVA (OneAN&WA and Dunnett’s
multiple hypothesis correction) multiple statistical comparisons were perfousiad GraphPad
Prism v6.00 (GraphPad Software, La Jolla, CA, USA) and differences between test antl con

groups considered significant when p < 0.05.

Results

An initial drug dose-response was performed to determine the optimum concentratib meeded
to reduce cell viability in full-thickness TEOM to subsequently enable thestigation of a cooling
effect during drug treatment on cell viability and cytokine release. Gddlliy was measured after a
48 h incubation following a 2 h treatment with 54, 162 or 324 ug/ml 5-FU. Ardspense effect

was observed with 5-FU at a concentration of 54 pg/ml having no effect on TEOM wiedulbty
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but the higher concentrations (162 and 324 pg/ml) causing a statisticallffcaigndecrease in
viability with an overall reduction of 36% (p<0.001) and 28% (p<0.05), respectikejyré 1A).
Following the same trend, an increase in TdNFproduction was observed for the higher
concentrations of 5-FU (162 or 324 pg/ml) tested following a 2 h incubation, althoughditiasot
reach significance from the untreated control (Figure 1B). Based anrémsdts a drug concentration

of 162 pug/ml was used for all further experiments.

To investigate the effect of cooling on cell viability, TEOM models wereddeatith 5-FU (162
pa/ml) for 2 h at 20, 25, 30 or 35°C and compared to untreated (media alone) cardf&sl€.aA
statistically significant decrease in viability for all 5-Fledted TEOM models at all of the
temperature conditions tested compared to untreated controls was observed in a t@mperatu
dependent manner, suggesting that lower temperatures increase cell viabilegdusalthe effects of
5-FU treatment (Figure 2). Although there was a trend of incredabdity at lower temperatures

with 5-FU treatment, these did not reach statistical significance wR€@MTincubated at different

temperatures were compared to each other.

Interestingly, 5FU-treated TEOM displayed increased secretion of the pro-inflammatoryimgsok
IL-6 and TNFe at all temperatures tested compared to untreated controls. IL-6 secretion increased
markedly when cells were incubated wit62 pg/ml 5-FU at 35°C and 30°C compared to cells
incubated with medium alone at 35°C, although this was not statisticalificagt (Figure 3). Levels
of TNF-a were significantly greater (p<0.05) in modelstreated with 162 pg/ml 5-FU and incubated at
35°C compared with medium alone untreated mucosal models incubatedCat (Bigure 4)
Moreover, levels of TNkt were significantly lower (p<0.05) in mucosal models treated with 162
pg/ml 5-FU at 20°C compared with TEOM treated with the same concentration of 5-Fhtbbated

at the higher temperature of 35°C (Figure 4). These data suggest that incGddtiigeated TEOM
models at 20°C reduces the pro-inflammatory cytokine burden whilst increassug tiability

compared to those incubated at 35°C.
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Histological examination of the TEOM for each condition tested demonstrategh¢hatructural

integrity of the TEOM models are maintained 48 h post-incubation witl G~igure 5).

Discussion

Oral mucositis affects approximately 80% of all cancer patients treated wgth doses of
chemotherapy prior to stem cell transplantation (18). Cooling the oral musoggice chips has
been demonstrated to reduce the risk and severity of oral mucositis (19, 20). The prestentdepro
mechanism of reducing the temperature of the oral mucosa is believed to be adocahstriction
resulting in a reduced drug delivery to the epithelial cells asasdtbwered metabolic activity in the

basal layer, making the epithelium less susceptible to cytotoxic agents (19).

The TEOM is a composite model of oral epithelial cells and oral fibroblastaredlton a
decellualarised dermal scaffold and enahiesvitro investigations ina relevant physiological
environment (21). Although being the best in vitro model for the purpose dtthly, it does not
completely replicate the complex structure of the oral mucosa see if8Yivn particular the model
lacks immune cells and blood vessels, which prevents the possibility of studgimgportance of
vasoconstriction. Based on these limitations our findings are most likelputed to lowered
metabolic activity to explain the prevention of irreversible cell damage afteosepg to
chemotherapeutic agents. Furthermore, considering the absence of essential immune cothgonent
models used in this particular experiment may not reflect the immune response firety drat is

observed in vivo.

Pre-incubation temperatures for the TEOM models were selected based on two separatenstudies
healthy volunteers where an approximate mean temperature of 25-30 °C was obtaivedre
mucosa (22, 23). These temperatures were further selected with an intervalCosibcé they

represented clinically relevant temperatures.
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The decision to use 5-FU was based on the fact ithé&g one of the most commonly used
chemotherapeutic drugs in clinical oncologic practice (7). 5-FU has several latwsrse effects
such as gastro-intestinal and oral mucaositis, which is a major compli¢adhnFurthermore, it has
been demonstrated that 5-FU induces an inflammatory response, including the produtioprof
inflammatory cytokinedL-6 and TNFe in animal models (25), cytokines that were investigated in

this in vitro study.

