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Proton- compared to X-irradiation
leads to more acinar atrophy

and greater hyposalivation
accompanied by a differential
cytokine response

Inga Solgard Juvkam'?, Olga Zlygosteva3, Mateusz Sitarz*, Brita Singers Serensen®>,
Hans Christian D. Aass®, Nina Jeppesen Edin®, Hilde Kanli Galtung?, Tine Merete Seland’”:8 &
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Proton therapy gives less dose to healthy tissue compared to conventional X-ray therapy, but
systematic comparisons of normal tissue responses are lacking. The aim of this study was to investigate
late tissue responses in the salivary glands following proton- or X-irradiation of the head and neck in
mice. Moreover, we aimed at investigating molecular responses by monitoring the cytokine levels

in serum and saliva. Female C57BL/6J mice underwent local fractionated irradiation with protons or
X-rays to the maximally tolerated acute level. Saliva and serum were collected before and at different
time points after irradiation to assess salivary gland function and cytokine expression. To study late
responses in the major salivary glands, histological analyses were performed on tissues collected at
day 105 after onset of irradiation. Saliva volume after proton and X-irradiation was significantly lower
than for controls and remained reduced at all time points after irradiation. Protons caused reduced
saliva production and fewer acinar cells in the submandibular glands compared to X-rays at day 105.
X-rays induced a stronger inflammatory cytokine response in saliva compared to protons. This work
supports previous preclinical findings and indicate that the relative biological effectiveness of protons
in normal tissue might be higher than the commonly used value of 1.1.
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Head and neck cancer (HNC) is the sixth most common cancer in the world, and treatment typically involves
surgery followed by radiotherapy (RT) or chemoradiotherapy!?. RT may damage normal tissue surrounding the
tumour, thereby causing detrimental late toxicities which might impair the patient’s quality of life. A common
late toxicity for HNC patients is hyposalivation caused by RT-induced damages to the salivary glands®*. Reduced
saliva production has detrimental effects on oral health causing loss of taste, difficulties in speaking, eating,
and swallowing, accompanied by increased incidence of caries and fungal infections®®. Hyposalivation is often,
but not always, associated with xerostomia, the patient-reported sensation of having a dry mouth®’. Therefore,
approaches that can reduce the radiation dose to salivary glands and thus potentially decrease related toxicities
are warranted.

Proton therapy is an important tissue-sparing modality due to its favourable dose distribution compared to
conventional X-ray therapy. With protons, a large part of the total dose will be deposited in a steep and localised
region, called the Bragg peak, with less entrance dose compared to X-rays and practically no exit dose®. X-rays
on the other hand will travel through the entire cross-section of the patient and deposit dose along the whole
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beam path’. Compared to X-ray therapy, proton therapy will thereby lead to reduced normal tissue dose and
potentially less toxicities. However, the clinical documentation of reduced tissue toxicity after protons in HNC is
still quite sparse’®, and HNC patients still report xerostomia after proton therapy'!:'.

Compared to irradiation with X-rays, proton irradiation has shown differences in DNA damage and
repair!®>-!7, gene expression modulation'®-23, and inflammatory cytokine production?®. Protons are biologically
more effective in killing cells than X-rays, which is commonly implemented in proton therapy clinics as a relative
biological effectiveness (RBE) of 1.125%6. The standard RBE of 1.1 for protons has recently been debated?’~%, as
research documenting a variable RBE across the proton beam path is increasing’*-32. An extensive review has
reported an average RBE for cell survival of 1.1 in the entrance region and up to 1.7 at the distal fall-off of the
Bragg peak?. The variable RBE is suggested to be in part caused by the increase in linear energy transfer (LET)
as the protons slow down towards the Bragg peak®®**. This increase in LET at the distal fall-off of the Bragg
peak has shown to have clinical implications to normal tissues located close to the tumour®>~*. The response of
normal tissues to proton irradiation is still largely unknown, despite the established differences between protons
and X-rays. Therefore, there is a requirement for further preclinical experiments to investigate this matter. Also,
monitoring changes in cytokine levels after radiotherapy is important to understand the evolution of systemic
signals and association between inflammatory responses, the immune system, and the development of normal
tissue toxicities?’. Thus, there is a need for systematic comparisons of cytokine production and late normal tissue
responses occurring after proton- and X-irradiation.

