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Abstract
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Head and neck cancer is a heterogeneous group of tumours, of which certain subgroups such
as cancer of the mobile tongue frequently are associated with a relatively poor prognosis due to
the high risk of regional failure and mortality rates that haven’t improved in a significant way
over the last 3 decades, despite advancements in both diagnostics and treatment.

Today we lack means to assess the biological aggressiveness of each individual tumour,
which varies largely. Treatment comprises of surgery with additional radiotherapy and medical
therapies in more advanced tumours.

The focus in this thesis is on molecular biomarker expression in head and neck cancer and
especially in association with radiotherapy. Increased knowledge paves the way to a more
individualized cancer treatment aiming for better outcome and less overtreatment and sequelae.

The aims of this thesis was:
• To map the effects of radiotherapy in both tumour and adjacent tissue for the possible markers
hyaluronan, EGFR and mast cells.
• To investigate whether the expression of hyaluronan in the epithelium and connective tissue
stroma and EGFR in the tumour correlates with the risk for developing cervical metastasis in
N0 patients, and to find out whether the 3-year tumour-specific survival rates correlates with
the expression of HA in the epithelium and EGFR in the tumour.
• To establish an animal model for radiation-induced mucositis and to use that model to examine
the pattern of invading inflammatory cells.
• To investigate whether the expression of podoplanin in tongue cancer correlates with the
risk for cervical metastasis and to determine whether the total amount of lymph vessels in the
diagnostic biopsy has any impact on the clinical outcome.
• To investigate the differences in the metabolome of tongue cancer cell lines with different
radiosensitivity.

The most important findings of this thesis were:
• The expression of EGFR and hyaluronan hade the same pattern of expression in both
tumour and adjacent tissues before radiotherapy. The expression of EGFR was increased in the
epithelium of the adjacent tissue close to the tumour after radiotherapy.
• The intensity of the staining of hyaluronan was correlated to the 3-year survival rates in patients
with tongue cancer.
• An experimental model for radiation-induced oral mucositis in rat was established and in this
model a temporal pattern of macrophage invasion with two different subtypes of macrophages
was found.
• There were no correlation between the expression of podoplanin in the tumour tissue and the
cervical metastasis rate in patients with tongue cancer, but the younger patients were more likely
to have a higher expression of podoplanin in their tumour than elder patients.
• Tongue cancer cell lines with different radiosensitivity respond to irradiation with different
patterns of metabolic expressions.
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Svensk populärvetenskaplig sammanfattning 
(Summary in Swedish) 

Den här avhandlingen innehåller olika aspekter av studier på molekylärbio-
logiska markörer inom huvud- och halscancer i samband strålbehandling. Den 
börjar med retrospektiva studier av hur uttrycket av de två potentiella mole-
kylärbiologiska markörerna EGFR och HA samt mastceller påverkas av 
strålbehandling, och går vidare med att studera hur uttrycket av EGFR, HA 
och PDPN påverkar risken för halskörtelmetastaser och överlevnaden för 
patienterna. Efter det beskrivs en ny metod för att studera akuta stråleffekter 
i den orala slemhinnan och hur inflödet av inflammatoriska celler ändras 
över tid i en råttmodell. Slutligen beskrivs en metod för att studera skillna-
derna i metabolomet (den variation som finns vid en viss tidpunkt eller situ-
ation avseende molekylära metaboliter) efter joniserande strålning i skivepi-
telcancercellinjer med olika strålkänslighet i syfte att kunna identifiera nya 
möjliga molekylärbiologiska markörer som skulle kunna förutspå vilka tu-
mörer som är strålkänsliga och som eventuellt skulle kunna öka strålkänslig-
heten. 

Bakgrund 
Samlingsnamnet huvud- och halscancer omfattar maligna tumörer i läpp, 
munhåla, svalg, struphuvud, näsa, bihålor, spottkörtlar samt lymfkörtelme-
tastas på halsen med okänd primärtumör. I Sverige utgör skivepitelcancer 
(cancer som utgår från den vävnad som täcker kroppens ytor, både på in- och 
utsidan) 80–90 % av all huvud- och halscancer [1]. De viktigaste riskfak-
torerna för skivepitelcancer är rökning och alkohol. Andra kända riskfaktorer 
är kronisk inflammation och högrisk humant papillomvirus (HPV), som är 
en känd riskfaktor för cancer i halsmandlar och tungbas. 

Huvud- och halscancer är en relativt ovanlig cancerform i Sverige, där det 
årligen diagnostiseras omkring 1400-1500 fall, och incidensen uppvisade en 
ökning på 11 % under åren 2008–2012 [1]. Det finns en uttalad skillnad mel-
lan industri- och utvecklings-länder [2], där huvud- och halscancer i industri-
länderna är den 5–6: e vanligaste cancertypen, medan den i vissa utveckl-
ingsländer är den 2–3: e vanligaste [3].  
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I både Sverige och övriga världen är huvud- och halscancer vanligare 
bland män än kvinnor, men skillnaden i incidens varierar mellan olika tu-
mörlokalisationer inom huvud- och halsområdet. Medianåldern vid diagnos 
varierar också mellan tumörlokalisationerna och är för hela gruppen i ge-
nomsnitt 65 år för män och 68 år för kvinnor. Den relativa överlevnaden 
(cancerpatienternas överlevnad i förhållande till den förväntade överlevna-
den för personer som inte diagnostiserats med cancer) var 67 % hos gruppen 
av patienter med huvud- och halscancer i Sverige under perioden 2008–2012 
[1]. 

Den vanligaste lokalisationen av huvud- och halscancer är munhålan och 
munhålesvalget. Tungcancer är den vanligaste cancerformen i munhålan och 
har ett oförutsägbart metastaseringsmönster - även mindre tumörer kan ha ett 
dödligt förlopp. Tungcancer har även visat sig öka hos yngre individer (< 40 
år) utan förekomst av de ovan nämnda kända riskfaktorerna [4].  

Diagnosen ställs genom klinisk undersökning, med cellprovtagning i form 
av biopsi eller finnålspunktion samt radiologisk undersökning. Även om det 
idag inte finns något blodprov för att hitta huvud- och halscancer så har mo-
lekylärpatologisk diagnostik kommit att spela en allt viktigare roll i dia-
gnostiken i form av immunologisk och molekylärgenetisk kartläggning.  

Omkring 60 % av alla nya huvud- och halscancerfall har redan en avance-
rad tumörsjukdom vid tidpunkt för diagnos [5]. En av förklaringarna till att 
majoriteten av patienterna diagnostiseras så pass sent är att symtomen kan 
vara diffusa och diagnosen svår att ställa.  

Basen för behandling av huvud- och halscancer utgörs idag av kirurgi och 
strålbehandling. Kirurgiskt avlägsnande av halsens lymfkörtlar kan ske i 
syfte att diagnosticera lymfkörtelspridning eller som en del i behandlingen. 
Majoriteten av alla patienter i Sverige med huvud- och halscancer som erhål-
ler strålbehandling behandlas med högenergetiska fotoner producerade med 
hjälp av linjäracceleratorer. Högenergetiska fotoner är joniserande strålning 
som efter växelverkan i exponerad vävnad orsakar DNA-skador som leder 
till mitosdöd vid celldelning. 

Biverkningar från strålbehandlingen kan delas in i akut och sena. De 
akuta biverkningarna kommer under eller direkt efter själva behandlingen 
och är ofta reversibla. De är en följd av att epitelet i slemhinnorna inom det 
strålade området skadas, vilket ger upphov till en slemhinneinflammation, en 
s.k. mukosit. Det finns idag inget bra sätt att förebygga och behandla strålin-
ducerad mukosit, varför mer forskning behövs kring mekanismerna för dess 
uppkomst. Mukosit ger problem bland annat i form av smärta, sväljningssvå-
righeter och för svampöverväxt i den skadade slemhinnan.  De akuta biverk-
ningarna orsakas således av celldöd i akut reagerande vävnad som epitel och 
är i första hand beroende av slutdosen (den sammanlagda strålningsdos som 
getts under hela behandlingstiden) och inte fraktionsdosen (den dos som ges 
vid varje enskild behandling). 
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 De sena biverkningarna av strålbehandling är de som uppkommer måna-
der till år efter behandlingen och orsakas av celldöd i sent reagerande vävnad 
som endotel och neuron. Sena biverkningar är irreversibla och beroende av 
fraktionsdosen. 

Förutom kirurgi och strålbehandling kan tumörsjukdomar även behandlas 
farmakologiskt. Farmakologisk behandling av huvud- och hals-cancer har 
traditionellt bestått av cytostatika men har på senare tid fått tillskott av måls-
ökande läkemedel. Det är framför allt monoklonala antikroppar mot sär-
skilda receptorer på tumörcellen vilka både kan minska tumörtillväxten och 
förstärka strålbehandlingens effekt. Cetuximab är en monoklonal antikropp 
mot den extracellulära delen av Epidermal Growth Factor-receptorn (EGFR). 
EGFR-signalering medverkar i kontrollen av cellöverlevnad, cellcykelregle-
ring, angiogenes, cellmigration och invasion av celler/metastasering. Cetux-
imab binder till EGFR starkare än receptorns egentliga ligander och blocke-
rar deras bindning, vilket hämmar receptorns funktion. Vidare induceras en 
internalisering av EGFR, vilket kan leda till ett minskat uttryck av denna. 

EGFR moduleras även av extracellulär matrix (den substans som finns 
mellan celler), och dess största beståndsdel, hyaluronsyra (HA), har visat sig 
reglera uttrycket av EGFR vid cancerutveckling. Vid cancer har EGFR även 
visat sig kunna öka uttrycket av podoplanin (PDPN), ett transmembranellt 
protein vars exakta mekanism är okänd men vars uttryck ofta är uppreglerat 
vid skivepitelcancer. PDPN uttrycks av lymfkärl och kan användas som 
markör för dessa. 

Behandlingen av huvud- och halscancer kan vara stympande, varför det 
finns ett stort behov av att hitta molekylärbiologiska markörer som kan för-
utspå metastasering, strålkänslighet och –respons så att man kan skräddarsy 
en individuell behandling. Med förbättrad molekylärbiologisk diagnostik kan 
överlevnaden förhoppningsvis förbättras och svåra biverkningar begränsas.  

Mål 
Det övergripandet syftet med avhandlingen är att undersöka potentiella mo-
lekylärbiologiska markörer som i framtiden skulle kunna användas kliniskt 
för att förutse hur den individuella patienten med huvud- och halscancer 
kommer att svara på behandling och minska risken för biverkningar. 
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Specifika mål för de olika delarbetena och 
avhandlingens viktigaste fynd 
Studie I - Effekten av strålbehandling på uttrycket av 
hyaluronsyra och EGFR samt närvaron av mastceller i 
skivepitelcancer i huvud- och halsregionen 
Målet var att med immunhistokemi kartlägga uttrycket av tre utvalda markö-
rer med känd koppling till cancer efter strålbehandling mot skivepitelcancer 
och omkringliggande vävnad: 
• Hyaluronsyra 
• Epidermal Growth Factor Receptor 
• Mastceller 

 
Studien visade att uttrycket av EGFR och hyaluronsyra hade samma ut-
trycksmönster i tumörvävnad och normal vävnad före strålbehandling samt 
att uttrycket av EGFR ökade efter avslutad strålbehandling i det friska epite-
let nära tumören. 

Studie II - Den mikromorfologiska utvecklingen av 
strålinducerad oral mucosit i råtta 
Målet för denna studie var att studera den morfologiska utvecklingen av 
strålinducerad oral mukosit och att med hjälp av immunhistokemi beskriva 
inflödet av inflammatoriska celler i munhålevävnad i en nyetablerad råttmo-
dell. 

Studien visade hur en experimentell modell för strålinducerad mukosit 
kunde etableras och i denna modell fann man ett mönster över tid av poly-
morfonukleär cell- och makrofaginvasion, där två subtyper av makrofager 
med olika roll i det inflammatoriska svaret uppvisade olika invasionsmöns-
ter. 

Studie III - Högt uttryck av podoplanin i skivepitelcancer i 
tungan förekommer företrädesvis hos patienter ≤40 men 
korrelerar inte till tumörspridning 
Denna studie syftade till att med hjälp av mRNA-analys och immunhisto-
kemi avgöra om uttrycket av PDPN i skivepitelcancer i mobil tunga korrele-
rar till risken för cervikal metastasering vid tidpunkt för diagnos, samt att 
med hjälp av immunhistokemi avgöra om den totala mängden lymfkärl i den 
diagnostiska biopsin påverkar det kliniska utfallet. 

Studien visade ingen korrelation mellan PDPN i tumörvävnad och lymf-
körtelmetastasering hos patienter med tungcancer, men man kunde se att 
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tumörer hos yngre patienter uttryckte högre nivåer av PDPN än tumörer hos 
äldre.  

Studie IV - Immunhistokemisk analys av EGFR och 
hyaluronsyra i cancer i mobil tunga och korrelation till 
halskörtelmetastasering 
I denna studie ville man med hjälp av immunhistokemi se om uttrycket 
EGFR och HA i den diagnostiska biopsin påverkar det kliniska utfallet samt 
studera huruvida 3-årsöverlevnaden korrelerar med uttrycket av EGFR och 
HA.  

Studien visade att intensiteten av infärgning av HA korrelerade med 3-
årsöverlevnad hos patienter med tungcancer samt att det fanns en svag korre-
lation mellan proportionen av uttrycket av EGFR och utvecklingen av cervi-
kala metastaser hos patienter med tungcancer.  

Studie V - Metabolomikanalys av strålningskänslighet i huvud- 
och halscancer 
Denna studie syftade till att se om metabolomet hos strålade huvud- och 
halscancercellinjer med olika strålningskänslighet skilde sig åt före och efter 
strålning. 

I studien kunde man se att tumörcellinjer med olika strålkänslighet svarar 
på strålning med olika metabola uttryck. 
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Introduction 

The earlier, more generalised method of diagnosis and treatment of diseases 
is increasingly being supplanted by a more adaptable and individualised 
molecular-based medicine in which biomolecular markers are being used to 
customise treatment to each patient. There is therefore a need to direct re-
search into the discovery of new biomolecular markers that can be used to 
select which treatment is optimal for each patient and to select targets for 
treatments. It is also important to evaluate the already known targets to de-
termine how they are affected by current treatment regimes. 

This thesis comprises different aspects of the study of biomolecular 
markers in head and neck cancer (HNC) and radiotherapy (RT). The purpose 
of this thesis is to identify how the biomolecular marker epidermal growth 
factor receptor (EGFR), the potential biomolecular marker hyaluronan (HA), 
and mast cells are affected by RT, to determine whether HA, EGFR and the 
potential biomolecular marker podoplanin (PDPN) can help us predict the 
risk of regional metastasis and survival, and to use the developing field of 
metabolomics to research the biological processes of radioresistance to try to 
identify new possible biomolecular markers that could help predict the bene-
fit of RT for each individual patient and optimise each tumours radiosensi-
tivity. Another purpose is to develop an animal model of irradiation-induced 
acute side effects in rats that could be used to characterise the influx of in-
flammatory cells in oral mucositis (OM) in order to further examine how RT 
affects different known biomolecular markers and to test potential new ones. 

Head and neck cancer 
HNC is a heterogeneous group of tumours that encompasses all malignan-
cies that arise in the oral cavity, pharynx, larynx, salivary glands, nasal cavi-
ty, paranasal sinuses and neck metastasis with unknown primary site. HNC 
accounts for approximately 3% in men and 2% in women [6] of overall can-
cer incidence in Europe and the US [7]. Squamous cell carcinoma of the 
head and neck (SCCHN) is responsible for approximately 90% of the head 
and neck cancers affecting over 600,000 people worldwide, making this 
aggressive epithelial malignancy the sixth most common neoplasm in the 
world today [8].  
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Risk factors for squamous cell carcinoma of the head and neck 
The most important established risk factors are the use of tobacco and alco-
hol, and they are implicated in about 75% of all SCCHN and may have a 
synergistic combined effect [9, 10, 11]. Some types of Human Papilloma 
Virus (HPV) are a relatively newly identified causal factor for SCCHN, 
mainly in the oropharynx [12]. One process that all of the established risk 
factors for SCCHN seem to have in common is inflammation, and in recent 
years, the evidence supporting an association between chronic inflammation 
and cancer has accumulated, resulting in it being considered a risk factor in 
its own right [13, 14]. Further research into the inflammatory response in 
SCCHN may provide opportunities for novel methods for treatment of can-
cer. 

Diagnostics of squamous cell carcinoma of the head and neck 
The diagnostic procedure of a head and neck tumour comprises clinical in-
vestigation in conjunction with endoscopic examination, biopsies of mucosal 
lesions, fine needle aspiration cytology of neck masses, and CT, MRI or 
PET-CT for staging of the tumour [15]. 

TNM staging  
Head and neck tumours are staged according to the Union for International 
Cancer Control (UICC) TNM classification of malignant tumours, a cancer 
staging notation system that describes the stage of a cancer with alphanumer-
ic codes [16]. 
 

T - the size of the primary tumor and whether it has invaded nearby tissue 
N - whether regional lymph nodes are involved 
M - whether there are distant metastasis beyond the regional lymph nodes 
 

Tx - tumour cannot be evaluated 
Tis - carcinoma in situ 
T0 - no primary tumour found 
T1, T2, T3, T4 - size and/or extension of the primary tumour 
 
Nx - regional lymph nodes cannot be evaluated 
N0 – no regional lymph node metastasis 
N1, N2, N3 - regional lymph node metastasis of different size and/or exten-
sion 
 
M0 - no distant metastasis 
M1 - metastasis to organs beyond regional lymph nodes 
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The TNM status of the patient is then tabulated depending on the tumour 
localisation to give a numerical status of Stage I, II, III, or IV. Specific sub-
divisions may exist for each stage and may be denoted with an a, b, or c after 
the stage number. In general, early-stage disease is denoted as Stage I or II, 
and advanced-stage disease as Stage III or IV. Any positive metastatic dis-
ease to the neck will classify the disease as advanced, except in select groups 
such as for example nasopharynx cancers. 

