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Abstract

Background: Mucositis is a common side effect of cancer therapies and transplant conditioning regimens. Management of
mucositis involves multiple approaches from oral hygiene, anti-inflammatory, anti-apoptotic, cytoprotective and antioxidant
agents, to cryo-, physical therapy, and growth factors. There is room for novel, affordable treatment options or improvement of
currently available therapies. Vitamin D (Vit D) has been shown to regulate mucosa- resident cell populations such as Th17
or innate lymphoid cells and critical mucosal cytokine IL-22, however their therapeutic potential has not been put to test in
preclinical mouse models. In this study, we aimed to test the therapeutic potential of Vit D injections and IL-22 overexpression
in a murine model of chemotherapy-induced mucositis. Methods: Balb/c mice were given daily intraperitoneal injections of Vit
D. Another group received IL-22 plasmid via hydrodynamic gene delivery. Mucositis was induced by methotrexate. Weight
loss, intestinal histopathology and IL-22, IL-17A and GM-CSF protein levels in intestinal tissue were measured. Intestinal 1123,
Ifng, Tnfa and I110 gene expression were analyzed by real-time qPCR. Intestinal lamina propria B cell, neutrophil and total
innate lymphoid cells were quantified. Results: Daily Vit D injections significantly ameliorated intestinal inflammation and
elevated intestinal IL-22 levels compared with control groups. Temporal overexpression of IL.-22 by hydrodynamic gene delivery
slightly increased intestinal IL-22 but failed to confer significant protection from mucositis. Conclusion: To our knowledge, this
is the first experimental demonstration in animal model of mucositis that Vit D and IL-22 supplementation may be beneficial

and warrants further trials in human patients.

1. Introduction

Mucositis is the painful inflammation and ulceration of oral or gastrointestinal tract and is usually caused
by cancer therapies.! Thinning of the oral mucosa, a late side effect of cancer treatment can cause chronic
or non-healing ulcers. Gastrointestinal obstruction, necrosis and perforation can also lead to gastrointestinal
damage.>? Side effects of cancer treatment occur more in cells with rapid proliferation and normal tissues
containing rapidly growing cell populations of the host can also be damaged.? Chemotherapy and radio-
therapy cause DNA damage; they stimulate the formation of free oxygen radicals and can directly affect
non-DNA targets. As a result, macrophages are activated and molecules that activate transcription factors,
including nuclear factor kappa B (NF-xB), are triggered. The production of proinflammatory cytokines
such as Tumor necrosis factor alpha (TNF-a), Interleukin (IL)-6 and IL-1 increase. The mucosa becomes
susceptible to bacterial contamination because of tissue damage and ulceration. The mucosal integrity in
the epithelial cells is rearranged with the proliferation, differentiation and migration and the recovery phase



begins.2* Mucositis may cause significant problems such as abdominal pain, ulceration, dysphagia and di-
arrhea, decreased fluid and nutrient intake, dehydration and weight loss. These problems require parenteral
nutrition of the patient and prolonged hospitalization. Furthermore, they cause speech difficulties, commu-
nication disorder, consequently, lowers the quality of life. The prevalence of mucositis is three-fold higher in
children than in adults and can lead to serious respiratory disorders.® The development and recovery phase
of mucositis vary according to the dose and frequency of the drugs used and the tolerance of the patient.?

Vitamin D (Vit D) is a crucial fat-soluble micronutrient that plays key roles in bone and teeth development,
protection from cardiovascular diseases, cancer and regulation of immune system.® Vit D induces intestinal
stem cell maturation and may suppress colitis by protecting the mucosal epithelial barrier.”® Data suggest
that Vit D levels may impact mucositis severity. In pediatric acute lymphoblastic leukemia patients above
the age of 4, Vit D deficiency has been reported. During methotrexate (MTX) therapy, 25(OH)D3 level was
low and more severe oral mucositis was observed in these patients.® Importantly, a 59-year old patient with
breast carcinoma treated by docetaxel, trastuzumab and carboplatin who had low Vit D levels initially, has
been given Vit D and his chemotherapy-dependent oral mucositis has improved.!®Studies show that in Vit
D receptor (VDR)'/ ~ mice, levels of IL-18 and TNF-u following induction of colitis were elevated.!1:'? Thus,
these studies suggest that Vit D may be beneficial may limit the severity of chemotherapy-induced mucositis.
However, to our knowledge, this has not yet been tested in an animal model of mucositis.