In the present study, we investigate functional, cellular, and structural changes in mouse salivary glands after
fractionated proton or X-irradiation in vivo. For protons, we use two approaches that give different irradiated
volume, dose- and LET-distributions in the mouse head. The first proton approach (transmission mode: TM)
has a similar dose distribution, LET, and irradiated volume as the corresponding X-ray group*!. The second
proton approach (Bragg peak: BP) has a more clinically relevant dose distribution than TM, with the Bragg peak
ending up in the middle of the mice where normal tissues at the distal fall-off of the Bragg peak might receive
high LET protons. Moreover, we study molecular responses by monitoring the cytokine levels in serum and
saliva at different time points before and after irradiation and link the levels with the observed normal tissue
responses. Through this, we bring new light on tissue and systemic effects after proton therapy of the head and
neck.

Results

Decreased saliva volume after protons versus X-rays at day 105

To investigate the salivary gland function after proton or X-ray therapy, saliva volume was collected before
and at several different time points after irradiation. Saliva volume was significantly reduced after X- or proton
irradiation compared to controls right after treatment termination (day 9 for protons, day 12 for X-rays) and at
day 35, 70, and 105 after onset of fractionated irradiation (Fig. 1). The BP group showed a tendency of higher
saliva volume compared to the TM group at every time point after irradiation. The TM and X-ray group showed
similar saliva levels except at day 105, where the TM group showed significantly lower saliva volume compared
to the X-ray group (p=0.043), even though the TM group received 45 Gy in total dose while the X-ray group
received 65 Gy.

Loss of acinar cells, increased salivary gland fibrosis, and reduced gland size in irradiated
groups

To investigate the salivary gland damage at day 105 after onset of fractionated irradiation, histological evaluations
were performed using hematoxylin and eosin (HE), alcian blue (AB), and Masson trichrome (MT) staining. HE-
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Fig. 1. Reduced saliva volume in irradiated groups. Saliva volume in all treatment groups before irradiation
(baseline), right after treatment termination (day 9 for protons, day 12 for X-rays), and at different time
points after irradiation (days 35, 70, and 105). P-values are shown only between groups with p <0.05. Data are
presented as mean +95% CI. TM = transmission protons, BP = Bragg peak protons.
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stained sections showed atrophy of acinar cells in the submandibular (SMG) and the sublingual salivary gland
(SLG) in all three irradiated groups (Fig. 2). Conversely, in the parotid gland (PG) acinar atrophy was only
observed in the TM group. In the TM mice, acinar atrophy was observed in the entire SMG and SLG. In BP and
X-ray mice, however, acinar atrophy was only observed in focal areas of the SMG and SLG, consistent with lower
saliva volume observed in the TM mice at day 105. No acinar atrophy was observed in any of the control glands.
AB-stained sections showed less cells stained blue in all irradiated groups, indicating fewer cells containing mucin
(acinar cells) compared to controls (Fig. S1), confirming the observation made in HE-stained sections. Analysis
of total gland area showed significantly reduced SMG area in the X-ray and TM group (X-ray: p = 0.0415, TM:
p = 0.003) (Fig. 3A-B), with TM mice demonstrating the largest reduction compared to controls. The same
tendency was observed in SLG, but it was not statistically significant. Analysis of the amount of fibrotic area was
performed using MT-stained sections. Both proton groups demonstrated a significant increase in fibrotic area
compared to controls (TM: p=0.002, BP: p=0.011). The X-ray group did not display a difference in fibrotic area
compared to the controls (Fig. 3C-D).
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Fig. 2. Acinar atrophy was observed in all irradiated groups. Representative images of hematoxylin and eosin
(HE) stained sections 105 days after onset of proton (TM and BP) or X-irradiation. HE-sections of irradiated
and control submandibular (SMG), sublingual (SLG) and parotid (PG) glands. Acinar atrophy was observed
in all irradiated groups of SMG and SLG. In the TM mice, acinar atrophy was observed in the entire SMG and
SLG, while in BP and X-ray mice acinar atrophy was only observed in parts of the SMG and SLG. No areas

of acinar atrophy were observed in any of the control glands. The images were taken with a 20x objective and
the scale bar is 100 pm. TM = transmission protons, BP = Bragg peak protons, a=acinar cells, d =ducts,
c=connective tissue, ad =adipocytes.
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Fig. 3. Total gland area and fibrotic area. Quantified total gland area of the (A) submandibular gland (SMG),
and (B) the sublingual gland (SLG) in all treatment groups and controls at day 105. Percentage of fibrotic area
in (C) SMG, and (D) SLG in all treatment groups and controls at day 105. P-values are shown only between
groups with p <0.05. Data are presented as mean + SD. TM = transmission protons, BP = Bragg peak protons.