Treatment and prognosis of squamous cell carcinoma of the head 
and neck 
Advances in treatment methods have been made in recent decades, but sur-
gery and radiotherapy remain the primary modalities for management of 
early and locoregionally advanced SCCHN [17]. However, the increasing 
understanding of tumour biology has opened the door to a new class of bio-
logical agents directed at specific molecular targets in the treatment of 
squamous cell carcinomas of the head and neck [18]. For example, targeting 
EGFR through the monoclonal antibody Cetuximab (Erbitux®) administered 
by intravenous infusion was the first such biological agent proven to be ef-
fective in head and neck squamous cell cancers [19].  
Though certain patients, usually with small tumours, have a good prognosis 
following the modern standard treatment, patients with more advanced tu-
mours or tumours in certain subsites show high rates of mortality and mor-
bidity [20]. Despite recent advances in the therapy for head and neck cancer, 
the combined 5-year survival rate for tumours at all stages is improving 
slowly, and almost 50% of all patients with SCCHN will die from their dis-
ease [21]. It is therefore especially important to make a quick diagnosis in 
these cases, which makes discovering specific biomolecular markers a par-
ticularly urgent matter. 

Squamous cell carcinoma of the head and neck and cervical 
metastasis 
The predominant cause of mortality in SCCHN is regional metastatic spread-
ing of tumour cells from the primary site [22].  Metastatic spread is a com-
plex process in which tumour cells break away from the primary tumour and 
attach to and degrade the surrounding extracellular matrix (ECM) in order to 
breach it. It is widely accepted that metastatic spread is the result of the mi-
gration of tumour cells, but one hypothesis says that some metastases are the 
result of adaptations to the inflammation at the tumour site where immune 
cells might send signals of proliferation or angiogenesis [23]. 

Distant metastasis (spread of cancer from one part of the body to another) 
at initial presentation is uncommon, occurring in about 10% of patients [24] 
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even though about 60% of SCCHN patients present with advanced stage 
disease. The single most important prognostic factor in SCCHN is the pres-
ence of metastasis in the cervical lymph nodes, which decreases overall sur-
vival rates for SCCHN by approximately 50% [25, 26, 27, 28, 29]. 

Oral tongue squamous cell carcinoma 
The oral cavity is the most common site for SCCHN, and in the group of 
intraoral squamous cell carcinomas, almost half are oral tongue squamous 
cell carcinoma (OTSCC) [30], and OTSCC constitutes approximately 12% 
of all SCCHN in Sweden [4].  

Patients with OTSCC usually present early with T1 or T2 tumours with-
out evident metastasis, and regional control is the most important prognostic 
factor. The tumours have an aggressive behaviour with high locoregional 
recurrence rates around 20-50% [31]. The disease-specific 5-year survival 
rate is about 64% [32], but is highly dependent on the stage of the disease, 
and the 5-year survival rate after successful surgical salvage is only approx-
imately 30% [33]. 

Oral tongue squamous cell carcinoma and cervical metastasis 
The survival rate in OTSCC depends largely on the nodal status at the time 
of diagnosis [34]. The cervical lymph nodes are the most common sites of 
regional metastasis, and compared to tumours in other sites of the oral cavi-
ty, OTSCC more frequently metastasises to cervical lymph nodes. More than 
30% of patients with OTSCC have occult cervical lymph node metastasis at 
diagnosis [35, 36, 37]. The high frequency of spread to the lymph nodes in 
OTSCC is believed to be at least partly due to the dense lymphatic network 
in the area, and this rich lymphatic network also has connections across the 
midline, explaining why nodal metastasis can occur on both sides of the neck 
[38, 39]. It has also been proposed that when there is an advanced lympho-
genic metastatic spread, tumour emboli may occlude the afferent lymph col-
lectors, leading to misdirection of lymphatic drainage along other available 
pathways to the other side of the neck [40].  

Management of the neck is one of the most controversial aspects of the 
surgical management of OTSCC. Neck dissections (the surgical procedure in 
which the fibrofatty contents of the neck are removed for the treatment of 
cervical lymphatic metastases) may be performed in one of three instances. 
The first is where palpable cervical lymphadenopathy exists. The second 
indication for neck dissection includes positive lymphadenopathy divulged 
by special imaging studies, such as CT, PET-CT or MRI. The third and most 
thought-provoking indication for neck dissection is the management of the 
neck when lymphadenopathy is not apparent, but the patient has a high risk 
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of occult metastasis; as such, these neck dissections are performed for N0 
disease, i.e. when there are no known regional lymph node metastases at the 
time of diagnosis. 

Treatment failure is often seen in OTSCC patients with cervical metasta-
sis [41, 42], and it is a difficult treatment challenge since as many as 20-50% 
of patients initially staged as N0 are reported to develop cervical metastasis 
after termination of treatment [43] and there are clear limitations to the pos-
sibility of detecting micrometastases using imaging methods [44]. There is 
therefore a pressing need to find biomarkers that can predict the risk of cer-
vical metastasis in these cases. 

Occult metastasis 
There are 2 categories of cervical lymph node metastasis: overt metastasis, 
which can be diagnosed clinically or by radiographic examination, such as 
ultrasound, CT, MRI, or PET-CT; and occult metastasis, which cannot be 
diagnosed clinically or by radiographic examination. Occult metastasis may 
even be too small to be diagnosed using light microscopy in surgical speci-
mens and biopsies [45]. Not only are these metastases practically impossible 
to detect, but in addition, there are currently no good biomarkers that can 
predict the probability of a tumour having set them. 

Early OTSCC (T1-2 N0) are associated with occult neck disease in ap-
proximately 25-40% of cases [46, 47, 48], and patients with occult metasta-
ses have a 5-fold increased risk of dying of the disease compared with pa-
tients with no occult metastases [49].  

These patients can be treated with either watchful waiting or an elective 
neck dissection. An elective neck dissection exposes approximately 60% of 
N0 patients to an unnecessary surgery, causing great morbidity in some cas-
es. It must be pointed out that a successful neck dissection in the case of a 
neck recurrence can be difficult to perform due to rapid tumour growth [50, 
51]. This means that for a large group of OTSCC patients, there is a great 
need to find a way to predict whether or not full treatment is really neces-
sary. The research being conducted on predictive and prognostic biomarkers 
has given rise to hope for the development of an individualised therapy to 
facilitate better survival and reduce overtreatment in these patients in the 
future.  
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Radiotherapy in squamous cell carcinoma of the head 
and neck 
RT by means of ionising radiation remains one of the most effective tools in 
the therapy of cancer, despite the more recent development of molecular 
targeting therapies. However, SCCHN is only moderately radiosensitive, 
which means that RT must be administered to such an extent that it comes 
close to the tolerance dose for the surrounding normal tissue. It is of great 
interest to study how this therapy, in the high doses required in these cases, 
affects the surrounding tissues and potential biomarkers. 

Delivery techniques of radiotherapy in squamous cell carcinoma 
of the head and neck 
External radiation photon therapy delivered from a linear accelerator is the 
most common technique used for most targets in the head and neck region 
[52]. Other delivery techniques used in SCCHN are brachytherapy, a treat-
ment method that delivers a high but very localised radiation dose by means 
of an intracavitary or interstitially introduced radioactive source [53, 54], 
and proton therapy, another type of external beam radiotherapy [55]. Protons 
(hydrogen ions) are heavy charged particles, and are not available in most 
head and neck cancer centres. 

Dose and fractionation 
The amount of absorbed radiation used in RT is measured in Gray (Gy) [56], 
and prescribed dose varies depending on the type and stage of cancer being 
treated. For curative cases, the typical dose for a solid epithelial tumour such 
as SCCHN ranges from 60 to 70 Gy [52]. The total radiation dose is frac-
tionated (spread out over time) for several reasons, the most obvious one 
being that such a high dose cannot be given in one large fraction, since it 
would lead to severe tissue death and death of the patient. By delivering 
many small consecutive doses of radiation acutely responding tissue includ-
ing tumour cells are killed to a greater extent than late responding tissue 
according to the Linear Quadratic model [57]. RT is thus a treatment sup-
posed to kill more tumour cells than normal cells. Actively dividing cells, 
such as cancer cells, have different sensitivities to radiation during the cell 
cycle and fractionation allows tumour cells that were in a relatively radio-
resistant phase of the cell cycle during one treatment to cycle into a sensitive 
phase of the cycle before the next fraction is given, and repeated small frac-
tions increase the chances of hitting every cell [58]. Similarly, tumour cells 
that were chronically or acutely hypoxic (and therefore more radioresistant) 
may reoxygenate between fractions, and the shrinkage of the tumour after 
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the first fractions may also allow more tumour cells to be oxygenated. Blood 
vessels compressed by a growing cancer are also decompressed secondarily 
to tumour regression, thus permitting better oxygenation despite the constant 
diffusion distance of oxygen in tissue [59].  Thus, fractionation of radiother-
apy is an important factor to consider when dose is prescribed and the risk of 
normal tissue damage is estimated. 

In certain cases, two or more fractions per day of a dose less than 1.8-2.0 
Gy per fraction are used near the end of the treatment period, which is 
known as hyperfractionation, which is used on tumours such as SCCHN that 
regenerate faster when they are smaller [60]. 

Radiosensitivity 
The response of a cancer to radiation is described by its radiosensitivity, i.e. 
a measure of tumour-radiation response describing the degree and speed of 
regression during and immediately after RT. However, for most malignant 
tumours, no exact correlation exists between the responsiveness of a tumour 
to irradiation and its radiocurability (the eradication of the tumour at the 
primary or regional sites, it reflects the effect of radiation but does not nec-
essarily equate with the patient’s cure from cancer) [59]. Highly radiosensi-
tive cancer cells are rapidly killed by modest doses of radiation. Some types 
of cancer are notably radioresistant, that is, much higher doses are required 
to produce a radical cure than may be safe in clinical practice [61]. The re-
sponse of a tumour to RT is also related to its size. Due to complex radiobi-
ology, very large tumours respond less well to radiation than smaller tu-
mours or microscopic disease. Various strategies are used to overcome this 
effect. The most common technique is surgical resection prior to radiation 
therapy. Another method is to shrink the tumour with neoadjuvant chemo-
therapy prior to radical radiation therapy. A third technique is to enhance the 
radiosensitivity of the cancer by administering certain drugs, e.g. the afore-
mentioned Cetuximab, during a course of RT [62]. 

Dosimetry and treatment planning 
To spare normal tissues (such as skin or organs that radiation must pass 
through to treat the tumour), radiation beams are aimed from several angles 
to intersect at the tumour, providing a much larger absorbed dose in the tu-
mour than in the surrounding normal tissue [63]. Certain organs, such as the 
salivary glands, have a lower tolerance for radiation, and it is important to 
spare them as much as possible while still delivering the necessary amount 
of radiation to the target organ. Delivery parameters of a prescribed dose are 
determined during treatment planning (part of dosimetry). Treatment plan-
ning is performed on computers using specialised treatment planning soft-
ware [64]. Depending on the radiation delivery method, several angles or 
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sources may be used to sum to the total necessary dose. In cooperation with 
the radiation physicist, the treating oncologist will aim to design a plan that 
delivers the prescribed dose to the tumour and minimises the dose to sur-
rounding tissue. In addition to the actual tumour, the radiation fields may in 
certain cases also include the draining lymph nodes, if they are clinically or 
radiologically involved with metastasis, or if there is believed to be a risk of 
occult malignant spread. Target delineation is the first step of dose-planning 
and the gross tumor volume (GTV) is defined by the solid tumor detected on 
CT or MRI. To the GTV margins are added. The clinical target volume 
(CTV) is the GTV with a to allow for the infiltrating margin of the tumour as 
judged by the responsible oncologist. To the CTV another margin is added to 
allow for uncertainties in daily set-up (for example, movement of external 
skin marks relative to tumour position) and internal tumour motion (for ex-
ample, due to respiration), which is referred to as the planning target volume 
(PTV).  The prescribed dose is thereafter administered to the PTV. Organs at 
risk (OAR) are delineated in the same fashion as target volumes and dose to 
the OAR volumes are minimised during the dose-planning procedure. 

Oral mucositis and other side-effects of radiotherapy in the head 
and neck area 
RT is in itself painless, but higher doses can cause varying side effects dur-
ing treatment (acute side effects), in the months or years following treatment 
(long-term side effects), or after re-treatment (cumulative side effects). If the 
head and neck area is treated, radiation-induced oral mucositis (OM) occurs. 
It is the most common adverse effect of RT in the head and neck region, 
affecting nearly the entire large group of patients with SCCHN receiving this 
treatment, resulting in significant acute morbidity for irradiated patients [65, 
66]. OM depends on the killing of stem cells in basal layers, and thus the 
normal loss of the superficial layers is not substituted [52]. It presents clini-
cally in the oral mucosa as erythema, edema and/or ulceration with or with-
out pseudomembrane formation due to dead epithelial cells, proteins and 
inflammatory cells [67]. The severity of OM can be graded using a World 
Health Organization (WHO) scale for oral mucositis, and has been reported 
by patients to be the worst acute side effect of RT. It comprises the main 
dose-limiting side effect due to secondary side effects such as oral pain, hy-
pogeusia, dysphagia, the risk of candidosis, opioid use, weight loss and the 
need for enteral or parenteral feeding [68, 69, 70]. 

 
WHO scale of oral mucositis 
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In clinical settings, OM typically begins at cumulative dose of 15 Gy, usual-
ly after 2–3 weeks of treatment, and worsens when the total dose exceeds 60 
Gy at the end of the treatment. It can then persist for almost 5 weeks [71]. 
Severe mucositis can necessitate a treatment break and there is currently no 
approved standard method for the prevention or treatment of irradiation-
induced OM, even though the modern computer-calculated Intensity-
Modulated Radiation-Therapy (IMRT) minimises the radiation dose to the 
tissues surrounding the tumour and causes less OM than the earlier standard 
3D conformal technique [72]. The lack of effective causative treatment has 
led to a questioning of the theory that inflammation is the main cause of 
mucositis.  

 
Photo of oral mucositis courtesy of Professor Göran Laurell. 

Late side effects occur months to years after treatment and are generally 
limited to the area that has been treated, but may occur in almost all tissues 
in the head and neck region including vascular and connective tissue, bone, 
endocrine glands and the central nervous system [52]. They are often due to 
damage to blood vessels and connective tissue cells. Fractionating treatment 
into smaller parts reduces many late effects. Examples of late side effects are 
fibrosis (irradiated tissues tend to become less elastic over time due to a dif-
fuse scarring process), xerostomia (the salivary glands have a radiation toler-
ance of about 30 Gy in 2 Gy fractions, a dose which is exceeded by most 
radical HNC treatments) and cancer (radiation is a potential cause of cancer, 
and secondary malignancies are seen in a very small minority of patients 
usually 20–30 years following treatment). 
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Cellular responses to radiation 
Radiation-induced cell death 
The most common cell death pathway from ionising radiation is mitotic cell 
death [73] and it is considered the major mechanism by which the majority 
of solid tumours respond to RT [74]. The damage to the DNA is caused ei-
ther by direct or indirect ionisation (which is the result of the ionisation of 
water that forms free radicals, known as reactive oxygen species (ROS), that 
damage the DNA [75]) of the atoms in the DNA chain [76]. Enzymatic 
pathways quickly repair most of these lesions, single and double-stranded 
DNA damage (though double-stranded DNA breaks are harder to repair and 
increase the likelihood that cells will undergo cell death), but lesions that are 
not repaired correctly lead to mutations and a possible change of cell pheno-
type, and unrepaired DNA breaks may cause chromosomal abnormalities. 
Following this, after a varying number of cell cycles, cell death may occur, 
which might help to explain in part why clinical regression of solid tumours 
does not occur at a faster rate.  

Cancer cells are generally less differentiated and reproduce more than 
most normal non-cancerous differentiated cells, and they have a reduced 
ability to repair damage, which means that single-strand DNA damage is 
then passed on through cell division and damage to the cancer cells’ DNA 
accumulates, which causes them to undergo cell death or reproduce more 
slowly [77]. Even lesions that are potentially repairable may be repaired 
incorrectly if lesions are accumulating at a fast rate because of high dose rate 
or if the cell enters M phase and attempts DNA synthesis while repair is in 
progress [59].  

An alternative radiation-induced cell death mechanism is the much faster 
process of apoptosis [78], which can lead to cell death within hours after 
irradiation [79], but it has significantly lower induction levels in epithelial 
tumours such as SCCHN than in, for example, haematopoietic cancer, and 
many tumours have mutations that interfere with the signalling pathway for 
apoptosis.  

Senescence is another form of radiation-induced cell death where the cells 
remain metabolically active but enter permanent cell cycle arrest and do not 
divide [80]. This means that they may overexpress factors that can be both 
tumour-suppressing and promoting [81]. 

Radiation-induced cell signalling 
Exposure of cells to ionising radiation causes DNA damage as well as mito-
chondria-dependent generation of reactive oxygen species (ROS). Multiple 
signalling pathways are also activated in cells as a response to ionising radia-
tion, most notable being pro-survival and pro-apoptotic signalling pathways.  
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ROS also cause a rapid reactive oxygen species-dependent activation of 
tyrosine kinases such as the erbB family (proteins that are structurally related 
to EGFR), which leads to an activation of RAS proteins and multiple protec-
tive downstream signalling pathways such as AKT (also known as protein 
kinase B), which can alter transcription factor function and the apoptotic 
threshold of cells [82]. 

Ionisation-induced cell signalling may also cause release of membrane-
associated paracrine factors, which means that paracrine signals from the 
environment surrounding the cell will be able to promote activation of 
growth factor receptors and give rise to signalling from the outside milieu 
and into the cell. In other words, the signals from within cells are able to 
promote an activation of membrane-associated receptors that can then signal 
back into the cell again. After multiple exposures, these signalling events can 
reprogram the irradiated and affected bystander cells (cells in the vicinity of 
the irradiated cells) in the surrounding tissue, so that the expression of their 
levels of growth-regulatory and cell-survival proteins are changed. This may 
result in a change of rates of mitosis and of the thresholds at which stress to 
the genome, such as RT, gives rise to cell death. In the short-term, radiosen-
sitivity may be increased through the inhibition of cell survival pathways, 
but an extended inhibition will instead bring about cells which, due to evolu-
tionary selection for cells with mutations in a specific targeted protein or by 
the reprogramming of multiple signalling processes, have become more re-
sistant, since tumour cells especially do not rely on certain specific cell sig-
nalling pathways and are able to rapidly adapt to repeated toxic challenges 
[83].  

