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Abstract: Cancer patient-derived xenografts (PDXs) better preserve tumor characteristics and mi-
croenvironment than traditional cancer cell line derived xenografts and are becoming a valuable
model in translational cancer research and personalized medicine. We have established a PDX
model for colorectal cancer (CRC) in CIEA NOG mice with a 50% engraftment rate. Tumor frag-
ments from patients with CRC (1 = 5) were engrafted in four mice per tumor (n = 20). Mice with
established PDXs received a liquid diet enriched with fish oil or placebo, and fatty acid profiling
was performed to measure fatty acid content in whole blood. Moreover, a biobank consisting of
tissue and blood samples from patients was established. Histology, immunohistochemistry and in
situ hybridization procedures were used for staining of tumor and xenograft tissue slides. Results
demonstrate that key histological characteristics of the patients” tumors were retained in the estab-
lished PDXs, and the liquid diets were consumed as intended by the mice. Some of the older mice
developed lymphomas that originated from human Ki67*, CD45*, and EBV* lymphoid cells. We
present a detailed description of the process and methodology, as well as possible issues that may
arise, to refine the method and improve PDX engraftment rate for future studies. The established
PDX model for CRC can be used for exploring different cancer treatment regimes, and liquid diets
enriched with fish oil may be successfully delivered to the mice through the drinking flasks.

Keywords: PDX; patient-derived xenograft; CRC; colorectal cancer; omega-3 fatty acids

1. Introduction

In preclinical studies there has been a tradition for establishing cancer xenografts in
immunosuppressed mice using cancer-derived cell lines (CDX). However, the results
from CDX studies often do not correlate with the results from clinical studies, partly be-
cause cancer cell lines fail to represent the true complexity and heterogeneity of tumors
(reviewed in [1-3]). This has led to a need for preclinical experimental models that better
reflect the clinical situation. Patient-derived xenograft (PDX) models were first described
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in the 1970s [4,5], and the models have been refined over the last few decades. PDX models
reflect more of the heterogeneity and individual differences of tumors compared to tradi-
tional preclinical CDX models (reviewed in [1-3,6]). However, the logistics related to the
establishment of a PDX study are challenging, and there is a need for more literature guid-
ing the initiation of PDX models.

The successful establishment of PDXs depends on several factors. The choice of ani-
mal model is important, and immunodeficient mice are found to have a higher engraft-
ment rate for xenografts from foreign tissue as their lack of functional immune system
would refrain from interfering with the foreign engrafted substance. Immunodeficient
NOD/SCID/IL2Rg null (NOG) mice lack functional natural killer cells as well as B and T
lymphocytes, and have defective macrophages, complement activity and dendritic cells
[7]. This makes the NOG mouse an appropriate host model for establishment of PDXs,
with improved tumor take rates compared to previous NOD, SCID and nude mice ([7],
reviewed in [6,8]). The disruption of the interleukin 2 receptor subunit gamma (IL2Rg)
gene reduces the chance of spontaneous lymphoma development in these animals, which
was a known problem in previous NOD/SCID models [9,10]. Other important factors af-
fecting the successful establishment of PDX models include the characteristics of the tu-
mor subtypes, the site of implantation, the viability of the tumor cells, metastatic potential,
preoperative patient treatment, contamination level in tumor specimens, time from tumor
removal to implantation, the surgical procedure technique (reviewed in [1]), as well as
tissue acquisition strategy [11].

In this study we aim at describing the procedure for the establishment of a PDX
model of colorectal cancer (CRC). The outcome of CRC has improved significantly over
the past few decades. However, CRC is still the second and third most common cancer
type worldwide among women and men, respectively [12], and the second most common
cancer type in Norway among both sexes [13]. Research related to improved treatment,
and especially personalized treatment, for CRC patients is therefore highly needed. PDX
models are currently the preferred model for preclinical studies in CRC, and studies have
found the successful PDX engraftment rate to be between 56%—-87.5% (reviewed in [1]).
We have performed a pilot study on the establishment of a PDX model for CRC in immu-
nosuppressed CIEA NOG mice with the aim to perform preclinical combination studies
of components with anticancer potential, such as cytostatic and designed diets with
omega-3 polyunsaturated fatty acids (PUFAs). Combined with biobanking of healthy-
and tumor tissue for whole exome- and RNA sequencing, as well as protein analyses,
blood samples, and extensive clinical data via patient journals and cancer registers (e.g.,
the Norwegian Cancer Registry), the PDX model may be useful in the search for novel
molecular biomarkers predicting responses to different anticancer drugs. The focus of this
paper is to report the establishment of a PDX procedure and to test a delivery method for
an omega-3 fatty acid enriched diet in mice.