Mucositis is described as a complex biological process that occurs as aofeaulteries of
interactions, including the activation of the transcription factor nudteor-kappa B (NkB) and
release of pro-inflammatory cytokines e.g. IL-6 and TINEB). Previous studies have shown an
increase in expression of such factors in experimental models of anti-canceenitg@tin 26, 27). In
accordance with the findings of these previous studies, we found that TEOM mauiededtio FU
expressed pro-inflammatory cytokines to a greater extent than untreatealscdntrour previous
study we did not detect expression of Tl an in vitro model of radiation-induced mucositis (21),
whereas levels of TNE-were increased significantly by 5-FU treatment in this study. This disparity
suggests subtle differences in the cytokines released by chemo- as opposed toapyliottieced
oral mucositis. Monocytes and macrophages are thought to be the main sources of @/tnkiné

and TNFe) production in vivo. Although, these cytokines are also produced by activated
lymphocytes, endothelial/epithelial cells, and fibroblasts (28), the latter bengpurce of immune
response in our modelSince our mucosal model e®not contain an immune component it is likely
that pro-inflammatory cytokine release is increased further in wpan chemotherapy treatment,

where immune cells are present.

This study demonstrated that TEOM models incubated wiflty St lower temperatures had an
improved ability to preserve their cell viability compared to models incubateidter temperatures
The reverse temperature dependent pattern was seen for IL-6 production and the patteam was ev

more obvious for TNFr expression, as treated models incubated at lower temperatures had
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significantly lower production of pro-inflammatory cytokines. This was paatilyutrue in models
incubated at 20 °C compared to those incubated at 35 °C. These results are condispzaviis
clinical reports showing that cooling has a protective effect on mucosa exposed tohenapmsattic

agents (19, 20).

In contrast to the extensive epithelial damage caused in radiated TEOM-models, tlogitésto
examination of TEOM-models exposed to 5-FU showed an intact structuraiitinteig48 h post
incubation. The preservation of the epithelium is considered positwdinical ulcerations are
characterized by a loss of epithelium leaving an exposure of the underlying oantisste (29). It
is difficult to state if a correlation exists between preservatiothefintegrity of epithelial and
incubation at lower temperatures in TEOM-models exposed-1d ince models were followed only
for 48 h However, based on our histological examination no such correlation exists. Etutties
with longer follow-up periods are needed to investigate if a true correlatists.eurthermore, it
would be of interest to studiie model’s biological mechanism and its cellular response to 5-Fld
well as other chemotherapeutic agents when blood vessels and immune componentsparatidtor
in the model. Partly because these are key components in the pathobiology ahtime isystem but

in particular to further mimic the physiology of the oral mucosa seen in vivo.

An example of other chemotherapeutic agents that could have been used and evaluated inithis study
Melphalan, a bifunctional alkylating agent that does not require metabolic acti&itigtar to 5-FU,
it incorporates into macromolecules but instead Melphalan exerts its effects tbidAghter-strand

cross-linking, which leads to replication arrest and cell death (30).
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In summary, this is the first study to evaluate the cytotoxic effect of a chemotherapeutic agent
on oral mucosan vitro and also the first in vitro study to investigate if the cytotoxic effect
could be reduced by lowering the temperature. Our findings show that models incubated at
lower temperatures have a higher cell viability and reduced cytokine production and further
suggest that decreasing oral mucosal temperature to 20 °C in conjunction with chemotherapy

could have clinical advantages.
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Figurelegends:

Figure 1: Dose-response effects of 5-FU on tissue-engineered oral mucosa models. Tissue-

engineered oral mucosa model viability (A) and TéNproduction (B) following incubation with

increasing 5-FU concentrations (54, 162 and 324 pg/ml) after a 2 hours incubation period compared
to untreated controls. Data are presented as mean + standard deviation (n=3), ***<0.001 and *p<0.05.

Figure 2: The effects of cooling on tissue-engineer ed oral mucosa model viability. Tissue-

engineered oral mucosa model viability was measured 48 hours post incubation following treatment
with 5-FU (162 pg/ml) for two hours at different cooling temperatures (20, 25, 30 and 35°C)

compared to untreated controls (35°C). Data are presented as mean =+ standard deviation (n=3), * p <

0.05, ** p<0.01, **** p <0.0001.

Figure 3: The effects of cooling on tissue-engineered oral mucosa model |L -6 secretion. Tissue-
engineered oral mucosa model IL-6 secretion was measured 48 hours post incubation following
treatment with 32U (162 pg/ml) for two hours at different cooling temperatures (20, 25, 30 and

35°C) compared to untreated controls (35°C). Data are presented as mean + standard deviation (n=3).
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Figure 4: The effects of cooling on tissue-engineered oral mucosa model TNF-a production.
Tissue-engineered oral mucosa model Td\froduction was measured 48 hours post incubation
following treatment with 32U (162 pg/ml) for two hours at different cooling temperatures (20, 25, 30

and 35°C) compared to untreated controls (35°C). Data are presented as mean * standard deviation

(n=3), *p < 0.05, ** p<0.01.

Figure5. Histological examination of tissue-engineered oral mucosa models post-treatment with
cooling. Structural integrity of tissue-engineered oral mucosa models following 5-FU ¢reatht?2
pg/ml) at specified temperatures (20, 25, 30 and 35°C) compared to untreated controlS¢3E°C).

bar=100 pm.
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Figure 5
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