Biomolecular markers 
A biomolecular marker is a measurable and quantifiable biological parame-
ter that indicates a particular physiological state and that can be measured 
accurately and reproducibly [84]. Modern individualised molecular-based 
medicine involves the use of biomolecular markers to customise treatment to 
each patient. They can then be categorised as either diagnostic biomolecular 
markers, indicating a particular disease, prognostic biomolecular markers, 
indicating patient outcome, or predictive biomolecular markers, indicating 
the likelihood of a patient benefitting from a specific treatment. Pharmaco-
dynamic biomolecular markers can be used to determine the optimal treat-
ment dose.  

Examples of biomolecular markers may include the presence of specific 
pathological entities, cytological or histological characteristics, genetic mu-
tations, or proteins. A biomolecular marker does not necessarily need to be a 
physical substance, but alterations at the level of mRNA and protein expres-
sion may also serve as biomolecular markers. Besides biochemical and 
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pathological biomolecular markers, imaging biomolecular markers in the 
early detection of head and neck oncology might play a significant role in 
the future [85]. There are today biomolecular markers that serve as tools for 
health-related assessments, epidemiologic studies, and the diagnosis of dis-
ease, ranging from cancer to cardiovascular, neurological, and inflammatory 
diseases. 

 
License: Creative Commons Attribution-Share Alike 3.0 

The ability to effectively treat and cure a disease is often directly dependent 
on the ability to detect it at its earliest stage. Especially for cancer, there has 
been a great need to improve early diagnostics, since the disease is often 
diagnosed in advanced stages, which delays timely treatment and can lead to 
a poor prognosis. 

To be useful in the clinic, the ideal biomolecular marker is highly specific 
for a particular disease condition and measurable in easily accessible body 
fluids, such as saliva, serum, or urine. For example, a cancer biomolecular 
marker may be associated with a specific response of the body to cancer, or 
it may be a substance secreted by the malignancy itself and easily detected in 
a body fluid. The drawback of biomolecular markers may include lack of 
specificity and sensitivity [86]. An example of a biomolecular marker that is 
in clinical use is prostate-specific antigen (PSA) for prostate cancer. It is a 
protein produced by cells of the prostate gland and is measurable in the 
blood. The blood level of PSA is often elevated in men with prostate cancer, 
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but a number of benign (not cancerous) conditions, such as prostatitis, can 
also cause a man’s PSA level to rise [87]. 

However, clinically reliable biomolecular markers are rare, and most can-
didate biomolecular markers are never incorporated into the clinical work 
due to lack of specificity. It is thus of great importance to continue studying 
this field in order to produce more reliable biomolecular markers that can be 
used in a clinical setting in the future. 

Squamous cell carcinoma of the head and neck and biomolecular 
markers 
It has been reported that only 30% of HNSCC cases in the Western world 
are diagnosed at an early clinical stage and that 2/3 of patients present with 
advanced stage III or IV tumours [88], and the major reasons put forward for 
this trend include a lack of appropriate screening biomarkers [89]. 

A variety of biomarkers with promising potential have been reported in 
the literature, but despite the obvious advantage of earlier diagnosis of 
SCCHN, no investigated biomarker has proven to be a consistently effective 
means of diagnosing these malignancies at an early stage yet, and none of 
the biomarker screening methods has been proven to decrease mortality from 
SCCHN.  

Epidermal Growth Factor Receptor  
EGFR is a cell-surface transmembrane glycoprotein receptor tyrosine kinase 
whose signalling pathway is one of the most important pathways regulating 
growth, survival, proliferation, and differentiation in mammalian cells [90]. 
It is one of the four members of the erbB family of receptors: 
erb1/Her1/EGFR, erbB2/Her2-neu, erbB3/Her3, and erbB4/Her4. The extra-
cellular part of the receptor contains a ligand-binding domain and a dimeri-
zation loop, and the molecule also contains a hydrophobic transmembrane 
part and a tyrosine kinase-containing cytoplasmic part [91]. 

Several ligands with different affinity, most importantly epidermal growth 
factor (EGF) and transforming growth factor (TGF)-α, bind to the extracellu-
lar domains on EGFR [92]. The binding of a ligand to the extracellular part 
of the receptor leads to homo, hetero or oligomerisation with other EGFR 
molecules or other erbB family members. This is followed by an autophos-
phorylation of the intracellular tyrosine residues in the cytoplasm. The result 
is an activation of intracellular signal transduction cascades via the Ras, 
ERK1/2, PI3K/AKT and STAT pathways. These pathways control cellular 
proliferation, adhesion, differentiation, angiogenesis and apoptosis [93]. 
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EGFR is found primarily on cells of epithelial origin and is central to the 
maintenance of normal epidermal tissue, where its expression is highly regu-
lated [94, 95]. It has been iden-
tified as an oncogene, whose 
expression helps with the pro-
liferation and survival of tu-
mour cells and other features of 
the malignant phenotype, e.g. 
angiogenesis, tumour cell mo-
tility and metastasis. Many 
types of malignancies show a 
dysregulated EGFR signalling 
that can be caused by either a 
constant activation due to a 
mutation of the EGFR kinase or 
an over-expression of the re-
ceptor [96]. Compared to other 
malignancies, mutations in the 
EGFR kinase is relatively rare 
in SCCHN, but approximately 
90% of tumours show an EGFR 
overexpression [97, 98]. An 
overexpression of EGFR is as-
sociated with a worse clinical 
outcome [99], decreased RT response, increased locoregional recurrence 
following RT [100], more rapid tumour progression and early metastases 
[101], and the metastases display a high expression of EGFR that is similar 
to the expression in the primary tumours [102]. 

EGFR is an important biomolecular target in cancer therapy and EGFR 
inhibitors can be either monoclonal antibodies or tyrosine kinase inhibitors. 
The monoclonal antibodies against EGFR exert their effect by blocking the 
extracellular ligand-binding domain, which means that signal molecules are 
no longer able to attach and activate the tyrosine kinase. Tyrosine kinase 
inhibitors use small molecules to inhibit the EGFR tyrosine kinase on the 
cytoplasmic side of the receptor, which leads to an inability of EGFR to ac-
tivate and bind to the downstream adaptor proteins and a halt to the signal-
ling cascades. 

The only approved EGFR inhibitor for SCCHN in Sweden is the chimeric 
(mouse/human) monoclonal antibody Cetuximab [103], which is of the IgG1 
type, while other monoclonal antibodies, such as Panitumumab in colorectal 
cancer for example, are of the IgG2 type, which explains why the antibody-
dependent cytotoxicity differs between different types of monoclonal anti-
bodies. Approximately 95% of EGFRs are in a relatively low-affinity bind-

Schematic presentation of EGFR pathway 
(Source: Wikimedia commons – public do-
main) 
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ing state [104], while the affinity of the binding of Cetuximab is one log 
higher than the affinity of natural ligands for these receptors. 

The single-agent response rate of Cetuximab is less than 15% [105], but 
in the clinic it is used in conjunction with RT, and the response rate for Ce-
tuximab in combination with RT in SCCHN patients is 56% compared to 
48% for RT alone [106]. 

After an initial response to EGFR inhibition therapy, secondary acquired 
resistance almost unfailingly follows, and eventually nearly all SCCHN tu-
mours will become insensitive to further anti-EGFR therapy [107], which 
limits the therapeutic benefit of the drug. This secondary resistance is not 
well understood, but is presumed to be caused by target alteration and subse-
quent activation of alternative signalling pathways, which allows tumour 
cells to bypass the effects of EGFR inhibition.  

Cetuximab is generally well tolerated and the most commonly reported 
adverse event for both Cetuximab and the other EGFR inhibitors, regardless 
of patient group, is an acneiform, papulopustular rash across the face and 
torso, which occurs in over 90% of treated patients and is correlated with the 
anti-tumour effect. The effects can be so severe that they require treatment, 
which happens in approximately 15% of patients. 

Irradiation increases the expression of EGFR in SCCHN cells, and block-
ade of EGFR signalling using Cetuximab sensitizes cells to the effects of 
radiation [108, 109]. 

Hyaluronan 
Hyaluronan (HA) is a negatively charged linear disaccharide polymer be-
longing to the family of glycosaminoglycans (GaGs), which comprises the 
major fraction of carbohydrates in the extracellular matrix (ECM). HA, in 
some cases through interactions with HA receptors, provides a three-
dimensional scaffold for cells by the assembly of pericellular ECM and is 
part of the regulation of the behaviours of stromal and tumour cells in the 
tumour microenvironment.  

The vast majority of HA is produced by fibroblasts and, to a lesser de-
gree, by smooth muscle cells [110]. HA has many features that are unique 
compared to better-known GaGs, such as heparin for example. Unlike most 
complex carbohydrates, HA is not synthesised within the Golgi apparatus of 
cells and is not synthesised upon a protein core precursor. Instead, HA is 
synthesised de novo and extruded into the ECM [111]. A complete synthesis 
of HA results in a polyanionic macromolecule with molecular mass between 
1-6 kDa, making HA one of the largest non-branching polysaccharides found 
in human tissues. Although HA is an unbranched disaccharide of a relatively 
simple composition, it exhibits multiple properties dependent largely on its 
molecular size and tissue concentration, both of which are firmly regulated 
by the concerted activities of biosynthetic and degradation processes; the 
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disaccharide chains become smaller and more dispersed in a pathological 
status and the biophysical functions of HA are known to vary depending on 
the molecular size [112]. Low molecular weight HA (LMW-HA) of a de-
fined size (generally <200 kDa) can induce inflammation and angiogenesis 
[113], while high molecular weight HA (HMW-HA) is anti-angiogenic [114] 
as well as immunosuppressive [115]. Although HMW-HA is constantly be-
ing turned over in the day-to-day maintenance of normal ECM, the HMW-
HA is rapidly degraded into very small, non-biologically active fragments 
that are quickly cleared by the liver. Elevated serum and tissue levels of 
LMW-HA are found in situ in both acute and chronic inflammation, and 
levels of LMW-HA are elevated in a number of autoimmune diseases [116]. 
During the normal course of an immune response, inflammation is self-
limiting, and the biologically active LMW-HA fragments are removed as 
healing occurs, but in states of chronic inflammation and fibrosis there is on-
going tissue destruction and remodelling, leading to a persistence of HA 
degradation products [117]. 

High concentrations of HA deposited within the ECM cause tissue spaces 
to become highly hydrated and to expand due to increased osmotic pressure 
[118]. This loose, expanded and water-enriched environment deforms the 
normally compact, restrictive architecture of the ECM and provides a fa-
vourable environment for mitotic cells and is essential for numerous func-
tions, including cell migration and tissue remodelling during the morpho-
genesis of organs [119]. Elevated HA concentrations are associated with 
tissue remodelling, rapid cell proliferation, and early events in tumour 
growth and metastasis; they are also thought to enhance wound healing [120, 
121]. Reduction of HA levels within the ECM often heralds the cessation of 
cell movements and the onset of cytodifferentiation [119]. 

Mast cells 
Mast cells (mastocytes) are a type of white blood cell that are among the first 
of immunological cell types to migrate to the site of tissue damage [122], 
e.g. radiation-induced tissue injury. They are a type of granulocyte derived 
from the myeloid stem cell, which is a part of the immune and neuroimmune 
systems, and originate from the bone marrow. The immature progenitor cells 
migrate to peripheral tissues and mature in situ, which means they are not 
identified in the circulation [123]. Mast cells cause inflammation by secret-
ing ROS, vasoactive molecules, cytokines, chemokines and proteases that 
remodel the ECM [124].  

Mast cells play a key role in the inflammatory process [125]. When acti-
vated, a mast cell can either selectively release (piecemeal degranulation) or 
rapidly release (anaphylactic degranulation) mediators that induce inflamma-
tion from storage granules into the local microenvironment. Mast cells can 
be stimulated to degranulate by allergens through cross-linking with immu-
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noglobulin E (IgE) receptors (e.g., FcεRI), physical injury through pattern 
recognition receptors for damage-associated molecular patterns (DAMPs), 
microbial pathogens through pattern recognition receptors for pathogen-
associated molecular patterns (PAMPs), and various compounds through 
their associated G-protein-coupled receptors or ligand-gated ion channels. 
Complement proteins can also activate membrane receptors on mast cells to 
exert various functions.  

Examples of mediators that are released into the extracellular environ-
ment during mast cell degranulation include, for example, histamine, VEGF, 
serine proteases (e.g. tryptase, which can be used as a marker for mast cells), 
serotonin, proteoglycans, lysosomal enzymes, β-glucuronidase, eicosanoids 
(e.g. thromboxane, prostaglandin D2, leukotriene C4), platelet-activating 
factor, cytokines such as TNF-α, interleukin-4 (IL-4), and ROS. 

Although mast cells are best known for their role in allergy and anaphy-
laxis, they play an important protective role as well, and are intimately in-
volved in wound healing, angiogenesis, immune tolerance, defence against 
pathogens, and blood-brain barrier function [126]. The other physiological 
activities of mast cells are much less understood. Some evidence also sug-
gests that mast cells may have a relatively fundamental role in innate im-
munity [127]. 

There is a contradictory and poorly understood relationship between mast 
cells, inflammation, and cancer, since the relationship seems to consist of 
both promotion of [128] and protection against tumour progression [129, 
130], and it has been proposed that mast cells might fulfil opposing roles 
depending on the microenvironment in which they reside [130, 131]. Mast 
cell maturation, phenotype and function are a direct consequence of the local 
microenvironment and have a marked influence on their ability to specifical-
ly recognise and respond to various stimuli through the release of an array of 
biologically active mediators [132]. These features, in the context of irradia-
tion, enable mast cells to act as both first responders in harmful situations 
and to respond to changes in their environment by communicating with a 
variety of other cells implicated in physiological and immunological re-
sponses [125].  

Thus, it is not surprising that mast cells appear to influence the effect of 
irradiation in multiple ways. For example, mast cells contain several cyto-
kines with the ability to increase vascular permeability, e.g. histamine and 
VEGF, which are normally released by mast cell degranulation. Of these, 
histamine has been reported to be the most important cytokine released from 
the mast cells with respect to the observed induction in vascular permeability 
after irradiation [133], and other studies have shown that treatment of an 
antihistamine reduced the increase of vascular permeability after irradiation 
[134, 135]. The increase of microvascular permeability leads to the extrava-
sation of plasma proteins, which alter the extracellular matrix in a manner 
that promotes angiogenesis [136].  
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Polymorphonuclear cells - neutrophils 
Polymorphonuclear (PMN) cells – also known as granulocytes, since they 
are characterised by the presence of granules in their cytoplasm – form an 
essential part of the innate immune system and are major contributors to the 
early innate immune response to infection, inflammation, and tissue damage 
such as irradiation-induced injury. Neutrophils are the most abundant type of 
both PMNs and white blood cells in general in humans, constituting about 
55% of the total circulating white blood cells. In peripheral tissues, PMNs 
mostly comprise neutrophil granulocytes, which is why the name PMN is 
somewhat synonymous with neutrophils [122]. The neutrophil-mediated 
inflammatory response can be regarded as a multi-step process involving the 
initial adhesion of circulating neutrophils to activated vascular endothelium, 
the subsequent extravasation and migration of neutrophils towards inflam-
matory foci, and the ultimate in situ elimination of foreign microorganisms 
through phagocytosis, generation of ROS, and release of microbicidal sub-
stances [137]. 

Once neutrophils receive the signals to do so, it takes them about thirty 
minutes to leave the blood and reach the site of inflammation, from where 
they do not return to the blood stream, but instead turn into pus cells and die. 
Once the neutrophils have migrated into the tissues, they have a lifespan of 
only a few days [138]. Neutrophils do not normally exit the bone marrow 
until maturity, but during inflammation, neutrophil precursors called myelo-
cytes and promyelocytes are released.  

Neutrophils have three strategies for directly attacking microorganisms: 
phagocytosis (ingestion), release of soluble anti-microbials (including gran-
ule proteins), and generation of neutrophil extracellular traps (NETs) [139]. 
Neutrophils are professional phagocytes: they are voracious eaters that 
quickly engulf invaders coated with antibodies and complement, as well as 
damaged cells or cellular debris. The intracellular neutrophil granules con-
tain a multitude of antimicrobial and potentially cytotoxic substances that are 
delivered to the phagosome or to the exterior of the cell following degranula-
tion. The granules are recognised for their protein-destroying and bactericid-
al properties [140], and neutrophils can secrete products that stimulate mon-
ocytes and macrophages; these secretions increase phagocytosis and the 
formation of reactive oxygen compounds involved in intracellular killing 
[141]. The different subsets of granules in the neutrophils constitute an im-
portant reservoir not only of antimicrobial proteins, proteases, and compo-
nents of the respiratory burst oxidase, but also of different membrane-bound 
receptors for endothelial adhesion molecules, ECM proteins, bacterial prod-
ucts, and soluble mediators of inflammation [142]. 

The role of neutrophils in cancer is very complex and controversial. These 
cells appear to contribute to both tumour rejection and tumour promotion 
[143]. Inflammation, where neutrophils are a major component, plays an 
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especially important role in facilitating tumour growth, and it has been sug-
gested that inflammatory cells and cytokines found in tumour tissues con-
tribute to the tumour progression rather than to antitumour response [144]. 
Chronic inflammation is believed to create a pro-tumour microenvironment 
via several mechanisms. Inflammatory responses increase cellular stress 
signals and can lead to genotoxic stress, increasing mutation rates in cells 
and thus fostering tumourigenesis. The growth factors and cytokines secret-
ed by neutrophils and other leukocytes often induce cellular proliferation, 
and during mutation events, nonimmune tumour cells can acquire the ability 
to respond to these growth stimulators [145]. In this way, some immune cells 
and the factors they produce can help sustain and advance cancer growth. 
Inflammation is also pro-angiogenic, increasing blood vessel growth and 
allowing for greater tumour-cell invasion into surrounding tissues or 
transport via lymphatic vessels, one of the hallmarks of cancer. 