Significantly less acinar cells after protons compared to X-rays at day 105

To further assess the acinar atrophy observed in the HE-stained sections, immunofluorescence labelling using
antibodies against the acinar cell marker MIST1 and the ductal cell marker CK19 was performed (Fig. 4A-B).
This showed a significant reduction of MIST1* nuclei relative to total nuclei in all irradiated groups compared to
controls (Fig. 4C), confirming our observation of loss of acinar cells in HE-stained sections. Interestingly, both
proton groups showed a significantly lower percentage of MIST1" nuclei compared to the X-ray group (TM: p <
0.0001, BP: p=0.0214). The largest reduction in MIST1" nuclei was found in the TM group, correlating well with
the largest increase of fibrotic area, largest reduction of total gland area and lowest saliva volume in this group.
The cell density was not different between any of the treatment groups (Fig. 4D). Surprisingly, we observed more
CK19* cells in the irradiated sections, especially in areas with a low number of MIST1* nuclei, as shown in
Fig. 4B. Moreover, HE- and AB-stained sections of the SMG showed more clusters of large acinar cells in both
proton groups compared to the X-ray group. Immunofluorescence showed that these acinar cell clusters were
expressing MIST1 (Fig. S2), indicating that they might still have a secretory phenotype.

Cytokine profiles after proton versus X-ray fractionated irradiation

A panel of 11 cytokines were assessed in both serum and saliva. Of these, four cytokines (IL-1a, G-CSFE, TIMP-1,
and MIP-1a) were commonly detected in saliva and serum samples after both proton and X-irradiation (Fig. 5
and S3), while one (TNF) was only detected in saliva. Most often, irradiation caused increased levels of all
detected cytokines. In saliva samples, the levels of G-CSF, TNE, TIMP-1, and MIP-1a were significantly increased
in the X-ray group compared to controls at day 9/12, while the increase in IL-1a level was not significant (Fig. 5).
In addition, the levels of IL-1a, TIMP-1 and TNF were significantly higher in the X-ray group compared to
both proton groups at day 9/12, while the levels of G-CSF and MIP-1a were significantly higher for the X-ray
group compared to the TM group only. At later time points, the X-ray group showed a significant increase in
IL-1a and TNF levels at day 70 and a similar trend in G-CSF and MIP-1a (not significant). TIMP-1 levels were
also increased in all irradiated groups compared to controls at days 70 and 105 (significant for X-ray and BP
groups). In serum samples, the levels of IL-1a were significantly higher in the X-ray group compared to both
proton groups, while it was opposite for G-CSF levels measured at day 9/12 (Fig. S3). The levels of TIMP-1 were
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Fig. 4. Reduced number of acinar cells in all irradiated groups showed by the acinar cell marker MIST1 and
the ductal cell marker CK19 in the submandibular gland (SMG). (A) A representative immunofluorescence
image showing a control SMG section with several MIST1* nuclei (green) and two CK19* ducts (red), and
(B) a representative immunofluorescence image showing an irradiated SMG section with no MIST1* nuclei
and an increased expression of CK197 cells. Images were taken with a 40x objective and the scale bar is 50 pm.
(C) MIST1" nuclei relative to the total number of nuclei in each treatment group. P-values are shown only
between groups with p £0.05. (D) Cell density (total nuclei/ um?) in each treatment group. Data are presented
as mean + SD. TM = transmission protons, BP = Bragg peak protons.
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Fig. 5. Salivary cytokines. Levels of salivary cytokines before and after fractionated irradiation at days — 3,
9/12, 35,70 and 105. P-values are shown only between groups with p <0.05. Data are presented as mean + SD
pg/ml cytokine per total protein mg/ml. TM = transmission protons, BP = Bragg peak protons.
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significantly increased in the TM group compared to the BP and X-ray groups at day 9/12 and 70, and also
compared to the X-ray group at day 105.