11.-22, is a critical cytokine in modulating tissue responses during inflammation. 1L-22 is expressed by many
lymphocytes, including T helper (Th) 17, Th22, Natural killer T (NKT) cells, Group 3 Innate Lymphoid
Cells (ILC3s) and neutrophils.'3 IL-22 binds to a heterodimeric receptor composed of IL-22RA1 and IL-10RB
subunits which mainly expressed by non-hematopoietic cells, such as epithelial cells of the gastrointestinal
tract and skin.'4 IL-22 is constitutively expressed in the normal colon mucosa, and is critical in barrier
immunity, containment of microbiota on the luminal side of the intestine, and intestinal tissue homeostasis.'?
More importantly, ILC3s cells have been shown to be play a protective role in the murine methotrexate-
induced mucositis model via IL-22 mediated mechanisms.'® However, to our knowledge, whether recombinant
IL-22 or its over expression could be therapeutically exploited to suppress or improve the severity of mucositis
has not yet been tested.

In this project, we aimed to test the therapeutic impact of Vit D treatment or IL-22 overexpression on the
methotrexate-induced mucositis pathogenesis in Balb/c mice.

2. Methods
2.1. Mice and reagents

Approval for animal study was obtained from the animal ethics committee of Erciyes University. The Balb/c
mice were housed under specific pathogen-free conditions. Six groups of mice were created. These groups
were (1) control, (2) Vit D, (3) MTX, (4) IL-22, (5) MTX + Vit D and (6) MTX + IL-22. Vit D was
diluted in sunflower oil, thus, sunflower oil was given to controls as vehicle. Daily weight loss was checked
and recorded. On Day 4" of MTX treatment, mice were sacrificed. After euthanization, brain, spleen,
blood, poop, kidney, liver, esophagus, stomach, ~lcm piece from intestine, jejunum, ileum, proximal and
distal colon were taken. Mice lymphocytes from lymph nodes and spleen were isolated. The serum of the
blood was separated by a centrifugation at 6000 g for 10 min.

2.2. Mucositis induction

Vit D was administered intraperitoneally (25 mcg / kg per mouse). MTX was administered intraperitoneally
(120 mg/kg Day -1, 60 mg/kg Day 0). IL-22 plasmid was administered through hydrodynamic injection at
the tail vein in 2 ml saline (15 mcg/ml) on day -2.

2.3. Lymphocyte isolation and staining

Mice lymphocytes from intestines were isolated as described previously.!”'® Pieces of ileum, 3 cm in length,
were cleaned off feces by flushing with a syringe containing 10 ml PBS. Cleaned pieces were cut with a scalpel



imnto 0.5 cm pieces. The ileum pieces were predigested with 10 ml Pre-digestion buffer (Phosphate-buffered
saline: PBS + Ethylenediaminetetraacetic acid: EDTA) at 37 degrees for 20-30 minutes (shaker incubator).
Supernatant were removed. Ileal pieces were transferred into 10 ml Digestion solution (collagenase, DNase,
complete RPMI) and the SI tissues were further cut into lmm pieces with a scalpel. Then, SI tissues were
incubated at 37 degrees for 45-60 minutes via shaker incubator. After 1 min of vortexing, the cells were
passed through the 70 um cell strainer. The cells were centrifuged (400 g) for 5 minutes and the supernatant
was discarded. The pellet was resuspended in 5 ml 40% percoll and overlayed on 5 ml 90% percoll. The
percoll gradient was centrifuged for 20 minutes at 400 g w/o brakes. The lymphocytes at the interphase was
collected, counted by trypan blue.

Staining was performed in round bottom 96-well plates. Fc-block was added and incubated for 5 minutes.
Then, ILC staining antibodies were added according to manufacturer’s dilution recommendation. After 30
minutes of incubation in dark and on ice, cells were washed with staining buffer twice, spun at 400 g. Then,
cells were resuspended in 200 yl staining buffer and run on FACSAria IIL.17*¥ Antibody list: Alexa Fluor
647 Anti-Mouse NK1.1 (clone: PK136), APC Anti-Mouse CD11b (clone: M170), APC Anti-mouse CD3
(clone: 17A2), PE/Cy7 Anti-Mouse CD90 (clone: 30H12), PerCP/Cy5.5 Anti-Mouse CD45 (30F11), FITC
Anti-Mouse B220 (RA3-6B2).

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

For intestinal cultures, 1 cm piece of tissue was cut from the ileum cleaned with PBS containing antibiotics
5 times. The pieces were cultured in a 5% CO2 incubator at 37 °C for 48 hours containing anti-anti.
Supernatants were collected for ELISA. Blood from mice was centrifuged and serum was then frozen at -80 °
C. Supernatants were used for mouse IL-22, IL-17A and GM-CSF ELISA. The manufacturer’s protocol was
followed.

2.5. Flow Cytometry

Cells were stimulated with Phorbol 12-Myristate 13-Acetate (PMA), Ionomycin, Golgi Stop (50 ng / ml,
1 yug / ml, 1 pl / ml respectively) for 4 hours in a 37?7C incubator. Cells were fixed for 15 minutes and
permeabilized with the BD Cytofix / Cytoperm Plus kit. The single cell suspension was stained with
antibodies 30 min on ice at dark after 5 minutes after blocking with mouse TruStainFcX (BioLegend, San
Diego, CA, USA) in staining buffer (2% FBS in PBS) with appropriate dilution. Data collection was
performed on FacsArialll. FlowJo or Diva software was used to analyze flow cytometry data.