RT causes a neutrophil-mediated sterile inflammation, where a rapid and 
transient infiltration of neutrophils after irradiation has been shown, and RT 
induces the polarisation of antitumour neutrophils, which have an increased 
secretion of ROS [146]. The exact mechanism causing the influx of neutro-
phils after RT is not yet clarified, but it has been speculated that it is caused 
by DAMPs released by tumour or stromal cells [147, 148]. Studies have also 
shown a transient influx of neutrophils into healthy normal tissues within 24 
hours after irradiation [149]. It has also been shown in models of ischemia 
that ROS produced by neutrophils can cause tissue damage during sterile 
inflammation [150]. This leads to the question of whether neutrophils are 
also responsible for inflammation in OM, and the role of neutrophils in this 
condition needs to be further elucidated. 

Macrophages 
Macrophages are heterogeneous cells that are found in both lymphoid and 
peripheral organs as part of the mononuclear phagocyte system. Macrophag-
es are abundant in every organ of the body, but each tissue macrophage pop-
ulation is distinct, and they have a specific nomenclature and function [151]. 
For example, alveolar macrophages are found in the lung, meningeal macro-
phage in the nervous system, Kupffer cells in the liver and serosal macro-
phage in the peritoneal cavity. Macrophages are indispensable for an effi-
cient innate and acquired immune response [152], but as a group they show 
considerable differences among themselves in terms of morphology, pheno-
typic marker expression, and effector function. They enter tissues and alter 
their function to deal with a wide range of challenges related to development 
and organogenesis, tissue injury, malignancy, sterile, or pathogenic inflam-
matory stimuli. These stimuli alter the gene expression to produce “activated 
macrophages” that are better equipped to eliminate the cause of their influx 
and to restore homeostasis. This is a result of the specialisation of circulating 
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monocytes depending on the local micro-environment they are exposed to 
during differentiation [153]. Individual macrophage cells differ markedly 
from each other, and change their functions in response to doses and combi-
nations of agonists and time.  

Even though macrophages can be activated in many different ways, a 
classification using two major types of activated macrophages is often used: 
classically activated macrophages (M1 macrophages) and wound-healing 
macrophages (M2 macrophages or so-called alternatively activated macro-
phages) [154]. Classically activated macrophages express class II MHC, and 
present antigen to T lymphocytes. M2 or alternatively activated macrophag-
es are produced in parasite infections and tumours and express the targets of 
IL4 signalling [155].  

Macrophages are important inflammatory cells within tumours and the 
majority of malignant tumours contain numerous macrophages as a major 
component of the host leukocytic infiltrate. Once circulating monocytes 
guided by tumour-derived chemoattractants lodge within tumours, they 
begin differentiation in response to local microenvironmental stimuli. Sever-
al cytokines, chemokines, and growth factors, including granulocyte-
macrophage colony-stimulating factor, macrophage colony-stimulating fac-
tor, chemokines CCL2, CXCL10, and CXCL12, and transforming growth 
factor-β (TGF-β), collectively orchestrate the multiple phases of monocyte 
recruitment, monocyte-to-macrophage differentiation, and macrophage acti-
vation [156].  

The macrophages that are in and around a tumour are referred to as tu-
mour-associated macrophages (TAMs) and most are derived from peripheral 
blood monocytes recruited into close proximity to or into the tumour mass 
itself, and accumulate in hypoxic areas [157]. TAMs have been considered 
the archetype of the M2 phenotype [158] [159], but the individual TAMs 
each have a distinct phenotype and exhibit significant heterogeneity in their 
localisation pattern, which might suggest that the differentiation of infiltrat-
ing monocytes is influenced by the different local microenvironments within 
the same tumour. For example, macrophages in the peritumoural stroma 
markedly express major histocompatibility complex (MHC) class II, which 
suggests that they are newly infiltrating anti-tumour macrophages, while 
macrophages in cancer nests are negative for MHC class II and express anti-
inflammatory cytokine IL-10, indicating that they represent a pro-tumour 
phenotype [160]. 

The actual level of TAMs in tumours appears to be affected by hypoxia, 
which is a trait commonly found in tumour tissues and that also affects the 
results of RT. Upon activation, the TAMs can release a vast diversity of 
growth factors, cytokines, inflammatory mediators, and proteolytic enzymes. 
Many of these factors are key agents in tumour progression and the pro-
tumour activities of TAMs include stimulation of tumour cell proliferation 
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and migration, promotion of angiogenesis, immunosuppression, and micro-
environment remodelling [161, 162].  

As stated above, hypoxia protects the tumour from ROS during RT and 
also attracts TAMs, and the pro-tumour functions of macrophages may affect 
the treatment outcome [163]. With irradiation there is a shift from pro-
tumour M2 to anti-tumour M1 macrophages among the TAMs [164]. If there 
is a prolonged period of hypoxia, the TAMs may switch back to the pro-
tumour phenotype, and in this way, they may promote the revascularization, 
reoxygenation, and regrowth of the tumour once the therapy concludes, 
which makes it very interesting to study the flux of these cells over time. 

The M1 phenotype is also pro-inflammatory and in turn may generate fur-
ther inflammatory messengers such as IL1β, IL6, TNF-α and NF-κB [165, 
166], and NF-κB especially has been suggested as an inflammatory mediator 
that plays a major role in the pathobiological signalling related to radiation-
induced oral mucositis [167]. There is thus a need to further examine the role 
of macrophages in the development of radiation-induced mucositis. 

Podoplanin 
Podoplanin (PDPN), also known as the E11 antigen or gp38, is a small (36-
43 kDa) mucin-type transmembrane glycoprotein with a wide variety of 
functions including regulation of organ development, cell motility, and tu-
mourigenesis and metastasis [168], but the exact physiological function of 
PDPN is still unknown. The only known receptor for PDPN is CLEC-2, a C-
type lectin that is expressed by platelets, neutrophils, and dendritic cells 
[169]. 

In normal human tissue, PDPN is expressed in kidney podocytes, from 
which the protein is named, as well as in skeletal muscle, placenta, lung and 
heart, myofibroblasts of the breast and salivary glands, osteoblasts and 
mesothelial cells [170, 171]. Most importantly, as PDPN is expressed on 
lymphatic but not blood vessel endothelium, it is commonly used as a specif-
ic marker for lymphatic endothelial cells and lymphangiogenesis [172]. 
PDPN is also expressed on a subset of F4/80+ macrophages, also known as 
fibroblastic macrophages (FM) that function as phagocytes [173]. 

Apart from being expressed in endothelial cells in lymph vessels, the ex-
pression of PDPN is up-regulated in a number of different aggressive human 
tumours with high invasive and metastatic potential, including SCC of the 
oral cavity and the larynx [174]. The expression of PDPN in human cancers 
enhances the possibility of employing PDPN expression as an immunohisto-
chemical marker for diagnosis and prognosis, which is of high clinical rele-
vance, as diagnostic biopsies are often of limited size and the number of 
lymph vessels can accordingly be hard to estimate, whereas expression of 
PDPN in tumour cells can be easily calculated.  
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Rationale for the current work 

RT in combination with surgery remains the major approach to curative 
treatment for SCCHN. It is therefore of interest to study how RT affects 
potential biomarkers such as those earlier mentioned and also to further elu-
cidate the morphological course of radiation-induced OM in order to better 
understand how it can be handled. 

The high risk of occult metastasis in SCCHN, and especially in OTSCC, 
makes it of interest to study potential biomolecular markers that may predict 
the risk of occult metastasis in order to improve the choice between elective 
neck dissection and watchful waiting, so that future patients are spared un-
necessary morbidity. 
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Purpose and aims 

The overall purpose of this thesis is to investigate some potential biomolecu-
lar markers that might be used in a clinical setting to predict how the indi-
vidual patient with head and neck cancer will respond to treatment.  

Study I - Effect of radiotherapy on expression of 
hyaluronan and EGFR and presence of mast cells in 
squamous cell carcinoma of the head and neck 
To map the effects of RT in SCCHN tumour tissue and adjacent tissue on 
three selected markers: 
• HA 
• EGFR 
• Mast cells  

Study II - The micromorphological course of 
irradiation-induced oral mucositis in the rat 
• To establish an animal model for radiation-induced OM that can be used 

in studies in order to develop protection therapy against OM. 
• To study the morphological course of OM in radiation-exposed rats over 

time and to use immunohistochemistry to describe the pattern of invad-
ing inflammatory cells during RT-induced OM. 

Study III - High expression of podoplanin in squamous 
cell carcinoma of the tongue occurs predominantly in 
patients ≤40 years but does not correlate with tumour 
spread 
• To determine whether the expression of PDPN in SCC of the mobile 

tongue correlates with the risk of cervical metastasis at time of diagno-
sis. 
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• To determine whether the total amount of lymph vessels in the diagnos-
tic biopsy has any impact on the clinical outcome. 

Study IV - Immunohistochemical analysis of EGFR and 
hyaluronan in tongue cancer in correlation to cervical 
metastasis 
• To determine whether the expression of HA in the epithelium and con-

nective tissue stroma and EGFR in the tumour correlates with the risk of 
developing cervical metastasis in N0 patients. 

• A second aim is to find out whether the 3-year tumour-specific survival 
rates correlate with the expression of HA in the epithelium and EGFR in 
the tumour. 

Study V - Metabolomic analysis of radiosensitivity in 
head and neck cancer 
• To verify the origin and genetic similarity of the cell lines UM-SCC-

74A and -74B and to assess if they have different radiosensitivity. 
• Irradiate the cell lines and see if they differ in their metabolome before 

and after irradiation. 
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Ethics 

The studies involving patients (studies I, III, IV and VI) were approved by 
the University of Umeå Institutional Review Board registration numbers 01-
057 and 03-201.  

The experimental study (study II) was approved by the University of 
Umeå Institutional Review Board registration number A 120-10. 
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Methods 

Patient populations and tissue samples 
Patient populations 
In studies I, IV and partly in study III, the material consists of biopsy and/or 
surgical specimens from patients treated at the Departments of Otolaryngol-
ogy, Head and neck surgery, and Oncology at Umeå University Hospital, 
Sweden. In study III, patients treated at the university hospital in Naples, 
Italy, were also included as part of a collaboration. 

The relevant clinical data were obtained from medical records. Patients 
were staged according to the Union for UICC TNM stage classification, and 
the differentiation graded according to WHO international classification of 
tumours. 

Animal care and irradiation procedure 
Animal care 
The animals in study II were kept in a 12-hour light/12-hour dark cycle and 
were fed ad libitum, with 3 or 4 animals in each cage. Before irradiation, the 
animals were anaesthetised with an intravenous injection of propofol solu-
tion (Diprivan®, AstraZeneca, Södertälje, Sweden), 10 mg/mL (20 mg/kg), 
through a tail vein, and by adding a bolus dose of pentobarbital sodium (Pen-
tobarbitalnatrium, Apoteksbolaget, Stockholm, Sweden), 100 mg/mL (40 
mg/kg), administered intraperitoneally. At the end of the experiment, the rats 
were killed with an intraperitoneal overdose of sodium pentobarbital. 

Animal irradiation procedure 
Irradiation was given as a single fraction dose to the entire head using a con-
ventional high-energy linear accelerator (Varian Clinac 2300 C/D). The in-
dividual fractions were of 16, 18 or 20 Gy, using 6 MV photons at a dose 
rate of 3 Gy/min. Beam size was 30 × 9 cm2. Perspex plates were placed 
both above and beneath the net restrainers to provide photon build-up (thick-
ness of 15 mm) and backscatter. For practical reasons, the Perspex plates 
were not in direct contact with the rat’s head, thus introducing a narrow air 
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gap both upstream and downstream in the beam’s longitudinal direction. The 
air gap causes a loss of transient electronic equilibrium and hence a small 
dose reduction. This was compensated for by increasing the quantity of mon-
itor units delivered by 5%. 

Histopathology and immunohistochemistry 
Immunohistochemistry (IHC) is the process of detecting antigens (molecules 
capable of inducing an immune response), such as proteins, in cells of a tis-
sue section through antibodies binding specifically to antigens in tissues 
[175] and then being visualised by, for example, conjugating the antibody to 
an enzyme that can catalyse a colour-producing reaction [176]. Immuno-
histochemical staining is widely used in the diagnosis of abnormal cells such 
as those found in cancerous tumours [177] and biopsies, and is vital for tu-
mour diagnostics and specific histologic tumour characteristics when plan-
ning cancer treatment. IHC is also widely used in basic research to semi-
quantitatively understand the distribution and localisation of potential bi-
omarkers and other differentially expressed proteins in different parts of a 
tissue, since primary antibodies can be found for almost any kind of antigen 
[178]. 

Tissue samples 
All surgical samples from patients (Studies I, III and IV) were collected as 
paraffin-embedded formalin-fixed blocks from the Department of Pathology 
at Umeå University Hospital, and the University Hospital in Naples, Italy 
(Study III). The paraffin blocks were cut into 5 µm sections. 

The dissected rat specimens from Study II were formalin-fixed and then 
embedded in paraffin wax. The paraffin-embedded specimens were sec-
tioned 5 µm thick. 

Staining procedures 
The Ventana ES autostainer, a product of Ventana Medical Systems, was 
employed to automatically standardise stain of the 5 µm sections, for EGFR 
using the monoclonal E30 antibody (Dako, Glostrup, Denmark), and for 
PDPN using the monoclonal D2-40 (Abcam, Cambridge, UK). IHC staining 
procedures were carried out simultaneously, with twenty slides/batch to 
avoid variations in staining.  

Staining for HA was performed manually according to similar publica-
tions [179], using 3% H2O2 to quench endogenous peroxidase activity, 1% 
bovine serum albumin to block non-specific binding, biotinylated HA bind-
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ing protein and the Vectastain Elite avidin-biotin complex reagent (Vector 
laboratories, Burlingame, CA, USA) to visualise the staining. 

Staining for inflammatory cells was done manually using 3% or 0.3% 
(ED1) H2O2 to quench endogenous peroxidase activity, non-specific bind-
ing-sites were blocked using 5% rabbit (ED1, a general macrophage marker, 
and ED2, a M2 macrophage marker, in rats) or 5% swine (PMN) serum, and 
a biotinylated rabbit anti-mouse antibody was applied for visualisation.  

Assessment 
A light microscope with 40X magnification was used to evaluate the staining 
of all samples except the inflammatory cells, where an 1125 µm2 grid in 
snapshots of 20X magnifications was used. The independent scorers were 
blinded to the clinical outcome (Study I, III and IV) and radiation-dose 
(Study II). 

EGFR and HA was scored semi-quantitatively using both a score repre-
senting the percentage of tissue stained positive: no staining = 0, 1–25% =1, 
26–50% = 2, 51–75% = 3, and 76–100%=4.  

 
EGFR staining proportion - 0 none, A 1 1-25%, B 2 25-50%, C 3 51-75%, D 4 76-
100% 

Staining intensity for both EGFR and HA was then also scored as 0, no 
staining; 1, weak staining; 2, moderate staining and 3, strong staining. A 
final score was then calculated for EGFR according to Kersemaeker et al. 
[180] by adding the scores for percentage and intensity, resulting in scores of 
0-7. Cellular localisation of HA was further scored as pericellular (PC), intra 
and pericellular (IPC), or intracellular (IC), as adapted from Melrose et al. 
[181].  

PDPN was scored by assessing the percentage of tumour cells expressing 
PDPN divided into six groups: 0–4% = 1, 5–19% = 2, 20–39% = 3, 40–
59% = 4, 60–79% = 5 and 80–100% = 6. Staining intensity was in turn de-
scribed as negative = 0, weak = 1, intermediate = 2 or strong = 3. By multi-
plying the score for the percentage of PDPN-expressing tumour cells by the 
score for staining intensity, a quick score (QS) was calculated for each slide 
according to Detre et al. [182]. 

The grade of ulceration and epithelial status were evaluated in haema-
toxylin-eosin slides and the presence or absence of filiform papillae was 
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noted for the lingual samples in the second part of the study using the scale 
below. The staining results for ED1, ED2 and PMN were scored in the sub-
mucosa, using an 1125 µm2 grid in snapshots of 20 x magnifications, where 
60 squares were counted per sample. 

 

Haematoxylin-eosin staining 

Score Epithelial grading Ulceration Filiform papillae 
0 No epithelium No ulcerations Presence of filiform papillae 
1 Decreased epithelium Early signs of ulcerations Absence of filiform papillae 
2 Normal epithelium Evident ulcerations 

 3 Increased epithelium 
  

Polymerase chain reaction 
The hallmark of the polymerase chain reaction (PCR) is an exponential am-
plification of a single copy DNA sequence (DNA target) across several or-
ders of magnitude, generating thousands to millions of copies of a particular 
DNA sequence [183, 184]. The method relies on 20-40 repeated thermal 
cycles, which is cycles of repeated heating and cooling of the reaction, with 
each cycle commonly consisting of 2 discrete temperature steps. Therefore, 
at the core of the PCR method is the use of a suitable DNA polymerase 
(which has also given name to the method) able to withstand the high tem-
peratures of >90°C required for separation of the two DNA strands (so-
called DNA melting) in the DNA double helix after each replication cycle 
[185]. This DNA polymerase enzymatically assembles a new DNA strand 
from DNA building blocks when the temperature is lowered and the two 
DNA strands become templates for the DNA oligonucleotides (also called 
DNA primers), which are required for initiation of DNA synthesis. The am-
plified products can be detected using numerous methods that vary in sensi-
tivity, accuracy, and feasibility, for example agarose gel electrophoresis and 
Southern blot [186]. 

A real-time PCR (RT-PCR) is a laboratory technique of molecular biolo-
gy based on the PCR. It monitors the amplification of a targeted DNA mole-
cule during the PCR, i.e. in real-time, and not at its end, as in conventional 
PCR. RT-PCR can be used quantitatively (Quantitative RT-PCR). The PCR 
reaction is prepared as usual, with the addition of fluorescent dye. Then the 
reaction is run in a RT-PCR instrument, and after each cycle, the intensity of 
fluorescence is measured with a detector; the dye only fluoresces when 
bound to the double-stranded DNA (i.e. the PCR product). 
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Sample procedure 
Fresh-frozen samples were homogenised in Trizol and total RNA was ex-
tracted using either chloroform as part of another project or an RNA/protein 
purifications kit and the remaining samples were homogenised in lysis buff-
er. Spectrophotometric analysis by Nanodrop® was used to check that there 
were no differences in RNA quantity, and microfluid electrophoresis by 
Bioanalyzer® was used to check that there were no differences in integrity. 