Discussion

Proton therapy is expected to reduce normal tissue toxicity compared to conventional X-ray therapy. However,
there are still knowledge gaps regarding differences in normal tissue responses between protons and X-rays. In
the present work, late tissue responses in a mouse model were investigated, with the main focus being cellular,
structural, and functional changes of the salivary glands after proton- or X-irradiation. To our knowledge, this
is the first study making such a comparison. At the time of termination (day 105), we found more pronounced
hyposalivation after proton irradiation (TM group), indicating that protons are more effective at causing
this endpoint. Moreover, we found significantly fewer acinar cells and a tendency towards greater gland size
reduction and more fibrosis in the SMG irradiated by protons. All of these differences were found even though
the total physical dose was lower in the two proton groups compared to the X-ray group (TM protons: 45 Gy, BP
protons: 41 Gy, X-rays: 65 Gy).

In a previous study, we investigated early tissue responses after proton or X-irradiation of the mouse head
and neck?!. In that work, protons gave a stronger response in terms of acute mucositis. In the present study,
we examined late tissue responses in the same cohort of mice. Again, proton irradiation gave stronger tissue
responses in the salivary glands. Two different proton irradiation approaches were used to evaluate different
aspects of proton therapy. In the first approach (TM), protons with rather high energies were used, resulting
in the Bragg peak being deposited behind the mouse head. This approach was designed to mirror the dose
distribution of the corresponding X-ray treatment, with a gradually decreasing dose throughout the animal
(Fig. 6A; for further dosimetry and Monte Carlo simulations of the dose, see*!). The TM approach was employed
to directly compare the biological effectiveness of protons and X-rays without a difference in irradiated volume
and depth-dose distribution. In the second approach (BP), the Bragg peak was deposited at the midline of the
mouse head. This approach was designed to mimic a clinical situation where normal tissues located right behind
the tumour are at risk of receiving high LET protons. Thus, the TM and BP approaches yield different irradiated
volume, dose- and LET distributions, as evident in our previous study*'. An important finding from the present
work was that the TM approach gave more pronounced tissue effects compared to the BP approach, indicating
that irradiated volume is more important than LET for protons. However, the TM animals received 45 Gy total
dose while the BP animals received only 41 Gy in total dose which may have impacted the result.

Adult salivary gland homeostasis seems to depend mainly on lineage-restricted progenitor cells>*>43, However,
after injury, there is evidence pointing towards induced plasticity between the different cell compartments of
the salivary glands, where ductal cells can give rise to new acinar cells. This has been observed after severe
duct ligation in mice*, after irradiation in mice*’, and at late time points after irradiation in HNC patients*.
In the present study, we observed an increase of CK19% duct cells, especially in areas with a low number of
MIST1% acinar cell nuclei. Thus, our results point towards an increase of duct cells and an accompanying loss of
acinar cells in irradiated glands, and therefore support the hypothesis regarding non-lineage restricted plasticity.
Although a general loss of acinar cells was identified in the irradiated glands in our work, some large acinar cell
clusters were still present at day 105 after irradiation. This observation was more frequent in the two proton
groups compared to the X-ray group. These acinar cell clusters were MIST1%, which also has been observed in
HNC patients more than 10 years after radiotherapy®, where it was suggested that they might thus still have
a secretory phenotype. MIST1 is known to induce and maintain the secretory phenotype also in pancreatic
acinar cells?/, and induce the expression of salivary amylase®®. Due to the large loss of acinar cells in the rest of
the gland, the acinar cell clusters are not sufficient to maintain proper salivary gland function, confirmed by the
observed hyposalivation at day 105.

Different expressions of cytokines after proton- compared to X-irradiation have previously been shown in
plasma?! and in vitro®. To our knowledge, there is no other study comparing salivary cytokines after proton
and X-ray therapy, neither in a clinical nor in a preclinical setting. We have previously argued that salivary
cytokines are more relevant than serum cytokines for assessing associations with late tissue responses in salivary
glands®. Radiation-induced changes in expression levels in saliva might be more prominent compared to those
in serum because the local radiation field covers mostly the oral cavity and salivary glands. In the current work,
we also included cytokines in serum as little is generally known about differential systemic responses after
proton- compared to X-irradiation. We found that the levels of IL-1a in serum and saliva, and TNF in saliva
showed significant increase after exposure to X-rays compared to protons and controls. This was displayed as a
wave immediately after irradiation and at day 70. IL-1a and TNF have been reported to drive the inflammatory
radiation response®!. All other detected cytokines in saliva also showed increased levels after X-rays compared
to protons at day 9/12 and 70. However, protons also gave a slightly upregulated expression pattern in saliva for
many cytokines compared to controls, but the increase was often not significant. For later time points, TIMP-1
in saliva showed an increase in all irradiated groups compared to controls, with higher levels in the TM group
compared to the X-ray group at day 105. TIMP-1 has been implicated in fibrosis development®? and the TM
group indeed demonstrated replacement of glandular tissue with fibrotic tissue at day 105 compared to the BP
and X-ray groups.