2. Experimental Section
2.1. Study Design

Figure 1 gives an overview of the study design for establishing PDXs for CRC in im-
mune suppressed mice. Surgically removed tumor fragments from 5 patients with CRC
were engrafted into 4 mice per tumor. When the PDX growth was established, mice were
provided with the intervention (omega-3 fatty acid (FA) or placebo enriched nutrition
drinks). Follow up of the mice included assessment of animal health and weight, as well
as tumor size. Mice were euthanized at humane endpoint defined by tumor volume, max
latency time, and pathology, or after eight weeks treatment. Tumor and blood samples
were collected for indicated analyses.
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Figure 1. Study design for the establishment of patient-derived xenografts (PDXs) for colorectal cancer (CRC) in immune
suppressed CIEA NOG mice.

2.2. Patient Characteristics and Inclusion Criteria

Patients enrolled in the study were scheduled for cancer surgery at St. Olav’s Uni-
versity Hospital in Trondheim between April and September 2019. Medical records of pa-
tients scheduled for consultation at the preoperative clinic at St. Olav’s University Hospi-
tal were assessed. Patients were included based on the following criteria; clinically veri-
fied colon- or rectal cancer stage 1-4, tumor size exceeding 3 cm in diameter, and age > 40
years with no preoperative treatment. After signing an informed consent form, data re-
garding gender, age, diagnosis, tumor type, stage of disease, prior cancer treatment, use
of lipid modifying medicaments, and intake of fish, cod liver oil, and omega-3 supple-
ments were collected. Five patients who met the inclusion criteria following preoperative
evaluation were included in this study. The study was approved by the Regional ethics
committee for central Norway (REC ID 2017/2048, date: 10 October 2018). A Data Protec-
tion Impact Assessment (DPIA) for the project was performed in cooperation with the
Norwegian Centre for Research Data (NSD) and was approved by both St. Olav’s Univer-
sity Hospital and NTNU. Data were securely stored at the HEMIT net at St. Olav’s Uni-
versity Hospital, locked by 2 step authorization by chip and password.

2.3. Patient Blood Sampling

Blood samples and related information were collected, processed and stored (tubes
preassigned cryptic barcode from the Biobyte® system (Biobank1®, Trondheim, Norway))
by Biobank1®. To minimize the blood sampling burden of the patients, blood samples for
the study was sampled together with the standard clinical blood tests. Blood plasma and
serum were frozen at =80 °C. Whole blood was stored at -80 °C for verification of germline
mutations that may be found in normal colon tissue of patients and requires follow up
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and genetic counseling of these patients. Whole blood (2 x 50 uL) was spotted onto What-
man 903 protein saver cards (Whatman products (Cytiva), Little Chalfont, Buckingham-
shire, UK), dried for 2 h at room temperature, and frozen at —80 °C for later FA profiling.

2.4. Collection of Colorectal Tumor and Healthy Tissue

Surgical personnel were informed about the request for tissue biopsies through a
message in the surgery clinic’s operation plan stating “Biobank Colcan”. Biopsies of tumor
and fresh surrounding tissue for biobanking were collected by the Biobank1® personnel.
A slide of tissue was frozen in liquid nitrogen using a special clamp (Figure 2A).

Figure 2. Tumor tissue sampling for: (a) biobanking and (b) PDX procedure.

Tissue samples of both tumor and healthy colorectal tissue were prepared for exome
and RNA sequencing, protein isolation and IHC. A fresh tumor tissue sample for PDX
was cut into equally sized fragments (Figure 3), placed in sterile tubes (Figure 2B) con-
taining cold Dulbecco’s modified Eagle’s medium (DMEM, #D6429, Sigma Aldrich, Saint-
Louis, MO, USA) supplemented with 10% fetal bovine serum (10270-098, Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), 1% nonessential amino acids (M7145, Sigma-Al-
drich, MO, USA) and 1% gentamicin (15710049, Gibco). Location related to the tumor frag-
ments frozen for DNA extraction was noted (Figure 3). All samples and information such
as warm and cold ischemic time were registered deidentified in Biobank1®'s program Bi-
obyte (Biobank1®, Trondheim, Norway). The CRC tissue fragments for PDX were kept on
ice and transported from the clinic to the animal facility, where the mice were prepared
for the surgical procedure.
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Figure 3. Tumor tissue fragmentation and naming for PDX procedure and exome sequencing.