Cell culture and irradiation 
Two days before irradiation, cells were cultured as adherent cells in cell 
culture plates (Nunclon Surface, 15 cm ⌀, Cat No 168 381, 145 cm2, Nunc 
A/S, Denmark) at 37°C, in 5% CO2 in DMEM medium containing 2 mM l-
glutamine (Biochrom GmbH, Germany), supplemented with 5% fetal bovine 
serum (Sigma-Aldrich, Germany), MEM non-essential amino acids (Sigma-
Aldrich AB, Germany) and antibiotics (100 IU penicillin and 100 µg/ml 
streptomycin) (Biochrome GmbH, Germany). Six samples for each cell line 
(three irradiated and three controls) were used for each experiment, and the 
experiment was repeated three times. Cells were exposed to γ-radiation at a 
dose rate of 0.9464 Gy/min for times equalling a dose of 2 Gy. 

The cells were harvested at approximately 75% confluence at 4 hours and 
24 hours after irradiation. All cell sample harvesting was performed on ice; 
growth medium was removed and cells were rapidly washed three times with 
cold, sterile phosphate buffered saline (PBS, Medicago, Uppsala, Sweden) 
followed by detachment of cells using a 23 cm long rubber-tipped cell scrap-
er (Nunc). The detached cells were collected in cold MilliQ water (3.5 ml), 
transferred to 15 mL polypropylene brown tubes (Greiner bio-one GmbH, 
Germany) and snap-frozen in liquid N2 followed by thawing at 37oC for 10 
minutes. The freeze/thaw cycle was then repeated twice with subsequent 
sonication on ice for 30 seconds. Samples were stored at -80°C until metabo-
lite extraction.  

Short Tandem Repeat Analysis 
Short Tandem Repeat (STR) analysis compares specific loci on DNA from 
different samples. A STR is a microsatellite, an area of repetitive DNA in 
which certain DNA motifs (ranging from 2-5 base pairs) are repeated, typi-
cally 5-50 times. They have a higher mutation rate than other areas of DNA 
leading to high genetic diversity. STR analysis measures the exact number of 
repeating units using probes attached to desired regions on the DNA, and 
PCR is employed to discover the lengths of the STR. STR analysis is used in 
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genetics to measure levels of relatedness between subspecies, groups and 
individuals [187]. 

Genotyping 
UM-SCC-74A and -7B cells before and after radiation, as described below, 
were genotyped using STR analysis in order to verify the origin and similari-
ty of the cell lines. DNA was extracted from frozen cell cultures and ana-
lysed using the AmpFLSTR® Identifiler® PCR Amplification Kit. The 
Identifiler kit amplifies 15 loci and Amelogenin in a single tube and provides 
loci consistent with major worldwide STR databasing standards. 

Cell proliferation assays  

Clonogenic survival 
A clonogenic assay studies the effectiveness of an insult-producing agent on 
the survival and proliferation of cells. Reproductive death and is the end 
point measured with cells in culture. A cell might retain its ability to synthe-
size proteins and DNA and go through one or two mitoses, but if it is unable 
to divide and produce a large number of daughter-cells it is considered dead. 
A cell that is not reproductively dead and has retained the capacity to divide 
and proliferate can produce a large clone or a large colony of cells and is 
then referred to as “clonogenic.” The procedure consists of applying the 
insult-producing agent to a sample of cells, and a known number of these are 
then seeded into a dish and allowed to grow for at set amount of time after 
which the colonies produced are counted. The results are reported as plating 
efficiency (PE) and survival fraction. The term PE indicates the percentage 
of cells seeded into a dish that finally grow to form a colony and survival 
fraction is the number of colonies formed after the insult-inducing agent 
divided by the number of cells seeded multiplied by the PE. 

Clonogenic survival assay 
Clonogenic survival assays were performed to assess the radiosensitivity of 
UM-SCC-74A and 74B cells. A defined amount of cells were pre-plated into 
25 cm2 culture flasks with 8 ml complete medium. After 48 hours, cells 
were exposed to external beam radiation using a 137Cs source (Best Thera-
tronics Gammacell® 40 Exactor, Springfield, USA), corresponding to a dose 
of 0 or 2 Gy. After colony formation time (10-14 days), cells were fixated 
with 95% ethanol and stained with crystal violet. The colonies were inspect-
ed under a microscope, and only cells giving rise to colonies consisting of 50 



 51 

or more cells were considered clonogenic survivors. PE and survival fraction 
were calculated. 

Long-term growth inhibition assay 
As a complement to clonogenic assays, the long-term growth inhibitory ef-
fect of radiation was evaluated using a growth inhibition assay. A defined 
amount of cells was pre-plated into 25 cm2 culture flasks with complete me-
dium. After 48 hours, cells were exposed to external radiation equalling a 
dose of 0, 2, 4, 6 or 8 Gy. Cells were then counted and reseeded about once a 
week, and the corresponding total cell numbers were calculated. The in-
crease in cell number was monitored for four weeks. 

Metabolomics 
Metabolomics is a comprehensive and quantitative analysis of small endoge-
nous metabolites (i.e., the metabolome), systematically studying the unique 
chemical fingerprints that cellular processes leave behind. Instead of only 
looking at a single metabolite, a whole pattern can be analysed and used to 
explore the phenotypic changes of cancer cells. The metabolome of cancer 
cells is a closer representative of the phenotype of the cancer cells than can 
be demonstrated by genomics, transcriptomics and proteomics [188]. The 
main tools used for analysis of the metabolome are mass spectrometry (MS) 
and nuclear magnetic resonance spectroscopy (NMR) [189].  

Global metabolite profiling aims to measure small (<1500 Da) endoge-
nous molecules as downstream products in biological systems, such as culti-
vated cells [190], which gives the methodology an inherent ability to gener-
ate hypotheses (top-down approach) rather than testing hypotheses, which 
may provide a significant mechanistic understanding related to the cellular 
response to different conditions. The concentrations and dynamics of the 
metabolites not only provide direct evidence of the cells’ physiological con-
dition, such as normal or pathogenic, but also demonstrate a rapid and sensi-
tive response to changes in the microenvironment which can be used to 
study the cellular response to different stress factors, e.g. irradiation. 

Mass spectroscopy 
MS is an analytical technique that ionises chemical species and sorts the ions 
based on their mass-to-charge ratio. In other words, a mass spectrum 
measures the masses within a sample.  

A mass spectrum is a plot of the ion signal as a function of the mass-to-
charge ratio. These spectra are used to determine the elemental or isotopic 
signatures of a sample, the masses of particles and molecules, and to eluci-
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date the chemical structures of molecules, such as peptides and other chemi-
cal compounds. 

Liquid chromatography-mass spectrometry 
Liquid chromatography-mass spectrometry (LC-MS) is an analytical chemis-
try technique that combines the physical separation capabilities of liquid 
chromatography with the mass analysis capabilities of MS.  

LC-MS is a technique with very high sensitivity; its application is orient-
ed towards the separation, general detection and potential identification of 
chemicals of particular masses in the presence of other chemicals (i.e., in 
complex mixtures), such as the intracellular content of a cell. 

Metabolite extraction 
Prior to metabolite extraction, the sample set was randomised and divided 
into five separate batches comprising twenty samples each. The five sample 
batches were prepared and analysed separately. A quality control (QC) sam-
ple was created for each batch by pooling an equal volume from all samples 
within each batch. The five QC samples were pooled after extraction of all 
five batches. The aqueous supernatant from all study-specific samples and 
QC samples was transferred to a fresh extraction tube followed by the addi-
tion of chloroform and methanol for the final proportion 2.85:4:4 wa-
ter:methanol:chloroform [191].The extraction tube was gently vortexed and 
then stored at 8°C for 20 minutes prior to centrifugation for 20 minutes at 
3000 rpm and 4°C. The aqueous phase was recovered and evaporated to 
dryness at 40°C under N2. Prior to analysis, the samples were reconstituted 
in acetonitrile:Milli-Q water 76:24.  

Metabolite profiling  
The analysis was performed using an Acquity UPLC I-class system from 
Waters (Manchester, UK) coupled to a G2S Synapt Q-TOF equipped with an 
electro spray ionisation (ESI) source (Waters). All systems were controlled 
using Masslynx version 4.1 (Waters). The sample separation was performed 
on a HILIC-Amide column (1.7 µm, i.d. 2.1x50 mm) from Waters and the 
column temperature was kept at 40°C. The mobile phase consisted of 95:5 
acetonitrile/water with 10 mM ammonium formate (A) and 0.1% FA and 
50:50 acetonitrile/water with 10 mM ammonium formate and 0.1% FA (B). 
A non-linear gradient elution profile from 100% A to 100% B was used. In 
detail: 100% A was kept for 0.5 minutes, then decreased non-linearly (slope-
factor 8 in MassLynx) over 12.5 minutes to 100% B; 100% B was held for 4 
minutes followed by 6 minutes at 100% A to re-equilibrate the column for a 
total run-time of 23 minutes. The flow-rate was set at 0.3 ml/minute 
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throughout all analyses and the injection volume was 5 µl. Detection was 
performed in resolution MSE-mode in both positive and negative ionisation 
mode within the scan-range m/z 50-800. The capillary voltage was 1 kV and 
2 kV in positive and negative ionisation mode, respectively, and the cone 
voltage was set to 30 V and 25 V, respectively. Source temperature was 
120°C in both ionisation modes and the desolvation temperature was 500 
and 450 in positive and negative modes, respectively. Nitrogen was used as 
desolvation and cone gas was used at the respective flow-rates of 800 l/h and 
50 l/h. Argon was used as collision gas and a collision energy ramp from 20 
eV to 45 eV was used for MSE acquisition. Lock-mass correction was ap-
plied using a solution of Leucine-Enkephalin. Each sample batch was ana-
lysed separately. The sample cone was cleaned and the instrument was cali-
brated prior to each batch analysis.  

The reference mix containing hypoxanthine, cytidine, phenylalanine, tryp-
tophan and glutamine was analysed before and after each batch to check the 
system suitability with regard to mass accuracy, instrument sensitivity and 
column performance. The QC sample was analysed repeatedly prior to the 
study samples to ensure stable analytical conditions, as well as between the 
randomised study samples in regular intervals to monitor the analytical sta-
bility throughout the analysis.  
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Statistical analysis 

Study I - Effect of radiotherapy on expression of 
hyaluronan and EGFR and presence of mast cells in 
squamous cell carcinoma of the head and neck 
Results were described descriptively using means and medians. Statistical 
calculations were performed using Microsoft® Excel® for Mac 2011 Ver-
sion 14.6.4 for the clinical data. 

Study II - The micromorphological course of 
irradiation-induced oral mucositis in the rat 
Means and the difference in means were used for univariate descriptive sta-
tistics to describe and summarise the samples and animal data. Statistical 
calculations were performed using Microsoft® Excel® for Mac 2011 Ver-
sion 14.6.4 for the immunohistochemical and animal data. 

Study III - High expression of podoplanin in squamous 
cell carcinoma of the tongue occurs predominantly in 
patients ≤40 years but does not correlate with tumour 
spread 
As the number of subjects was low, the study population could not be as-
sumed to be normally distributed and consequently, non-parametric statistics 
were applied. The Chi square test was used to calculate p-values and a p-
value of <0.05 was considered statistically significant. Two and 5-year sur-
vivals were used in the survival analysis.  

The non-parametric Mann-Whitney test was used to analyse mRNA lev-
els since these were not considered as normally distributed 

data. SPSS statistical analysis package version 22 was used for statistical 
analysis, correlating results of podoplanin to clinical data. 
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Study IV - Immunohistochemical analysis of EGFR and 
hyaluronan in tongue cancer in correlation to cervical 
metastasis 
Patient characteristics are described at baseline, separated by T group as 
absolute frequencies. The prognostic abilities of HA and EGFR on regional 
recurrence in the 47 patients staged N0 were analysed using receiver operat-
ing characteristic (ROC) curves, where sensitivity is plotted against specific-
ity at various thresholds. The results are presented as area under the curve 
(AUC), where 0.5 defines no predictive ability and a value of 1 defines a 
perfect prediction. Time to all-cause death was analysed using a multivariate 
Cox proportional hazards model where age, gender, HA intensity and grade, 
as well as EGFR intensity and proportion were included as independent fac-
tors. The results were presented as hazard ratios with 95% confidence inter-
vals. In addition, time to all-cause death is presented in non-parametric 
Kaplan-Meier curves, grouped by HA and EGFR intensity, in two separate 
plots. All statistical analyses were performed using R version 3.2.3. P-values 
below 0.05 are considered significant, but since no adjustment for multiplici-
ty was performed, the p-values should be interpreted as exploratory rather 
than confirmatory. 

Study V - Metabolomic analysis of radiosensitivity in 
head and neck cancer 
For clonogenic survival, plating efficiency (number of colonies 
formed/number of cells seeded in the control) and the survival fraction 
(number of colonies formed after treatment/number of cells seeded x PE) 
were calculated in Microsoft Office Excel 2016 for Mac version 14.6.1 (Mi-
crosoft, Redmond, WA, USA). Statistical analyses were performed using 
GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). Differences 
in survival fraction were assessed using an unpaired t-test and were consid-
ered statistically significant if p<0.05. 

For the long-term growth inhibition, in order to determine any statistically 
significant differences from the untreated group at the last data point, total 
cell numbers were analysed using one-way ANOVA followed by Dunnett’s 
multiple comparisons test in GraphPad Prism and were considered statisti-
cally significant if p<0.05. 

Multivariate data analysis (MVDA) analysing all independent statistical 
variables at the same time was used to analyse the reduced data sets from the 
MS analysis using SIMCAP+ version 14 computational software package. 
MVDA was used to perform studies across multiple dimensions while taking 
into account the effects of all variables on the responses of interest [192]. All 
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data were Pareto scaled prior to further data analysis in order to make large 
fold changes less dominant in comparison to clean data.  

Principal Component Analysis (PCA) and Orthogonal Projection to La-
tent Structures-Discriminant Analysis (OPLS-DA) in combination with S-
Plots were used to identify differentiating features between sample groups.  

Comparisons were made between irradiated cells and non-irradiated cells 
(controls) in the respective cell lines, as well as between the two control 
groups from the two cell lines UM-SCC-74A and UM-SCC-74B. Depending 
on the time between cell radiation and cell sample harvesting, the irradiated 
sample groups were further divided into subgroups: rapid response and in-
termediate response. The features with p-correlation values greater than 0.4 
were selected and annotated. Annotated features were subjected to univariate 
data analysis with One-Way Analysis of Variance (ANOVA) and post-hoc 
Tukey tests to find means that were significantly different from each other, 
using Origin 2015 (OriginLab Corporation, Northampton, MA, USA). Me-
tabolite levels were considered significantly altered if the p-value was <0.05. 
The significantly altered metabolites were presented as fold changes with 
95% confidence intervals. The confidence intervals of fold changes were 
calculated using Fieller’s theorem. 
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Results 

Study I - Effect of radiotherapy on expression of 
hyaluronan and EGFR and presence of mast cells in 
squamous cell carcinoma of the head and neck 

Similarities in the expression of EGFR and hyaluronan 
HA and EGFR showed similar expression patterns before RT. The more 
superficial the layer of the epithelium, the less intense was the staining for 
both HA and EGFR. The less differentiated the tumour was, the more in-
tense the staining of both HA and EGFR. Both HA and EGFR were found in 
the epithelial cytoplasm, but the connective tissue fibroblasts did not show 
any cytoplasmic staining for EGFR – none of the biopsies or specimens 
demonstrated any EGFR in the connective tissue before or after RT.  

EGFR expression 
EGFR appeared to be located more intracellularly, in the more basal layers 
of the histologically normal epithelium, and the percentage of EGFR-
expressing cells in the histologically normal epithelium increased after RT. 
In the one sample with viable tumour after RT, both the intensity of EGFR 
staining and the percentage of EGFR staining cells scored the highest in their 
categories both before and after RT. 

Hyaluronan expression 
In the histologically normal epithelium, there was no exclusive cytoplasmic 
staining of HA in any sample, but two of the biopsies with poorly differenti-
ated SCC demonstrated only cytoplasmic staining of HA in the tumour, 
whereas the remaining tumours, both moderate and poorly differentiated, 
demonstrated both cytoplasmic and membranous staining. RT did not signif-
icantly affect the localisation of HA in histologically normal epithelium, 
only in the one sample with viable tumour tissue after RT, but there was a 
clear increase of HA in the connective tissue stroma after RT. 
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Mast cell count 
In general, mast cells could be observed throughout the connective tissue, 
whereas almost no mast cells were observed in normal epithelium. The few 
mast cells present in the epithelium before RT were located basally. Con-
versely, mast cells were observed infiltrating tumours with a mean count of 
2.0 tryptase-expressing cells in pre-RT samples compared to 1.3 in normal 
epithelium. 

An increased number of mast cells were observed as a result of RT. The 
mean count of tryptase-expressing cells in histologically normal epithelium 
increased from 1.3 to 2.0 post-RT, whereas the mean count in the connective 
tissue decreased from 18.0 to 11.0 post-RT. In the one specimen with viable 
tumour tissue following RT, tryptase-expressing cells decreased from 10.2 to 
3.3. 

Study II - The micromorphological course of 
irradiation-induced oral mucositis in the rat 
Development of a novel experimental model in the Sprague-
Dawley rat 
A novel experimental model of OM using a high-energy linear accelerator 
(Varian Clinac 2300 C/D), using 6 MV photons with a dose rate of 3 
Gy/minute, was developed in Sprague-Dawley rats. A single irradiation dose 
of 20 Gy to the entire head region induced a reproducible OM and led to 
significant weight loss.  