The G-CSF level in serum was greatly increased after proton- compared to X-irradiation at day 9/12. This
might be connected to a systemic inflammatory response caused by more severe radiation-induced early effects
after proton irradiation. In our previous study comprising the same animals, protons induced more severe
oral mucositis compared to X-rays*!. G-CSF plays a role in controlling the immune response, preventing
overactivation of lymphocytes by reducing pro-inflammatory mediators but at the same time stimulating
neutrophil recruitment®. In fact, oral G-CSF administration has been suggested to combat oral mucositis®.
Thus, the high acute level of G-CSF after proton irradiation implies that there might be a rapid modulation of
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Fig. 6. Experimental set-up. Radiation field and dosimetry (A), timeline (B) and graphical overview (C) of
the X-ray and proton experiments. In (A), the radiation field size was identical for all irradiation groups, and
covered the oral cavity, pharynx, and the major salivary glands. The depth-dose curves shown (including
1-sigma uncertainty) are re-analysed alanine dosimetry data from*!, including normalization and cubic spline
interpolation across the mouse head. In (B), examinations of the oral cavity were performed during the early
phase (days 0-35) and have been published elsewhere*!. TM = transmission mode proton treatment plan,

BP =Bragg peak proton treatment plan, HE =hematoxylin and eosin staining, IF = immunofluorescence
labelling. Figure created with Biorender.com.

the immune response that potentially could impact and lower the systemic expression of other inflammatory
cytokines. As X-rays causes higher G-CSF levels compared to protons in saliva, this may indicate that the response
in salivary glands differs from the rest of the irradiated tissues in the mouse head and neck. Additionally, the
total dose may be considered as a factor that influences the cytokine response as the proton groups received
lower dose than the X-ray group. However, the increased cytokine response after X-rays is not proportional to
the dose difference.

A limitation of this study is that the proton and X-ray experiments were performed at two different facilities
due to the lack of an operational proton therapy centre in Oslo, Norway. Therefore, the proton experiments
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were performed in Aarhus, Denmark while the comparative X-ray experiment was performed in Oslo, Norway.
This can potentially cause unknown differences in the mice, e.g. due to different microbiological backgrounds.
However, we used the same animal vendor, mice strain, and age of mice to reduce the differences as much
as possible. In addition, we incorporated control animals in both experiments, and we did not observe any
differences between the proton controls and the X-ray controls. Finally, the use of gel-like food during the acute
recovery phase could have affected the salivary gland function in the irradiated animals.

Taken together, the results of the current study indicate that proton irradiation causes more severe late tissue
responses in the salivary glands compared to X-irradiation, even with lower total doses. We demonstrate more
extensive salivary gland damage and subsequently larger salivary gland dysfunction after proton irradiation,
at least with the TM proton approach. It should be noted, however, that we deliberately irradiated the whole
glands (TM and X-ray group). This would not happen in a clinical setting, especially in the case of tissue-sparing
proton therapy. Still, our work emphasizes the need to take extra care when planning proton therapy to avoid
irradiation of normal tissues as much as possible. Finally, despite the increased damage to the salivary glands
after proton irradiation, this was not reflected in the systematically elevated cytokine expression levels in saliva
and serum. This indicates that protons and X-rays induce different mechanisms following the primary tissue
injury, which warrants further investigation. Future clinical trials comparing proton and X-ray therapy might
consider including salivary cytokine analysis to elucidate this difference. The results of this study indicate that
the proton RBE for normal tissues in the head and neck, even in front of the Bragg peak, is higher than the
current clinical standard of 1.1. This knowledge could impact future proton therapy planning of HNC.

Methods

Animals and ethical considerations

Female C57BL/6] mice from Janvier (France) were kept in a 12-h light/12-h dark cycle under pathogen-free
conditions and fed a standard commercial fodder with water given ad libitum. At the onset of experiments,
animals were 12 weeks old. All animal experiments were performed in accordance with directive 2010/63/EU on
the protection of animals used for scientific purposes. Animal experiments conducted in Norway were approved
by the Norwegian Food Safety Authority (ID 27931), and experiments conducted in Denmark were approved
by the Danish Animal Experiments Inspectorate (ID 2022-15-0201-01146). The authors complied with the
ARRIVE guidelines.