2.5. PDX Procedure in Immunodeficient Mice

The mice were acclimatized for minimum 1 week after arrival, and four mice per cage
were housed at a switched 12-h light/dark cycle at the Comparative Medicine Core Facility
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(CoMed), NTNU. Due to the compromised immune system of the CIEA NOG mice, all
water, food, and cages were autoclaved before use. At the time of engraftment, the mice
were 11 weeks or older.

CRC tissue fragments were engrafted subcutaneously into female opportunist free
CIEA NOG® (NOG) mice (NOD.Cg-Prkdcscidll2rgtm1Sug/JicTac, Taconic Biosciences,
Rensselaer, NY, USA). The size of the tissue fragments from the two first patient tumors
were about 4 x 4 x 3 mm (~50 mm?3), and for the last three tumors about 3 x 3 x 3 mm (~30
mm?). Tissue fragments from each tumor were engrafted in four mice; in total twenty mice
(see Figure 4, and Supplementary file 1).

Pilot study

¥ 20 mm
Tumor tissue U-T{
}

W DMEM growth media
3 ] +10% FBS

" o, = =e o
Patients n=5 N % afincsd
Vi / \ +1 % amino acids
+ <~ LI~
placebg /. omega-3\  Immuno-
1 Q)

3

aSeboe 2) A deficient mice

(o] ::~‘ o = < @ p—e
Compare tumor —*

5”7  HEP: Q35

4 4= 1500 mm?3 idji

} }

Fatty acid profiling, histology and IHC n=20

Figure 4. Experimental design of PDX of CRC in mice. C = control/placebo, -3 = omega-3, HEP =
humane endpoint. Part of the figure is modified from [14] with approval.

The surgical table and equipment were cleaned with ethanol and the surgical equip-
ment (scissors, forceps, cotton swabs) was autoclaved. The mice were weighed to estimate
correct dosing of medications and put into an anesthesia induction chamber provided
with 2% isoflurane (ESDG9623C, Baxter, Deerfield, IL, USA, 0.6% N2z and 0.4% O:) gas
using an anesthetic vaporizer, until they were asleep. Eye gel (Viscotears, 597562, Dr. Ger-
hard Mann chem.-pharm. Fabrik GmbH, Wiilfrath, Germany) was applied, and the mice
were placed on a heating pad covered with a surgery tissue and kept anaesthetized using
a nose cone with 1.5% isoflurane. The anesthetic level was checked by foot pinch using
forceps and the mouse was marked by ear clip. The incision area was shaved and washed
with Hibiscrub (596023, Molnlycke, Geteborg, Sweeden) and chlorohexidine (007269,
Fresenius Kabi, Bad Homburg vor der Hohe, Germany). Metacam (025388, Boehringer
IngelheimVetmedica GmbH, Germany, 2-3 mg/kg) and Marcaine (169912, Aspen Pharma
Traiding Limited, Ireland, 0.04 mg/kg) were given subcutaneously for systemic and local
pain relief, respectively. The tumor fragments were placed in a sterile petri dish and
washed briefly with sterile physiological NaCl. A small cut (3-4 mm) was made in the
skin in front of the back curve, and the tissue fragment was placed in a small pocket under
the skin using forceps. The wound was closed by stitching using surgical sutures (Ethi-
con® VicrylTM 5-0, Ethicon®, Somerville, NJ, USA), before the mice were placed on clean
paper in a new cage.
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A bullet point form was followed during surgery (Supplementary Figure S2-1). De-
tails regarding surgery and anesthesia were registered in a log form (Supplementary Fig-
ure 52-2). The animal experiments were approved by the Norwegian Food Safety Author-
ity (Mattilsynet, FOTS ID 12823).