Time-dependent study of OM micromorphology and the influx 
of immune cells  
The epithelial reaction to radiation in the rat was shown to differ between 
two different subsites of the oral mucosa. In the tongue specimens, a hyper-
plasia of the epithelium was observed in the aftermath of OM. The buccal 
epithelium started to show signs of epithelial atrophy earlier than the tongue 
specimens, and did not show as much epithelial hyperplasia during recovery. 
The ulceration in the buccal mucosa was more severe and lasted longer than 
in the tongue. 

In rat tongue, there was an initial increase of PMN cells followed by a 
much larger increase in macrophages, where the wound-healing M2 macro-
phages peaked a little later than the general macrophage marker. An early 
phase, 5 days after irradiation, with a peak of PMN cells was followed by a 
later phase with an expression of macrophages, both general and M2, which 
peaked at day 10.  
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Study III - High expression of podoplanin in squamous 
cell carcinoma of the tongue occurs predominantly in 
patients ≤40 years but does not correlate with tumour 
spread 
Clinical data 
Sixty-one percent of patients were alive at the two-year follow-up. Stratified 
by age, 56% of patients ≤ 40 years were alive two years after diagnosis, in 
contrast to 73% of patients aged 41-65, but similar to 54% of patients > 65 
years.  

At five years 48% of all patients were alive, and 39% of patients ≤ 40 
years were alive, compared to 65% of those aged 41-65 years and 37% of 
patients > 65 (p 0.009). 

Immunohistochemical expression of podoplanin 
Six percent of the tongue SCC samples were negative for PDPN, 43% 
showed low expression and 51% showed high expression. A significantly 
higher percentage of tumours in patients aged ≤ 40 years (78%) showed high 
expression of PDPN, compared to 56% and 41% of the 41-65 and > 65 year 
old patients, respectively (p 0.027). There was no significant correlation 
between expression of PDPN, N-status, T-status, gender or localisation.  

Lymph vessels were detectable in all but 5 samples, with 52% showing a 
moderate amount. The 5 samples lacking detectable lymph vessels were also 
negative for PDPN in the tumour tissue. Of the 94 samples with a lymph 
vessel score of 2 or 3, all but 2 expressed PDPN. No significant correlation 
was seen between presence of lymph vessels, age, gender, T or N-stage or 
status at the end of the study. 

Levels of podoplanin mRNA 
All tumours showed significantly higher levels of PDPN mRNA compared 
to both healthy controls and clinically normal tongue tissue adjacent to the 
tumours (p < 0.0001). Inter-individual variation in PDPN levels was seen in 
tumours. In the group of tumour-adjacent tongue tissue, levels were also 
significantly higher compared to healthy normal tongue (p 0.005).  

The levels of PDPN mRNA in primary OTSCCs were not correlated with 
lymph node metastases, but OTSCCs arising in young patients (≤ 40 years of 
age) were more likely to express high levels of PDPN mRNA than OTSCCs 
that arise in the more elderly.  
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Study IV - Immunohistochemical analysis of EGFR and 
hyaluronan in tongue cancer in correlation to cervical 
metastasis 
Clinical data 
Of 39 patients (34 of whom were staged N0) undergoing preoperative RT 
and surgery, 4 patients (all staged N0) showed no response to RT in the pri-
mary tumour, and 9 patients (6 of whom were staged N0) showed only a 
partial response. Twenty patients (12 of whom were staged as N0) experi-
enced a regional failure during the 3-year follow up period and 9 patients 
were never tumour-free. There was a significant (p 0.048) difference in sur-
vival over time between men and women, with a Cox regression estimate 
coefficient of 0.41. 

Immunohistochemical expression 
The correlation to survival in the entire cohort showed a significant correla-
tion between the intensity of HA staining and survival for all patients (p 
0.024). There was no significant correlation between the immunoscoring of 
HA and regional recurrence in patients staged N0 when analysed by a ROC 
curve (total area under curve, AUC, concerning both proportion and intensi-
ty was 59.7).  

There was no significant association between either the intensity or the 
proportion of EGFR staining and survival (p 0.276 and 0.538 respectively). 
Analysed by means of a ROC curve, there was a somewhat predictive quali-
ty to EGFR concerning regional metastasis, with an AUC concerning the 
proportion of EGFR staining at 66. 

Study V - Metabolomic analysis of radiosensitivity in 
head and neck cancer 
The metabolic profiling of cultured SCCHN cells to evaluate radiation re-
sponse was proven to be feasible. STR verified the similarity of UM-SCC-
74A and UM-SCC-74B cells and both clonogenic survival assays and long-
term cell growth assays proved UM-SCC-74A cells to clearly be more radia-
tion-sensitive than UM-SCC-74B cells. Significant alterations (p<0.05) in 
the metabolome were observed post irradiation for both cell lines, and nota-
ble differences between the two cell lines were also observed. The more 
radioresistant cell line, UM-SCC-74B, demonstrated numerous alterations in 
metabolic response to radiation, whereas the more radiosensitive cell line 
UM-SCC-74A demonstrated fewer metabolic changes compared to unirradi-
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ated controls. Several down-regulated metabolites were identified in the 
more radioresistant cell line UM-SCC-74B, related to the nicotinate and 
nicotinamide metabolism, with relevance to radiation response as well as up-
regulation of purine and pyrimidine metabolism involved in DNA-repair 
compared to controls. The data imply that the less radiation-sensitive cells 
changed their metabolism, going from oxidative metabolism to glycolysis 
followed by lactic acid fermentation in the cytosol. 

The most pronounced changes were for Docosonaoyl-CoA and Leukotri-
ene E4 in the intermediate group when compared to the controls (fold 
change 45.98 ± 21.19 and -24.29 ± 14.42 respectively.  
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General discussion 

Traditional “one-size-fits-all” medicine is gradually being replaced by a 
more individualised molecular-based medicine, and the field of oncology 
especially has already entered the era of personalised medicine in some 
ways, where the selection of treatment is increasingly becoming customised 
to fit each patient. This personalised medicine has been described as “the 
tailoring of medical treatment to the individual characteristics of each pa-
tient; to classify individuals into subpopulations that differ in their suscepti-
bility to a particular disease or their response to a specific treatment so that 
preventive or therapeutic interventions can then be concentrated on those 
who will benefit, sparing expense and side effects for those who will 
not” [193]. To further the advancements of this new era of individualised 
therapy, it is of the utmost importance that we as researchers try to identify 
new biomolecular markers that can be used to predict which patients will 
benefit the most from which treatments, to identify new biomolecular targets 
for treatments, and to see how these markers are affected by the treatments 
administered. The goal of the present work was to do just that: to see how 
the potential biomolecular markers HA, EGFR and mast cells are affected by 
RT, to determine if the potential biomolecular markers HA, EGFR and 
PDPN can help us predict the risk of regional metastasis and survival, and to 
use metabolomics to identify new possible biomolecular markers that can 
help us predict which patients would benefit the most, or not benefit enough, 
from RT. Moreover, a new animal model of irradiation-induced damage was 
developed in rat that can be used to characterise the influx of inflammatory 
cells in OM, but that can now be used to further examine how RT affects 
different known biomarkers and to test new potential ones. 

The effects of radiotherapy on hyaluronan and EGFR 
One main finding was that HA and EGFR have similar expression patterns 
before RT in both tumour tissue and normal epithelium and that as a result of 
RT, the expression of both EGFR and HA increased. It has not been widely 
demonstrated that HA expression increases as a result of RT, but this is high-
ly interesting in regard to cancer treatment.  

Increased levels of HA are believed to provide an “embryonic-like” envi-
ronment that facilitates tumour cell migration [121]. Numerous mechanisms 
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have been proposed for the accumulation of HA within tumour-associated 
stromal connective tissue, for example, that invasive tumour cells or prod-
ucts secreted by these cells induce a stimulation of HA synthesis by stromal 
cells such as fibroblasts or smooth muscle cells [194, 195]. Carcinoma cell 
lines synthesise relatively little HA in culture [194], but cell lines that have 
little capacity to synthesise HA in vitro can generate tumours in vivo that 
exhibit an over 10-fold increase in HA compared with normal tissues in the 
host animal [195]. This might suggest that other cells within the tumour, 
such as adjacent normal connective tissue cells, might be participating in the 
synthesis of HA. However, the connective tissue fibroblasts did not show 
any cytoplasmic staining, even though there was a clear increase of HA in 
the connective tissue stroma after RT. 

It has been proposed that HA accumulation may represent a failure of 
normal turnover within the ECM. Increased HA accumulation in tumours in 
vivo might not necessarily result from a stimulation of HA synthesis. Instead, 
elevated levels of HA may result from a mere increase in cellularity of the 
tumour, with each cell producing basal levels of HA, or from the fact that the 
lymphatic drainage system, the physiological way of clearing tissue HA, is 
often blocked in advanced malignancies [196]. It can be speculated that the 
accumulation of HA is caused by the tumour invasion; alternatively, the 
accumulation of HA is a way for normal cells to try to defend themselves 
against the invading tumour. Different cell types react differently to HA 
enrichment, and it might be the case that the same is true for an increase of 
HA seen after RT. Since HA of different sizes have different physiological 
properties, where LMW-HA of a defined size is able to induce inflammation 
and angiogenesis [113], while HMW-HA is anti-angiogenic [114] as well as 
immunosuppressive [115], and decreases radiation-induced apoptosis and 
inflammation [197]. No efforts were made to identify which kind of HA was 
responsible for the increase, but the susceptibility of HA to radiation damage 
and breaking down into smaller pieces is already known and believed to be 
due to reactions with both major products of water radiolysis and in the solid 
state, HA behaves similarly to other polysaccharides on γ-irradiation [198].   

 HA is also believed to protect cancer cells against cytotoxic agents like 
doxorubin, adriamycin, and mitomycin C, as suggested by successful com-
bination therapy with hyaluronidase to enhance drug penetration in several 
different types of cancer [199, 200, 201]. A similar protective effect during 
RT has not been further examined. In paper IV, no significant correlation 
could be observed between the immunoscoring of HA and regional recur-
rence in OTSCC patients staged N0; however, no efforts were made to ob-
serve any differences between patients who had undergone RT or not. The 
role of HA in RT needs to be further elucidated as to whether it increases the 
risk of metastasis and if it is a possible target for future anti-cancer therapies.  

By now, it is well-known that irradiation increases the expression of 
EGFR in SCCHN cells. The anti-EGFR IgG1 monoclonal antibody Cetuxi-
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mab is used in Sweden in conjunction with RT in patients with locally ad-
vanced SCCHN, which has been proven to improve the duration of locore-
gional control and median survival [202] since a blockade of EGFR signal-
ling sensitises cells to the effects of radiation [203] . The quantification 
EGFR expression in SCCHN tumours has been proposed to be useful in 
select patients who might benefit from accelerated RT [204, 205], but in 
Paper I, an increase in the percentage of EGFR-expressing cells in the histo-
logically normal epithelium after RT could also be observed. 

The use of Cetuximab in conjunction with RT increases the toxicity of the 
treatment and leads to a higher rate of radiation-induced OM [206] and a 
high expression of EGFR, examined through IHC, in SCCHN is associated 
with poor tumour control [207]. In paper IV, no significant association was 
demonstrated between either the intensity or proportion of EGFR staining 
and survival in a pure OTSCC material, but a trend illustrated by a Kaplan-
Meier curve showed that, in this material, patients with a high EGFR intensi-
ty in their tumours had poorer survival outcomes in general. When examin-
ing EGFR levels in plasma, they have been shown to be significantly high-
er in SCCHN patients compared with controls, but they do not correlate with 
the risk of regional metastasis [208]. In non-small cell lung carcinoma, it has 
been possible to detect EGFR mutations in the saliva [209], and this might 
be a possible new method for SCCHN tumours. EGFR expression measured 
by IHC in a SCCHN tumour has been shown to be able to predict local-
regional relapse after RT [100], but in this thesis, we could only find a weak, 
but non-significant predictive quality to EGFR concerning regional metasta-
sis in a pure OTSCC material, making it of interest for further study to de-
termine whether this correlation could be stronger for some EGFR subtypes, 
specific mutation, post-translation modification or protein methylation.  

Just as for EGFR, HA concentrations are usually higher in malignant tu-
mours than in their normal tissue counterparts [194]. Finding some way to 
target this increase in HA might help in the future to prevent tumour spread, 
but also, when done in conjunction with the anti-EGFR treatment, it might 
help alleviate the side effects of that treatment without compromising the 
outcome for the individual patient. The possible connection between EGFR 
and HA is further strengthened by the fact that EGFR-mediated pathways are 
involved in the HA/CD44 promotion of chemo-resistance in SCCHN [210], 
but it has not been completely studied concerning radioresistance. 

Hyaluronan receptors, cell-to-cell signalling and head 
and neck cancer 
The receptor CD44 is an integral membrane adhesion molecule that contrib-
utes to cell-cell and cell-matrix adhesion, cell growth and trafficking, epithe-
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lial-mesenchymal transition (EMT), and tumour progression. This class of 
HA receptors is expressed by many neoplastic cells and it has been suggest-
ed that expression of CD44 HA receptors provides a mechanism for tumour 
cells to adhere directly to HA and be translocated through HA-enriched 
ECMs. CD44 is also expressed in tumour stem cells that have the ability to 
initiate tumour cell-specific properties [211]. In fact, CD44 is proposed to be 
one of the important surface markers for cancer stem cells [212], but the role 
of HA in correlation with CD44 is not clear. Both CD44 and HA are overex-
pressed at many sites of tumour attachment [213], and it is possible that fail-
ure to reach a threshold level of HA may cause early changes, such as de-
layed growth or increased initial apoptosis that would not be detected later in 
tumour development. As the histologic grade of each tumour progresses, the 
percentage of lesions expressing associated CD44 increases. There is a direct 
correlation between CD44 expression and increased histologic grade of the 
malignancy in head and neck cancer [214].  

CD44 exists in different isoforms and the variant isoforms (CD44v) seem 
restricted to subpopulations endowed with stem cell potential and cancer 
development, and the expression of alternatively mRNA spliced variants of 
CD44 [215], particularly the isoform CD44 v6, is of particular interest due to 
its close correlation with metastatic potential involving cell migration and 
invasion. However, this expression may have more to do with avoidance of 
immune surveillance during metastasis. 

Another HA receptor, Receptor for HA-Mediated Motility (RHAMM), is 
unrelated to but associates with CD44, and upon binding to HA, activates 
intracellular signalling pathways, mainly the Mitogen-Activated Protein 
Kinase (MAPK) pathway that regulates cell functions such as proliferation, 
differentiation, mitosis and apoptosis [216]. RHAMM has also been found to 
be expressed by neoplastic cells and its function is primarily to stimulate a 
locomotory, chemokinetic response of tumour cells to soluble HA [194], 
which is of interest if there is indeed an increase of LMW-HA after irradia-
tion and blockage of RHAMM might lead to a better radioresponse. 

In SCCHN, HA mediates the formation of a complex between the recep-
tor CD44 and EGFR, which is overexpressed in a large proportion of 
SCCHN cases [217, 218]. High-intensity CD44 staining and high EGFR 
expressions have been found to be indicators of poor prognosis in base of 
tongue cancer [219]. On the other hand, toll-like receptors (TLRs) are a pat-
tern recognition receptor class of proteins that play a key role in the innate 
immune system. TLR4 expression by dendritic cells is a prerequisite for 
efficient antigen presentation of tumour antigens furnished by dying cancer 
cells [220] and HA breakdown products from irradiation are one of a number 
of endogenous proteins that bind and stimulate TLR4 [221]. The different 
roles of HA in RT therefore needs to be further explored. 
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Podoplanin and lymphatic metastasis 
The lymphatic system provides important functions for tissue fluid homeo-
stasis and immune response and it is also highly involved in the metastatic 
spread of cancer. The status of the regional lymph nodes in OTSCC is a ma-
jor factor for the prognosis and therapeutic strategy, but the mechanism by 
which tumour cells enter the lymphatic circulation is not fully elucidated 
[222]. Lymph node metastases were for a long time presumed to be caused 
by a passive mechanism, due to the simple morphology of lymphatic vessels. 
In this modern era of biomolecular medicine, the identification of biomolec-
ular markers, which govern lymphatic metastasis, is of great interest in order 
to improve treatment with targeted therapies. PDPN is a specific lymphatic 
vessel marker and the majority of tumours in OTSCC show high expression 
of PDPN. PDPN interacts with two integral membrane proteins that could 
help to further explain how it affects cell motility and metastasis: the previ-
ously mentioned HA-receptor CD44, and CD9, a member of the transmem-
brane tetraspanin family that play a part in cell adhesion, motility, prolifera-
tion and metastasis. CD44 and PDPN are co-ordinately up-regulated in ag-
gressive cancer cell lines and have been found to directly bind to one another 
[223]. CD9 acts as a tumour suppressor in many cancers [224], and co-
expression of CD9 and PDPN is assumed to result in a CD9-mediated de-
crease of PDPN-associated metastasis [225]. That PDPN has these interac-
tions opens up for the possibility that there is a way to influence them, which 
makes the study of PDPN in SCCHN so important. 

In previous studies, high expression of PDPN has also been seen in the 
basal layer of hyper and dysplastic lesions adjacent to SCCHN, which could 
be confirmed in this thesis, since it showed that tumour-adjacent tongue tis-
sue show significantly higher levels of PDPN mRNA when compared to 
healthy, normal tongue tissue. It has previously been speculated that this 
could be interpreted to show that overexpression of PDPN occurs early in 
head and neck tumourigenesis [226]. It was also demonstrated in Paper III 
that PDPN mRNA levels in OTSCC were significantly higher than in the 
normal tongue tissue adjacent to the tumour, but the immunohistochemical 
expression of PDPN did not influence development of node metastasis.  