Irradiation procedure

Irradiation was performed as previously described*"%. The radiation field covered the oral cavity, pharynx,
and the major salivary glands®. X-irradiation was performed with a Faxitron Multirad225 irradiation system
(Faxitron Bioptics, Tucson, AZ, USA) using 100 kV X-rays, 15 mA current, 2.0 mm Al filter, and 0.68 Gy/min
dose rate at Oslo University Hospital, Norway. Mice in the X-ray group were irradiated with a total dose of 65 Gy
given in 10 fractions over 10 days. Proton irradiation was performed with Varian ProBeam using a pencil beam
scanning dedicated nozzle (Varian, Medical Systems, Palo Alto, CA, USA) at the Danish Center for Particle
Therapy at Aarhus University Hospital, Denmark. Two different proton treatment groups were included in this
study. The first proton treatment group was irradiated with 60 MeV protons to a total physical dose of 44.8 Gy
given in 7 fractions over 7 days. Here, the Bragg peak was located outside the mouse (transmission mode, TM)
giving this group a similar dose distribution as the X-ray group (Fig. 6A). The second proton treatment group
(BP) was irradiated with 25 MeV protons to a total physical dose of 40.8 Gy given in 6 fractions over 6 days, with
the distal edge of the Bragg peak located in the middle of the mouse. Delivered doses from X-rays and protons
were validated by alanine dosimetry and Monte Carlo simulations, and have previously been published*!. A new
analysis of the dosimetry is now provided in Fig. 6A.

Experimental protocol and study groups

On days 0-4 and 7-11, X-ray or proton fractionated treatment was given once a day to the TM (n=8), BP
(n=10), and X-ray (n=10) group (Fig. 6B). Proton controls (n=7) and X-ray controls (n=10) were sham
irradiated under gas anaesthesia (4% Sevoflurane in O,). During the early phase (days 0-35), mice were
monitored daily, and examinations of the oral cavity were performed frequently. Early tissue responses have
been published elsewhere*!. To cope with the early tissue responses, the mice were provided with gel-like food
(DietGel Recovery, Clear H20). This was provided to all the control and irradiated groups together with their
regular fodder from day 7-24 upon the first signs of acute oral mucositis and until the mucositis was completely
healed in the irradiated animals. Throughout this period, it was observed that the mice ate both the gel and their
regular fodder, but to a smaller extent than usual leading to loss of body weight (Fig. S4) correlating with acute
mucositis*!*>. The proton irradiations were terminated earlier than planned due to mouse weight loss (Fig. $4).
Several mice in the proton groups reached humane endpoints and were euthanized according to the protocol
approved by the national animal authorities. Therefore, the final number of animals at day 105 was as follows:
X-rays n=9, X-ray controls n=9, TM n=6, BP n=>5, proton controls n=6. Saliva and blood samples were
collected as previously described*:**>° at baseline (day — 3), right after termination of irradiation (day 9 for the
BP and TM groups and day 12 for the X-ray group), and at days 35, 70, and 105. For saliva sampling, pilocarpine
(0.375 mg/kg, Pilocarpine hydrochloride, Sigma) was intraperitoneally administered to the mice under injection
anaesthesia (Zoletil-mix: xylasin 20 mg/ml + butorphanol 10 mg/ml+ Zoletil" (zolazepam 125 mg and tiletamin
125 mg)). Saliva was then collected into a cotton swab for 15 min, which was subsequently centrifuged for
7500 g at 4°C for 2 min. The obtained saliva volume was measured and stored at -80°C until cytokine analysis.
Saliva volume measurements were used to assess salivary gland function, while saliva and blood serum samples
were used for cytokine analysis (Fig. 6C). Termination of the experiments and euthanasia of the animals were
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performed at day 105 after onset of fractionated irradiation using overdose of anaesthetics (Pentobarbitol,
Exagon Vet Richter Pharma AG).