2.6. Postoperative Follow-Up

The mice were observed for two hours after surgery. If any stiches were opened by
the mice within two hours, the mice were anesthetized and restitched. Metacam was in-
jected subcutaneously 24 h postoperative for systemic pain relief. The mice were housed
in single cages for 1-2 weeks after surgery until the wounds had healed, before placing
the mice together in groups of four mice per cage. The “rat and mouse No. 1 Maintenance
Autoclavable” (RMIA, Special Diets Service, Essex, UK) pellet food and water were auto-
claved before use. The pellet food was available to the mice at all time. Water was available
until the start of treatment regime; see details below. The mice were weighed 1-3 times
per week, and observations were noted in a score sheet for each animal (Supplementary
file 1). Subcutaneous tumor size was measured 1-3 times per week as soon as the xeno-
graft was palpable using a digital caliper and registered in the score sheet. Tumor volume
was calculated using the following formula V = (length x width?)/2. In addition, tumor
growth was recorded regularly by imaging.

2.7. Mouse Blood Sampling

Blood samples were taken from vena saphena before treatment was initiated (Figure
5A). The mice were restrained inside a 50 mL tube with an air opening in the tip and the
sampling area was shaved and washed with 70% ethanol. A scalpel was used to punctuate
the vein, and 50 pL blood was collected with a pipette and spotted on a Whatman card.
The card was dried for two hours at room temperature and stored at -80 °C until FA pro-
filing. An additional <150 pL blood was taken for blood plasma preparation and stored at
-80 °C.

At the endpoint, the mice were anesthetized, and blood was collected from the main
vein/heart (Figure 5B) before euthanizing the mice by cutting the aorta. Whole blood was
spotted on Whatman cards (50 uL) for FA profiling. To prepare plasma, blood was
drained from the vein and transferred to Microvette CB 300 capillary tubes with EDTA
(Sarstedt, Niimbrecht, Germany). Samples were mixed, centrifuged (3000 rpm, 4 °C, 10
min) and aliquoted. Whatman cards and plasma were stored at -80 °C.

b ;

d

Figure 5. Blood sampling by puncturing: (a) vena saphena and (b) the heart.

2.8. Treatment with Liquid Diets

When growth of the xenograft was confirmed, mice were given either the nutrition
drink Smartfish Remune with fish oil (DHA and EPA (2000 mg/200 mL), Smartfish AS,
Oslo, Norway), or placebo containing an equal amount of rapeseed oil (Smartfish AS). The
diets were isocaloric and isolipidic, differing only by the type of oil. The liquid diets were
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aliquoted, frozen at 20 °C, thawed, and freshly provided. Mice were given nutrition
drinks five days a week for seven hours a day during their active time period; otherwise
fresh water was available. The drinking bottles containing the nutrition drink were
weighed before and after the seven-hour feeding period to estimate daily intake. A human
dose of 4 g omega-3 FAs/day is equivalent to ~1.6 mL Smartfish Remune daily. Animal
equivalent dose (AED) based on body surface area was calculated by the equation: AED
(mg/kg) = human dose (mg/kg) * (Human Km/Animal Km) = (4000 mg/60 kg) * (37/3) =
822.22 [15]. Oral consumption volume (OCV) was calculated by the equation: OCV (mL)
= animal weight [kg] * animal dose (mg/kg)/(concentration mg/mL) = (0.020 kg * 822.22
mg/kg)/(10 mg/mL) = 1.6 mL.

2.9. Euthanasia, Necropsy and Tissue Sampling

At the humane endpoint, characterized by either a tumor volume of 1500 mm?, re-
duced health/weight or a xenograft not growing after 6 months, blood sampling, and eu-
thanization were performed as described above and in Supplementary file 3. The tumor
area was shaved and washed with ethanol before a cut was made in the skin and the xen-
ograft was collected and picture was taken. The xenograft was divided in parts for histol-
ogy/IHC, RNA sequencing, and protein analysis. The remaining tumor was collected in
tubes and frozen in liquid N2 for protein- and RNA analysis. The samples were stored at
-80 °C. Tumor tissue (both PDX and any secondary tumors) for histology/IHC was col-
lected in neutral buffered formaldehyde (NBF, 9713.1000, BDH Chemicals, VWR, Radnor,
PA, USA, equal to 10% neutral buffered formalin, >10 times tumor volume). The mice
bearing xenografts from the last three patient tumors were necropsied. The abdomen was
opened, and the lungs, heart, liver, kidneys, stomach, colon, spleen, and thymus were
localized, inspected and collected in NBF for histology analysis. Gross findings were reg-
istered on an autopsy card (modified from [16]) for each animal (Supplementary file 1).