The lymphatic microvascular density represents a prognostic element for 
lymph node metastasis and in Paper III it was observed that OTSCC tumour 
samples lacking detectable lymph vessels are also negative for PDPN in the 
tumour tissue, even though we could not correlate it to the risk of a positive 
nodal status. 
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Podoplanin and oral tongue squamous cell carcinoma in 
the younger population 
The OTSCC tumours showed inter-individual variation in PDPN mRNA 
levels and young patients (≤ 40 years of age) with OTSCC were more likely 
to express high levels of PDPN than elderly patients with OTSCC. Previous 
studies have shown less exposure in young patients with OTSCC to risk 
factors such as a high alcohol intake and tobacco use, and the exposure time 
in most cases of OTSCC is too short in young patients to be thought to be 
the cause of malignant transformation. It has therefore been speculated that 
OTSCC in the younger population is a different form of disease than in the 
elderly population [227], a speculation that can be strengthened by the find-
ings that these tumours differ in the expression of PDPN. The expression of 
PDPN can be induced by EGF, basic fibroblast growth factor (FGF2), brad-
ykinin and TNF-α [228, 229], which means that PDPN expression may be 
modulated by the environment of the tumour and this could help to explain 
the differences in PDPN expression in different age groups. However, the 
precise mechanisms of PDPN regulation are still unknown and need to be 
further examined in order to gain knowledge about what these differences 
signify in the differences in tumour biology. 

The lymphatic microvascular density represents a prognostic element for 
lymph node metastasis and in this thesis, it was observed that OTSCC tu-
mour samples lacking detectable lymph vessels were also negative for PDPN 
in the tumour. 

 

The role of extracellular matrix and other cell types in 
head and neck cancer in correlation to potential 
biomolecular markers 
Unlike haematological malignancies, solid tumours such as SCCHN are 
made up not only of cancer cells, but also of ECM and many other types of 
cells, such as fibroblasts, endothelial and inflammatory cells, such as mast 
cells, macrophages, lymphocytes, and neutrophils [230]. These cellular 
components of the tumour interact with each other within the ECM frame-
work, where cytokines and growth factors provide the stimulus that leads to 
the constitution of the complex solid tumour tissue. This means that the solid 
tumour ought to be assessed as a whole rather than just attempting to analyse 
only the cancer cells separately, while neglecting to investigate the other 
components of the tumour tissue. The presence of inflammatory cells in sol-
id tumours has been thoroughly established, which has led to the theory that 
the inflammatory microenvironment plays a role in further tumour develop-
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ment and progression [231]. LMW-HA heralds a breach of barriers and the 
destruction of tissue integrity [232] and as a major ECM component, HA has 
frequently been implicated in monocyte/macrophage trafficking and activa-
tion. Growing evidence suggests that ECM molecules such as LMW-HA can 
activate macrophages by initiating TLR-mediated (both TLR2 and -4) innate 
immune responses by stimulating inflammatory gene expression in macro-
phages and acting as an endogenous danger signal [233], and that tumour-
associated macrophages preferentially infiltrate mammary tumours in a 
manner dependent on an HA-rich tumour microenvironment and concomi-
tantly enhance neovascularization and tumour growth [234]. HA degradation 
products also activate monocytes/macrophages to induce the specific gene 
expression programs required for inflammation and ECM remodelling [235]. 

The role of macrophages in head and neck cancer and 
radiotherapy 
Clinicopathological studies have highlighted a link between an abundance of 
TAMs and tumour aggressiveness [236, 237], and studies have shown a cor-
relation between the number of TAMs and poor prognosis for several types 
of solid tumours [238, 239], but several studies have also implied that the 
presence of macrophages in tumours improved patient prognosis. Prominent 
macrophage infiltration tended to positively influence prognosis in colon 
cancer patients [240], and the accumulation of macrophages in other cancer 
forms, such as prostate [241] and colorectal cancers [242], was associated 
with higher survival. Pathological studies of human breast cancer specimens 
also show that the count of macrophages are correlated with HA accumula-
tion in tumours [243].  

The role of macrophages in RT is not completely understood, but deple-
tion of macrophages has in animal models been shown to significantly delay 
tumour regrowth after RT [244]. In the irradiated rat model, an increase of 
PMN cells in the tongue was followed by a much larger increase in macro-
phages, where the wound-healing M2 macrophages peak later than the gen-
eral macrophage marker. No studies has yet been performed to see if macro-
phage depletion during RT in humans could affect the clinical outcome, and 
how it would affect the development of RT-induced mucositis. 

The role of mast cells in head and neck cancer and 
radiotherapy 
An accumulation of mast cells is generally observed around tumours, which 
could be confirmed by the findings in Paper I, and mast cells are recruited at 
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the sites of tumour growth by tumour-derived peptides [245]. This accumu-
lation seems to be associated with a poor prognosis in various cancers and 
suggests an involvement of mast cells in tumour progression [246, 247, 248], 
which is why the finding in this thesis that there is an increase in these cells 
after RT is so interesting.  

The role of mast cells in cancer promotion includes several factors such as 
the release of pro-angiogenic and mitogenic factors, immunosuppression, 
and a role in the degradation of the ECM [249]. Mast cell stimulation of 
angiogenesis and neovascularization at the tumour-host interface is probably 
the most important function of mast cells in the promotion of tumour growth 
[131, 250]. Mast cells mainly seem to stimulate angiogenesis in the early 
phase of tumour development, while at later stages, tumour cells become 
self-sufficient with regard to production of pro-angiogenic factors [251]. 
Mast cells may induce and enhance angiogenesis via several interacting 
pathways and they can release several powerful pro-angiogenic factors such 
as vascular endothelial growth factor (VEGF), heparanase, angiopoetin-1, 
basic fibroblast growth factor, TGF-β, TNF-α and IL-18 [252, 253, 254], and 
mast cells have been postulated to represent a promising target in cancer 
treatment due to their pro-angiogenic activity [255]. It has previously been 
shown that radiation initiates a cascade of pro-inflammatory cytokines such 
TNF-α in the peripheral blood [256]. Since mast cells are a rich source of 
TNF-α [257], they have been used in a previous study on OM to quantify the 
levels of TNF-α [258], showing an increase in the buccal pouch of hamsters 
from day 8 that peaked on day 15 after irradiation. It is therefore interesting 
to note that in the cohort of patients that had undergone RT (paper I), there 
seemed to be a persisting increase of mast cells in the tissue in control biop-
sies taken after the RT was completed and the OM healed.  

The best-known mast cell product is histamine and it can simultaneously 
stimulate tumour proliferation through its interaction with H1 receptors and 
suppress the immune system through H2 receptors, thus contributing to car-
cinogenesis [246], but this effect has not been elucidated when it comes to 
the role of mast cells in RT. Mast cell-specific proteases may also assist in 
ECM degradation and subsequent tumour invasion [259] and, through the 
action of these specific proteases, modulate vascular growth in the later stag-
es of tumour progression [260].  

There is evidence that mast cell accumulation among the peritumoural in-
flammatory infiltrates contributes to a permissive microenvironment for 
carcinogenesis and metastasis [261, 262]. SCCHN tumours, however, have 
shown a lower number of mast cells than squamous cell carcinoma tumours 
in other locations [263]. The anti-neoplastic actions of mast cells include 
direct inhibition of cell growth, increased inflammatory anti-tumour reac-
tion, induction of apoptosis and decreased cell mobility [131]. It has been 
postulated that histamine can increase prostacyclin synthesis by endothelial 
cells; prostacyclin is a potent anti-metastatic factor [249] and TNF-α, IL-1, 
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and IL-6 have been reported to suppress malignant melanoma growth [131] 
[264]. Mast cell tryptase, which was used for IHC in Paper I, can also pro-
mote eosinophil recruitment and survival, which leads to tumour regression 
[254], and it would be interesting to expand our study on RT-induced chang-
es to see if this is the case here. Mast cells might also be able to recruit both 
M1 and M2 macrophages, which are well known to have opposite effects on 
tumour growth [265]. In this thesis, we have studied mast cells in patients 
that had undergone RT and macrophages in the irradiated rat model, and it 
would be interesting to study how the influx of these cells is further correlat-
ed in time and irradiation. 

There are still many uncertainties concerning any clinical relevance of the 
mast cell-tumour relationship and how RT may affect this relationship, but 
mast cells have nonetheless been shown to be involved in tumour progres-
sion as well as inhibition of cell growth in several types of cancer [131, 266, 
267, 268, 269]. The opposite effects of the same mast cell might depend on 
its ability to degranulate or secrete specific mediators in response to a vari-
ance of stimuli.  

The role of neutrophils in head and neck cancer, 
radiotherapy and the development of radiation-induced 
oral mucositis 
One of the most important steps in the involvement of neutrophils in tumour 
development and progression is neutrophil migration to the tumour site. 
Chemokines recruit neutrophils to the tumour site, followed by functional 
activation, which may also contribute to the host antitumour response, but 
other studies indicate that chemokines may mediate the inhibition of neovas-
cularization, tumour growth, and metastases [270]. Tumour-derived neutro-
phils enhance tumour cell invasiveness and metastatic potential [271], and 
neutrophils may assist tumour cells during their transmigration through the 
vessel endothelium [272].  

The direct evidence of the tumour-inducing effect of neutrophils has been 
shown in experiments with nude mice inoculated with fibroblasts. Inocula-
tion with fibroblasts that have been exposed to the activated neutrophils re-
sulted in tumour development [273]. The role of neutrophils in RT is not 
clear, but development of OM due to RT has been shown to be linked with 
an increase in oral neutrophils [274], which was confirmed in Paper II. 
However, the exact role of neutrophils in the development of radiation-
induced OM is still not fully understood.  
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Irradiation-induced oral mucositis in animal models 
This thesis shows that it was possible to establish an animal model in rat 
using a high-energy linear accelerator to study the morphological changes 
and the temporal influx of inflammatory cells during the development of 
radiation-induced OM. Biological events such as the mechanisms of mucosal 
injury are relatively difficult to study in humans, which is why it is of such 
importance to have an animal platform for these studies.  

The model in this thesis showed, in conformity with other studies, that the 
development of radiation-induced OM is dose-dependent [275] and that a 
single irradiation dose of 20 Gy to the entire head region in rats induced a 
reproducible OM and led to significant weight loss. There is a drawback to 
using a single dose when RT-induced OM in SCCHN patients becomes ap-
parent after repeated smaller dose-fractions, but it eliminates the confound-
ing factor of several repeated sedations in the animals, and the use of the 
same conventional high-energy linear accelerator (Varian Clinac 2300 C/D) 
in this model as in the treatment of patients makes it easier to compare the 
results to the RT-induced OM seen in patients, as opposed to using another 
irradiation source in animal models. The single dose of 20 Gy shown to be 
the only dose used to give rise to OM in all of the animals is somewhat low-
er than in other rat models where the entire head was irradiated [276], but 
higher than in OM models that irradiated the entire head in mice [277]. The 
oral epithelium differs between rodents and humans, where rodents have 
more keratinization, and may also differ between the different members of 
the rodent family. In a study by Sonis et al. on hamsters whose buccal pouch 
was irradiated with a single dose of 35 Gy, there was a peak of apoptosis and 
morphological OM at day 15 after irradiation [258]. This is later than at day 
10 in the bucca of the rats in this study. There is a difference in the irradia-
tion dose between the studies that could explain this, but it is interesting to 
note that the peak morphological grading of OM coincided with the peak of 
apoptosis as measured by toluidine blue staining in the study by Sonis et al.  

It was shown in Paper II that an increase of inflammatory cells after irra-
diation preceded the development of morphological OM, which is interest-
ing, since other studies have shown that the irradiation-induced injury occurs 
at the same time as the influx of inflammatory cells [278]. This strengthens 
the theory that OM is in fact an inflammatory process, even though thus far, 
no anti-inflammatory treatment has been able to alleviate this side effect of 
RT. 

It was also demonstrated that the epithelial reaction to radiation in rat dif-
fers between different subsites of the oral mucosa, where the buccal epitheli-
um starts to show signs of epithelial atrophy from irradiation earlier than the 
tongue, and does not show as much epithelial hyperplasia during recovery. 
The ulceration in the buccal mucosa after irradiation is more severe and lasts 
longer than in the tongue, and since it probably corresponds to the ulcerative 
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phase of human mucositis, it emphasises the difference between subsites 
within the oral cavity.  

A hyperplasia of the epithelium was documented in the tongue, but not 
the bucca, in the aftermath of irradiation-induced OM, a so-called overshoot 
phenomenon. This is interesting to note, since irradiation has been shown to 
be useful for inhibiting the hyperplasia of endothelial cells after vascular 
stenting [279]. Why the epithelium of the rat tongue reacts differently to 
irradiation needs to be further examined. 

Radiation-induced metabolomic changes in squamous 
cell carcinoma cell lines 
The change of the cancer cell metabolome induced by irradiation was stud-
ied in Paper V using two cell lines from the same patient, UM-SCC-74A and 
UM-SCC-74B, with different radiosensitivity. STR was used to verify the 
similarity of UM-SCC-74A and UM-SCC-74B cells and both clonogenic 
survival assays and long-term cell growth assays proved UM-SCC-74A cells 
to be clearly more radiation-sensitive than UM-SCC-74B cells. This means 
that these cell lines can be used to examine the differences between SCCHN 
tumour cells with different radiosensitivity. This is interesting, as treatment 
for SCCHN may initially be successful, followed by the development of 
increasingly aggressive and resistant tumour cells which cause many patients 
to relapse into disseminated and treatment-resistant disease. Such develop-
ment is termed tumour progression, a process that has increasingly been 
understood to be associated with alterations in cellular metabolism. In this 
context, the best-studied alteration is the Warburg effect, the fact that tumour 
cells consume far more glucose than normal cells, and not only to produce 
pyruvate in glycolysis, but also to provide other building blocks and energy 
required for the increased proliferation rate of tumour cells [280]. Several 
other alterations have also been reported to correlate with tumour progres-
sion, such as increased glutaminolysis and fatty acid oxidation as well as 
altered patterns of macromolecule synthesis and storage. Other molecular 
alternations include molecular pathways that support the survival of the tu-
mour cell under conditions of cellular stress, such as chemotherapy or lack 
of nutrients or oxygen [281]. Tumours can adapt metabolically to many 
types of cellular stress, such as hypoxia, nutrient depletion and radiation. 
This adaptive capability, or plasticity, is due to the tumour’s range of “op-
tions” in terms of metabolic alterations and the combinations thereof [280]. 
Suggestions of mechanisms involved in radiation treatment and radiore-
sistance of cancer cells have been reported in the literature [282, 283, 284], 
but the data are based primarily on genome, transcriptome and proteome 
data, thus generating hypotheses further away from phenotype compared to 
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metabolomics profiling [285], even though it has been shown that RT 
changes the metabolomic pattern in tumour types other than SCCHN [286]. 

While much effort has been devoted to proteomic and genomic profiling 
and the identification of various protein and gene components of cancer, 
metabolomics has just begun to enter the field of cancer diagnostics and 
tumour biology, and data on metabolic signatures in cancer cells or tissues 
are still very limited. The experiment performed on the cancer cell lines 
showed that metabolic profiling of cultured squamous cancer cells to evalu-
ate radiation response was feasible. It could be shown that OTSCC cell lines 
with different radiosensitivity differ in their metabolome after exposure to 
ionising radiation, which means that metabolomics might be a potential 
method for finding new biomolecular markers that could predict the radio-
sensitivity of tumours. It has also recently been shown that MS-based 
metabolomic analysis, such as that used in Paper V, can be used on formalin-
fixed paraffin-embedded material [287], which creates potential for future 
clinical use of metabolomic analysis on tumour samples to determine their 
radiosensitivity.  

Radiation exposure can trigger a complex series of molecular responses 
involving many signalling pathways that can affect metabolism either direct-
ly or indirectly by altering cell growth. In addition to its well-known effects 
on DNA, ionising radiation directly impacts multiple cellular compartments 
even at relatively modest doses, and triggers a variety of signalling pathways 
[288]. The more radioresistant cell line UM-SCC-74B demonstrated numer-
ous alterations in metabolic response to radiation, whereas the more radio-
sensitive cell line UM-SCC-74A demonstrated fewer metabolic changes 
compared to unirradiated controls, so even though the cell lines were identi-
cal according to STR genotyping, their metabolic profiles clearly differed. 
Some interesting metabolites for further study were identified. A next step 
would be to make a selection of interesting biomarkers before deriving a 
multivariate predictive model, to see if they make the cut. Several down-
regulated metabolites were identified in the more radioresistant cell line 
UM-SCC-74B related to nicotinate and nicotinamide metabolism, but the 
most pronounced changes in the metabolome after irradiation for the more 
radioresistant cell line UM-SCC-74B were for Docosonaoyl-CoA and Leu-
kotriene E4. The radiation-induced inflammatory response is considered a 
major factor that promotes radioresistance in tumour cells [289] [290]. The 
findings in Paper V point towards a possible link between inflammation and 
radioresistance in the form of leukotrienes.  

How to identify high-risk patients 
Studies have shown that only approximately 30% of patients with SCCHN in 
industrialised countries are diagnosed at an early clinical stage and that two-
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thirds of the patients are diagnosed at presentation with advanced stage III or 
IV tumours [88]. One reason for this is that the symptoms are diffuse and a 
correct diagnosis might be hard to establish, but it has been suggested that a 
big part of it is due to the lack of appropriate screening biomolecular mark-
ers [89]. Studies on biomolecular biomarkers such as those in the thesis play 
a valuable role in presenting trends and associations, paving the way to pro-
spective randomised trials. The selection of a cancer biomolecular markers 
consists of being able to identify a subset of features in the malignant pheno-
type that will allow for a good discriminating power between the tumour and 
healthy samples, and most studies on biomolecular markers do not come any 
further than this. If a potential biomolecular marker is identified, a perfor-
mance evaluation follows, which is the assessment and validation of the 
biomarker found during the first step. Then comes the creation of a final 
model in order to develop a fixed mathematical equation or computer algo-
rithm into a single test score to be able to accurately predict a particular clin-
ical outcome, given measured biomolecular marker’s responses from a target 
population. Many other potential biomolecular markers have been investi-
gated in SCCHN, but small studies and methodological concerns make it 
difficult to come to any clear conclusions about the applicability of the pro-
posed markers in the clinic. Larger studies are needed where it is possible to 
examine several different markers in conjunction – maybe one marker is not 
enough, but a pattern of markers is what we need? 