2.6. Histology

The small intestine, kidney and liver tissues were immediately fixed in 10% buffered formalin solution in
normal saline for 24 h, followed by washing with distilled water, dehydration in serial dilutions of alcohol,
dehydration in xylene. The samples were embedded in paraffin for 24 h in a hot-air oven at 56 °C. Paraffin-
embedded tissues were sectioned as 5 pm and stained with hematoxylin and eosin (H&E). Histological
specimens from the small intestine, kidney, and liver tissues were histopathologically evaluated using slides
stained with H&E. The slides were then examined under a light microscope (Olympus BX51, Tokyo, Japan)
and photographed. Histopathological scoring was performed semi-quantitatively to assess the tissue injury
index in examined sections. The assessment was expressed as the sum of the individual score grades (0: no
findings, 1: mild, 2: moderate, or 3: severe) for each of the following parameters: degeneration, cellular
swelling, cellular vacuolization, necrosis, congestion, and hemorrhage.

2.7. Statistical analysis

GraphPad Prism 6 software was used for statistical analyses. Two tailed, Unpaired Student’s t test and
one-way ANOVA with Dunnett’s post-test analysis were used for significance analyses. P value<=0.05 is
accepted as statistically significant.

3. Results

3.1. IL-22 overexpression or Vit D supplementation does not protect mice from weight loss



In this project, mucositis was induced by intraperitoneal injections of methotrexate on days -1 and 0. IL-
22 overexpression group received IL-22 plasmids via hydrodynamic gene delivery on day -2 as previously
described.'® In our previous studies such injections were shown to result in durable systemic IL-22 expression
compared with costly recombinant protein injections.'® Vit D injection was initiated on day -5 and mice
received daily injections until termination of the experiment. To assess the impact of Vit D injections and
IL-22 overexpression weight loss was recorded daily (Fig 1). Either treatment did not affect wasting disease
post methotrexate administration suggesting that these treatments may not have impacted circulatory factors
contributing to weight loss.

3.2. Vit D improves Histopathological Scores of Mucositis

Light microscopic examination of the parts of the small intestine in the control mice showed normal morphol-
ogy with villi, long crypts, intact lining epithelium with normal mucus-secreting cells, and normal cellularity
lamina propria (Fig 2A). The administration of IL-22 alone caused a slight alteration in mucosal morphology
in the small intestine. The tips of the villi were mildly blunted but the crypts were generally normal. As
is seen from Figure 2A, normal mucosa and structures are monitored on the full-thickness histopathological
sections of the intestine tissue of the Vit-D-treated mice. Histological studies showed that MTX treatment-
induced serious damage to the intestine (Fig 2). The results revealed that MTX-induced small intestinal
injury was characterized by villous shortening, leukocyte infiltration, crypt abscess, and crypt epithelial
damage in the mucosa (Fig 2A). Mild villus superficial epithelial damage, leukocyte infiltration, and pro-
tected crypt structures are seen in the intestinal tissue of the MTX+IL-22 group. Clear improvement in the
intestine was noticed when the mice were treated with MTX and the Vit-D. The histopathological findings
of our study revealed that Vit D ameliorated mucosal destruction and preserved the intestinal epithelium
morphology, but even mild pathological changes continue such as crypt abscess.

3.3. Vit D treatment augments IL-22 production in the intestine

Studies in mice showed that intestinal ILC3s development and IL-22 production are regulated by Vit D, and
its receptor (VDR) signaling. On one hand, Vit D or VDR deficiency thus reduced intestinal ILC3s and
IL-22.11:12 On the other hand, exposure of human ILC3s to Vit D was shown to reduce IL-23R expression and
IL-22 production.?? Given the regenerative roles of IL-22 on intestinal epithelia, we assessed the impact of
intraperitoneal Vit D or IL-22 overexpression on intestinal tissue IL-22 levels along with other Th17-signature
cytokines (Fig 3). Intestinal tissue cultures showed elevated IL-22 production in both Vit D treated and IL-
22 overexpressed mice groups compared with control group. The increase in Vit D group was more profound
compared with IL-22 overexpression group. IL-17A or GM-CSF cytokines were not statistically significant
across the mice groups.

Levels of IL-23, IFN-y, TNF-a and IL-10 was measured by real-time qPCR in intestinal biopsies obtained
at the end of the experiment (Fig 4). Although IL-23 was elevated post methotrexate, none of the cytokines
were statistically different across the groups. Finally, we quantified the numbers of B cells, neutrophils
and total ILC in the lamina propria of all mice groups on 5" day of mucositis (Fig 5, Supp Fig 1 and 2).
Neutrophils appeared to increase in number after methotrexate treatment, however, across all animal groups,
numbers were comparable (Fig 5).