Tissue processing and staining

The major salivary glands (submandibular (SMG), sublingual (SLG) and parotid glands (PG)) were collected
upon termination and fixed in 10% formalin for 24 h before undergoing dehydration and paraffin embedding. For
staining with hematoxylin and eosin (HE), alcian blue (AB), Masson trichrome (MT), and immunofluorescent
(IF) antibodies, tissue sections of 4, 5, 6, and 4 pm, respectively were cut (Leica RM2155 microtome) and placed
on microscopy glass slides (Superfrost Plus, Thermo Fisher) before deparaffination and hydration. For detailed
staining procedures of HE, AB, and MT staining, see Supplementary materials. After staining, all sections were
dehydrated and mounted with xylene-based mounting medium (Pertex, Chemi-Teknik) or Fluoromount G
DAPI (Southern Biotech) for IF sections. Histological images were acquired using a Nikon DS-Ril camera with
a CFI Plan Fluor objective (magnification stated in figures) for all stains.

Analysis of salivary gland area and fibrotic area

For quantification of the total area of the salivary glands, overview images of MT-stained central sections of
SMG and SLG were used and the total gland area was estimated by contouring the circumference of the total
gland using Image] (NIH, USA). In the present study, there was a risk of incomplete dissection of PG due to its
structure and anatomical location. Since this could affect our results, PG was not included in the MT staining
and the subsequent tissue analysis. MT-stained sections were used to quantify the fibrotic area of the salivary
glands, as previously described**®.

Immunofluorescence labelling and analysis

Antigen retrieval was performed on deparaffinised sections of SMG, and the following primary antibodies were
incubated over night at 4°C: rabbit anti-MIST1 (polyclonal anti-BHLHA15, Atlas Antibodies, 1:500 dilution),
rat-anti cytokeratin 19 (CK19) (TROMA-3, Sigma-Aldrich, 1 ug/mL). The secondary antibodies used were
Alexa Fluor donkey-anti-rabbit IgG 488 and Alexa Fluor goat-anti-rat IgG 555. The slides were mounted and
simultaneously stained with DAPI using Fluoromount G DAPI (Southern Biotech) for cell nuclei. IF-labelled
images were acquired using a 20x objective, and five images were taken of each gland to obtain a representative
view of the entire gland. The number of MIST1" nuclei and the total number of nuclei (all DAPI* nuclei) were
counted using thresholding and particle analysis in Image]J. Cell density was calculated using total number of
nuclei relative to the field of view and presented as total nuclei/pm?.

Cytokine analysis

Cytokine analysis of serum and saliva were performed using the custom made 11-Plex Luminex Mouse Discovery
Assay kit (cat. no.: LXSAMSM-12, Bio-Techne Ltd, Abingdon, UK) including MIP-1a, KC, G-CSE, IFN-y, IL-
la, IL-1b, IL-6, IL-12 p70, IP-10, TIMP-1 and TNF and recorded on a Luminex IS 200 instrument (Bio-Rad,
Hercules, CA, USA). Both serum and saliva samples were thawed on ice, vortexed and spun down at 16 000 g
for 5 min at 4 °C. The samples were diluted (serum 1:1 and saliva 2:1) with the RD1-W buffer (R&D Systems,
Abington, UK). All data were processed through the integrated Bio-plex software manager (Version 6.2, Build
175, www.bio-rad.com/bioplexsoftware, Bio-Rad, Hercules, CA, USA). Total protein concentrations in saliva
samples were measured in mg/ml using spectrophotometry (Absorbance 280 nm, NanoDrop 2000c, Thermo
Fisher Scientific). The cytokine levels in saliva were adjusted to total protein concentration and presented as (pg
of cytokine)/(mg of total protein).

Statistical analyses

Statistical analyses were performed using Prism 9 for Windows (Version 9.4.1, GraphPad Software, LLC). A
significance level of 0.05 was used for all analyses, and the P-value for each test is stated in the relevant figure.
Saliva volume differences and cytokine levels in saliva and serum were analysed using mixed-effect analysis
with a Tukey’s multiple comparisons test. Total gland area and fibrotic area differences were analysed using
Kruskal-Wallis test with Dunn’s multiple comparisons test. MIST1*/total nuclei and cell density differences were
assessed using one-way ANOVA with Tukey’s multiple comparisons test. Mixed-effect analysis was used because
of missing values due to mice being euthanized as they reached humane endpoints. Parametric tests were
performed only when all groups passed the normality tests. No significant differences were observed between
the two non-irradiated control groups, and the X-ray and proton controls were therefore merged in all analyses.

Data availability

Data is provided within the manuscript or supplementary information files.
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