Of the three biomolecular markers assessed in this thesis, only HA was 
shown to be of significant importance for survival. The tumour’s interplay 
with the ECM and lymph vessels is of vital importance for both tumour 
growth and migration, and beyond the possible biomolecular markers that 
we have investigated, there are other possible biomolecular markers affect-
ing the ECM, such as matrix-metalloproteinases (MMPs). HMW-HA has 
been shown to down-regulate MMP-3 [291]. MMP-3 provides a conducive 
microenvironment for tumour growth and degrades ECM promoting tumour 
migration, but unfortunately has been shown to have low specificity [292]. 
Not only EGFR, but also cytokeratins have been shown to be overexpressed 
in epithelial cancer, and cytokeratin-6, -16 and -17 have been investigated in 
SCCHN as biomolecular markers for early detection and prognosis, but clin-
ical validation has not been possible [293]. Other potential biomolecular 
markers for OSCC are interleukin IL-8 in salivary samples and IL-6 in se-
rum [294], but they show a lack of sensitivity and specificity that has made 
validation impossible. Chemokine receptors CXCR2, CXCR4 and CCR7 
have been investigated in biopsy specimens of SCCHN and have shown 
interesting results concerning prognosis and metastasis, but neither of these 
finding have been able to be clinically validated [295].  

Here, metabolomics, which was used to find potential biomolecular 
markers to identify radiosensitivity, presents an interesting way to find not 
only one or two potential biomolecular markers, but perhaps a pattern of 
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changes that could be detected in order to not only identify malignant lesions 
earlier, but also to predict the response to treatments such as RT and the 
outcome for the patient. 
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Strengths and limitations 

The strength of these studies together is the combined approach of looking at 
already defined potential biomarkers and trying to identify new potential 
biomolecular markers, alone and in conjunction with irradiation, in patients 
as well as in cell lines, and developing an experimental model that will make 
it possible to study new potential biomolecular markers in depth in the fu-
ture. 

Patient populations 
There are some concerns about the studied cohorts. The studies on patients 
in this thesis (Studies I, III and IV) were all retrospective studies. The patient 
population in the first study was very limited and comprised patients with 
SCCHN who had undergone RT. Since the material was so small, no analy-
sis was made as to whether there were any differences between the different 
subsites of tumours.  

No power analyses were made to calculate the numbers required to poten-
tially find significant statistical differences. 

For Studies I and IV, all patients were diagnosed and treated at the same 
centre, while for Study III, they came from two different centres in two dif-
ferent countries. 

Immunohistochemistry 
To avoid autolysis, it is important to fixate the tissue used promptly [296]. In 
our studies, we used fresh paraffin-embedded, rather than fresh-frozen, tis-
sue for IHC, both for the patient and animal material, which reduces the 
exposure of the tissue and thus reduces the risk of forming artefacts. Im-
portant structures may have been lost when sectioning the tissue. Five µm 
sections were used, and every 5 sections were checked to ensure that tumour 
tissue was still left in the tissue samples, and even if we had used larger sec-
tions, the risk of losing important structures would have remained. 

The antibodies used in our studies have been used extensively before, and 
when possible, automated systems were used to perform staining, since 
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staining this way is considered more reproducible than staining by hand 
[297]. 

As often as possible in these immunohistochemical investigations, semi-
quantitative scoring systems were used, based on previous published studies, 
since the post-analytical limitations of immunohistochemical studies often 
relate to the interpretation of the results. The semi-quantitative analysis is 
sometimes referred to as a blunter method, but it remains the method of 
choice until completely standardised methods of IHC are introduced, or until 
automated systems for interpretation become available [296, 298]. 

RNA analysis 
The main challenge of using real-time quantitative PCR is the sample of 
mRNA, because it is considered difficult to handle by low level and concen-
tration of mRNA of interest and low stability at room temperature together 
with sensitivity to action of ribonucleases and pH change [299]. In Study III, 
some tissue samples had been analysed before; they had been homogenised 
in Trizol and total RNA was extracted using either chloroform or an 
RNA/protein purification kit from Norgen. The tissue samples that had not 
been analysed before were homogenised in a lysis buffer from All Prep 
DNA/RNA/miRNA Universal Kit from Qiagen using Precellys from Bertin 
Technologies. To make sure there were no differences in quality or yield 
between the methods, all samples were analysed using Nanodrop ® and Bio-
analyzer ®. 

Irradiation of cell cultures and metabolomics 
When a cell culture is exposed to radiation, some cells go through reproduc-
tive cell death, i.e. they lose their capacity to divide and form colonies; some 
cells only divide to a small degree and form small colonies, some cells di-
vide more slowly and form colonies over longer periods of time. The re-
maining cells that are not affected by radiation in their capacity to divide 
represent the surviving fraction after radiation of the cell culture. When us-
ing cultured cells, it is thus important to know which cells are being studied. 
In this thesis, we chose to study the metabolomic changes earlier, rather than 
when studying changes in vivo – as early as at 4 and 24 hours after irradia-
tion, to be sure that we did not just study a selected clone of cells that were 
more radioresistant, since that would have made it more difficult to compare 
the two cell lines. 

A major problem with using a cell culture approach is that it does not ful-
ly resemble the physiological and pathological conditions seen in tumours in 
patients, e.g. the cells do not have the same structural organisation within an 



 78 

ECM and thus differ considerably in their morphology, cell-cell and cell-
matrix interactions [300], which makes it important to confirm the findings 
from this thesis with other methods. But by choosing to grow only one cell 
type in monolayer, the phenomenon in which unirradiated cells exhibit ef-
fects of radiation as a result of signals received from nearby irradiated cells 
was removed.  

Dose uniformity for radiation in cell culture vessels is also important. In 
modern times, in vitro (literally meaning “on glass”) cell cultures are no 
longer cells growing on glass, but on plastic, which means all the containers 
are more alike. We chose to grow cells attached to a plastic surface covered 
with an aqueous medium instead of suspended in an aqueous medium solu-
tion, not only because SCC grow better that way, but to make sure the cells 
were all on the same level in the container. There are cell containers in vari-
ous forms such as Petri dishes, flasks, and multi-well plates, which is very 
important in radiobiological work, as dose uniformity affects cell survival 
probability. The different containers have different materials in them, for 
example a cork to a flask would scatter some of the irradiation, which is why 
we opted to use flat Petri dishes with as little disruptive material as possible. 
Irradiation dose inhomogeneity within a cell culture vessel is not negligible 
and the placement of cells in the vessel should be carefully considered [301], 
which is why the use of a Cesium source, as in this thesis, that can deliver an 
even dose to the whole Petri dish, is a good way to make sure that all cells 
receive as close to the same irradiation dose as possible.  

The results of a metabolomic study are a snapshot showing the metabo-
lomic profile in the specific moment that the samples were collected, but 
metabolomics is often used to describe the continuous processes and changes 
in metabolism that may give rise to a simplified or plainly wrong idea of 
what is happening inside the cells. To counter this, we chose to study both 
the rapid result 4 hours after irradiation, as well as the more intermediate 
result 24 hours after irradiation, in order to gain a clearer picture of how the 
change occurred over time. 

Many metabolites are very general and are part of multiple parallel pro-
cesses at the same time, making it hard to pinpoint which process or pro-
cesses are actually affected by the intervention in the study, and big changes 
may overshadow the smaller, yet more interesting changes that occur. An 
example of this is that energy metabolism is often affected, a change that can 
be big and may easily overshadow the more specific and interesting changes 
that also occur. 

In the individual metabolomic study, from the time of sample collection 
until data analysis, traits such as variations in sample-taking, how sample 
preparations are carried out and instrumental variations may cause unintend-
ed variations in the data during the analysis, which leads to a total variation 
in the data. If this variation is bigger than the actual biological change in the 
material, then the biological change might not be detectable, since it is not 
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possible to quantify metabolomic changes that are smaller than the total var-
iation in the data [302]. To avoid this, the same people were involved in all 
of the same steps in this study. 

The animal model 
In Paper II, an animal model of radiation-induced OM was developed in rat, 
although other animal models have already been established in experimental 
research into OM [303], the most frequent being mouse models [304, 305, 
306, 307, 308, 309, 310]. But due to the small size of the mouse, it is techni-
cally difficult to produce a normative irradiation dose. The hamster buccal 
pouch OM model has contributed significantly to research into chemothera-
py-induced mucositis, but irradiating the everted hamsters’ buccal pouch 
[311] is an invasive measure that risks harming the mucosa. The more phys-
iologically stable rat model has the advantage of the size of the tongue and 
cheeks, which can be handled more easily than those of smaller rodents. 

Radiation-induced glossitis in Sprague-Dawley rats has been studied pre-
viously, most likely because it is the most accessible sub-site in which to 
study OM [312, 313, 314]. In agreement with other studies, it was found that 
radiation-induced injuries of the lingual and buccal mucosa are not identical 
[315]. That is why irradiating not only the tongue, as the entire oral cavity is 
of importance. There is a drawback to using a single dose, when RT-induced 
OM in SCCHN patients becomes apparent after repeated smaller dose frac-
tions, but it takes away the confounding factor of several repeated sedations 
in the animals. 

By pulling the tongue out of the mouth, using forceps, as in earlier studies 
on rat [312], there is a risk of injuring the tongue in ways other than just 
irradiation, which might partly explain the longer duration of the mucositis 
in other studies [312]. The use of a conventional high-energy linear accelera-
tor (Varian Clinac 2300 C/D) in this study instead of X-ray or radioactive 
plaques also makes the results easier to compare to the RT administered in a 
clinical setting. 
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Conclusions 

Based on the results from Papers I-V, the following conclusions can be 
made: 
• In a material of biopsies of SCCHN tumours, the less differentiated the 

tumour, the more intense was the IHC staining for both HA and EGFR 
in the tumour tissue. 

• In a material of biopsies of SCCHN tumours analysed by IHC, the per-
centage of EGFR-expressing cells increased after RT in the histological-
ly normal epithelium.  

• In a material of biopsies of SCCHN tumours, there was an increase of 
IHC stain for HA in the connective tissue stroma after RT. 

• In a material of biopsies of SCCHN tumours, an increased number of 
mast cells was observed as a result of RT in the histologically normal 
epithelium, while a decrease of the number of mast cells was observed in 
the connective tissue stroma. 

• A single irradiation dose of 20 Gy to the entire head region of Sprague-
Dawley rats induced a reproducible OM and led to significant weight 
loss.  

• The epithelial reaction to radiation in rat differed between different sub-
sites of the oral mucosa. 

• The ulceration in the buccal mucosa in rat after irradiation was more 
severe and lasted longer than in the lingual mucosa. 

• In irradiation-induced OM in rat tongue, there was an initial increase of 
immunoscoring of PMN cells followed by a much larger increase of 
immunoscoring of macrophages, where the wound-healing M2 macro-
phages peaked later than the general macrophage marker. 

• There was an increase in both PMN cells and general macrophages be-
fore the increase in M2 macrophages in irradiation-induced OM in rat. 

• There was no significant correlation between expression of PDPN, N-
status, T-status, gender or localisation for OTSCC tumours.  

• OTSCC tumour samples lacking detectable lymph vessels were also 
negative for PDPN in the tumour tissue.  
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• OTSCC tumours showed significantly higher levels of PDPN mRNA 
compared to both healthy controls, and clinically normal tongue tissue 
adjacent to the tumours.  

• Tumour-adjacent tongue tissue showed significantly higher levels of 
PDPN mRNA when compared to healthy normal tongue.  

• OTSCC tumours showed an inter-individual variation in PDPN mRNA 
levels. 

• OTSCCs arising in young patients (≤ 40 years of age) were more likely 
to express high levels of PDPN than OTSCCs arising in the more elder-
ly.  

• There was a significant correlation between the intensity of the IHC 
staining for HA and survival in OTSCC tumours. 

• There were in OTSCC no significant associations between the intensity 
or the proportion of EGFR IHC staining and survival. 

• There was no significant correlation between the immunoscoring of HA 
and regional recurrence in OTSCC patients staged N0. 

• There was a weak predictive quality to EGFR IHC staining concerning 
regional metastasis in OTSCC. 

• The metabolic profiling of cultured squamous cancer cells to evaluate 
radiation response was proven to be feasible.  

• STR verified the similarity of UM-SCC-74A and UM-SCC-74B cells 
and both clonogenic survival assays and long-term cell growth assays 
proved UM-SCC-74A cells to be clearly more radiation-sensitive than 
UM-SCC-74B cells.  

• Significant alterations in the metabolome were observed post irradiation 
for both cell lines UM-SCC-74A and UM-SCC-74B, and notable differ-
ences between the two cell lines were also observed.  

• The more radioresistant cell line UM-SCC-74B demonstrated numerous 
alterations in metabolic response to radiation, whereas the more radio-
sensitive cell line UM-SCC-74A demonstrated fewer metabolic changes 
compared to unirradiated controls.  

• Several down-regulated metabolites were identified in the more radiore-
sistant cell line UM-SCC-74B related to nicotinate and nicotinamide me-
tabolism. 

• The most pronounced changes in the metabolome after irradiation for the 
more radioresistant cell line UM-SCC-74B were for Docosonaoyl-CoA 
and Leukotriene E4.  
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Future perspectives  

There are many aspects to the research into cancer and its treatment, and the 
studies in this thesis open up a vast array of interesting questions to follow 
up, ranging from the purely biomolecular to clinical studies. A number of 
potential future studies are listed below. 

LMW- vs HMW-HA and the risk of metastasis 
No significant correlation could be observed between the immunoscoring of 
HA and regional recurrence in OTSCC patients staged N0, but since RT 
increases the expression of HA and irradiation is known to increase the 
LMW-HA, radiation might lead to a more favourable environment for me-
tastasising. It would be of great interest to look further into whether the pa-
tients who received RT might have a correlation between HA expression and 
the risk of metastasis. 

The more immediate change in the expression of HA was not studied. It 
would be interesting to see when in time this expression changes due to 
speculation that the increase in HA is vital for a tumour’s ability to grow and 
metastasise. It would also be interesting to further study whether there is a 
shift over time between LMW and HMW-HA after irradiation. 

The fact that RHAMM has been shown to stimulate a locomotory, chem-
okinetic response of tumour cells to soluble HA [194] makes it interesting to 
see whether there is indeed an increase of LMW-HA after irradiation and 
blockage of RHAMM might lead to a better radio-response. 

The predictive qualities of EGFR subtypes in OTSCC 
A weak, but non-significant predictive quality to EGFR concerning regional 
metastasis was observed in a pure OTSCC material, making it of interest to 
further study whether this correlation could be stronger for some EGFR sub-
types, specific mutation, post-translation modification or protein methyla-
tion. 
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Biomolecular markers and radioresistance 
The connection between EGFR and HA is underscored by the fact that 
EGFR-mediated pathways are involved in the HA/CD44 promotion of 
chemo-resistance in SCCHN [210], and it could be interesting to see if these 
pathways are also involved when it comes to radioresistance, since HA is 
believed to protect cancer cells against cytotoxic agents [199, 200, 201]. 

The HA-binding protein CD44 and PDPN are co-ordinately up-regulated 
in aggressive cancer cell lines, and since it was shown that HA is affected by 
RT, it would be interesting to see if this is also the case for PDPN and if it 
affects radioresistance. 

Tongue cancer in the young 
It has been speculated that OTSCC in the younger population is another 
form of disease than in the elderly population [227], a speculation that can 
be strengthened by our findings that these tumours differ in the expression of 
PDPN. It would be of great interest to research this further to see whether 
there are other risk factors for young patients and if there are specific bio-
molecular markers that could be used specifically for this age group. 

The role of lymph vessels and inflammation 
Lymphangiogenesis is made up of a series of complex cellular events and 
recent evidence has implied that macrophages act as a direct structural con-
tributor to lymphatic endothelial walls or secrete VEGF-C/-D and VEGF-A 
to initiate lymphangiogenesis in inflamed or tumour tissues [316]. Given 
this, it would be interesting to use PDPN in conjunction with the inflamma-
tion markers such as those studied for macrophages in this thesis to charac-
terise the lymph vessels further and clarify their role in tumour development. 

Factors affecting the risk of severe OM 
The animal model for radiation-induced OM that was established in this 
thesis using a high-energy linear accelerator to study the morphological 
changes and temporal influx of inflammatory cells will make it possible to 
study biological effects of irradiation on biomolecular markers that are rela-
tively difficult to study in humans. There is also individual variability in the 
risk of developing radiation-induced OM, meaning that not all individuals 
who receive the same radiation dose develop OM of the same severity, and it 
would be interesting to further elucidate the biomolecular mechanisms be-
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hind this variability in order to be able to predict which patients are at the 
highest risk of RT-induced OM and how this development could be prevent-
ed. 

The role of mast cells in radioresistance and fibrosis 
Mast cells seem to be part of both promotion of and protection against tu-
mour progression and it would be interesting to expand our study on RT-
induced changes to see if which is the case after irradiaton. 

How this persistence increased the presence of mast cells affects the irra-
diated tissue and the development of post-irradiation fibrosis is still un-
known and would be of interest for further study. It would also be interesting 
to build on the findings from other studies that show mast cells to be able to 
induce radioresistance in tumours, to explore whether the proportion of the 
increased influx of mast cells due to RT in SCCHN could be correlated with 
the level of tumour radioresistance. 

The influx of macrophages and survival 
It would be interesting to study whether there is a correlation in SCCHN 
between macrophage infiltration and the proportion between M1 and M2 
macrophages and survival, especially in the case of RT, in order to see if 
different patterns of influx and macrophage subtypes affect the response to 
treatment. 

EGFR and metabolomics 
Since there is a known correlation between EGFR activation and a dysregu-
lation of the aerobic glycolysis in tumour cells, it would be an interesting 
path for the future to use the model with SCCHN cell lines to study the ef-
fect of irradiation on EGFR in conjunction with the study of the metabolom-
ic changes in order to find potential ways to influence this correlation to 
make the cells less radioresistant. 

Metabolomics, inflammation and cancer 
A next step on the metabolomics of radioresistance would be to study a se-
lection of interesting biomolecular markers before deriving a multivariate 
predictive model. Data found in paper V pointed towards a possible link 
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between inflammation and radioresistance in the form of leukotrienes that 
needs to be further examined. 

It has earlier been shown that MS-based metabolomic analysis, such as 
used in this thesis, can be used on formalin-fixed paraffin-embedded materi-
al [287]. If stable metabolomic patterns can be established to identify radio-
sensitivity, it would be interesting to see whether metabolomic analysis 
could be used on tumour samples to determine their radiosensitivity. 
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