4. Discussion

Although Vit D deficiency has been shown to correlate with poor prognosis in cancer therapy-induced mu-
cositis, no animal model study experimentally tested whether Vit D supplementation could have therapeutic
effects on mucositis course. IL-22 is a critical cytokine for gastrointestinal homeostasis and restoration of
damaged intestinal /mucosal tissues. Absence of IL-22 exacerbates mucositis outcome in the murine models
and Vit D-mediated signaling was shown to regulates IL-22 production in both mice and humans. However,
whether recombinant IL-22 or its genetic overexpression would have therapeutic benefit has not yet been put
to test neither in animal models, nor in humans. In this study, our data revealed that in a preclinical model
of methotrexate-induced mucositis, Vit D supplementation could improve mucositis, and the protection may
be IL-22 mediated.



Our data revealed that Vit D injections ameliorated mucositis pathology. Injections were initiated 4 days
prior to methotrexate injection in order to give Vit D time to have its effects on mucosal cells, thus, it
was considered for prophylaxis. These results are consistent with previous findings that Vit D deficiency
is associated with more severe mucositis both in adults and pediatrics.”?!Nejatinamini et al. reported
that lower intake of vitamins and plasma 25-hydroxy Vit D (25-OHD) was associated with mucositis in
head and neck cancers treatments.?! The patients included both radiation and chemotherapy or combined
therapy groups (22% radiotherapy, 71% chemotherapy, 7% both). Similar observations were made in acute
lymphoblastic leukemia in children.”Safety of Vit D supplementation in pediatric cases prior to hematopoietic
cell transplantation have also been reported.?? Data from a study by Anand et al.2? with adult oral cancer
patients revealed that Vit D supplementation significantly improved treatment associated mucositis. Another
study with smaller patient cohort size (n=14) found no significant benefit.?* Therefore collectively, these
data argue for a beneficial role for Vit D in improving treatment-associated mucositis in cancers and perhaps
hematopoietic stem cell transplantation.?®

IL-22 is an important cytokine in gut homeostasis. Intestinal epithelial cells express IL-22 receptors and
IL-22R signaling in these cells promotes regeneration of epithelial tissue. Indeed, its absence renders mice
susceptible to dextran sulfate sodium (DSS)-induced models of colitis.?® This also is valid for CD4+ naive
T cell induced models of colitis. % 26 27 In addition to intestinal tissue remodeling IL-22 signaling stimu-
lates production of mucus, anti-microbial peptides which are crucial for epithelial barrier immunity and
homeostasis.?® In the intestinal lamina propria or other mucosal tissues, IL-22 is produced by Th17 cells,
ILC3s, mucosal-associated invariant T (MAIT) and gamma delta T cells. Vit D and VDR signaling was
shown to be critical for development and function of ILC3s and forkhead box P3 (FOXP3)™ Treg cells in
gastrointestinal system. '» 12 Thus, diminished number of ILC3s and subsequently reduced levels of IL-22
and IL-10 was reported in the deficiency of Vit D.*% 120ur cytokine data of IL-22 levels are in line with
these reports. Vit D treatment augmented intestinal 11-22 production. IL-22 hydrodynamic delivery also
increased IL-22 levels. The effect of Vit D IL-22 was more profound than hydrodynamic delivery group. This
was also reflected in the histopathology scores. In our model, Vit D did not appear have an impact on total
ILC levels. This might be due to relatively short treatment time.

In summary, our results show that Vit D treatment may provide partial protection from chemically-induced
mucositis in mice.
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Figure Legends

Figure 1. Experimental Setup and Weight Loss Graph. A)Experimental groups and the daily
treatment were shown in the table.B) Weight loss is shown as % loss compared to initial weight. (n=5-8
mice per group).

Figure 2. Vit D improves mucositis pathology. A)Representative histology pictures from small
intestine of each experimental group. B) Histological scores were charted. * indicates p<0.05. (n=>5-8 mice

per group).

Figure 3. Vit D augments intestinal IL-22. ELISA results forez-vivo ileal tissue culture supernatants
(24 h culture). * indicates p<0.05; ** indicates p<0.01, (n=>5-8 mice per group).

Figure 4. Expression of proinflammatory genes during mucositis in the intestinal tissue upon
Vit D treatment and IL-22 overexpression.Relative gene expression of il23p19, Ifng, Tnfa and 1110 .

Figure 5. Lymphocyte subsets in the intestine lamina propria during mucositis

Supp Figure 1 . Gating strategy for B cells and Neutrophils



Supp Figure 2 . Gating strategy for innate lymphoid cells (ILCs)
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