2.10. Fatty Acid Profiling and Omega-3 Index in Blood

The profiling of FAs in human and mouse whole blood was performed using gas
chromatography with flame-ionization detection (GC-FID). Samples were analyzed by Vi-
tas AS, Oslo, Norway. Two punches of human whole blood from the Whatman cards were
diluted in sodium methylate (900 uL, 0.5 M). FA methyl esters (FAME) were formed by
methylation (20 min, 600 rpm, 50 °C) and extracted with distilled water (300 uL) and hex-
ane (500 pL) before thorough mixing (5 min) and centrifugation (5 min, 4000x g, 10 °C).
The sample (3 pL) was injected into the GC-FID with an HP 7890A Gas Chromatograph
System (Agilent Technologies, Palo Alto, CA, USA). FAs were separated on a Supelco 30
m x 250 um x 0.2 pm column and the results for 11 different FAs were reported as g
FAME/100 g FAME. Omega-3 index was calculated by the formula: Omega-3 index = (g
DHA FAME + g EPA FAME)/total g FAME * 100.

2.11. Histology and Immunohistochemistry Analysis

To compare the histology and molecular characteristics of patient tumor tissue with
the corresponding mouse xenografts, tissue samples were taken for histology and im-
munohistochemistry (IHC) analyses. Tumor tissue and PDX fragments were collected in
tubes with 4% NBF. The Cellular and Molecular Imaging Core Facility (CMIC), Depart-
ment of Clinical and Molecular Medicine (IKOM), NTNU used a histological routine pro-
cedure to process, paraffin embed (FFPE), section (4 pm) and dry (60°) the samples. The
slides were stained with hematoxylin, erythrosin and saffron (HES) in the automatic slide
stainer Sakura Tissue-Tek © PrismaTM. The slides were dried further in the instrument’s
heat chamber, before being deparaffinized through several baths of Tissue Clear and re-
hydrated through descending grades of ethanol to water. The slides were stained in Hae-
matoxylin followed by bluing in water, before being stained with Erythrosine and rinsed
in water for removal of excess dye. Slides were further dehydrated through ascending
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grades of ethanol and stained in saffron before being rinsed in several baths of absolute
ethanol and cleared in Tissue Clear before cover slipping in Sakura Tissue-Tek © GlasTM
automatic coverslipper. The sections were dried overnight in a well-ventilated place due
to chemical evaporation. Dyes used were: Heamatoxylin (CellPath/Chemi-Tecnic, RHD-
1475-100, CI No 75290), Erythrosine 239 (VWR, no 720-0179) and saffron (Chemi-Tecnic
as, Chroma 5A-394, CI No 75100). Interpretation was performed by experienced
pathologists using light microscopy.

For THC analysis FFPE tissue sections (4 um) were cut onto SuperFrost Plus slides,
dried overnight at 37 °C, and then baked for 2 h at 60 °C. The sections were dewaxed in
Tissue Clear and rehydrated through graded alcohols to water in an automatic slide
stainer (Sakura Tissue-Tek © Prisma™). Next, the sections were pretreated in Target Re-
trieval Solution, High or Low pH (Dako, Agilent, Santa Clara, CA, USA, K8004/5) in PT
Link (Dako) for 20 min at 97 °C to facilitate antigen retrieval. Further staining was per-
formed on the Dako Autostainer. Following soaking in wash buffer, endogenous peroxi-
dase activity was quenched by incubation in Peroxydase block (Dako S2023). Sections
were washed in wash buffer and incubated with primary antibody for 40 min. Further,
the slides were washed in wash buffer before incubating for 30 min in labelled polymer
HRP anti-Mouse (Dako K4001) and DAB (Dako K3468) to develop the stain. Tris-buffered
saline (TBS) (Dako K8007) was used throughout for the washing steps. In Sakura Tissue-
Tek © Prisma™, the slides were lightly counterstained with Hematoxylin, dehydrated
through ascending grades of ethanol, cleared in Tissue Clear, and coverslipped. For the
tissue studied, appropriate negative controls were performed by omitting the primary an-
tibody. Antibodies used were Ki67 (M7240, clone MIB-1, Dako), CD45 (M0701, clones 2B11
+ PD7/26, Dako) and CD20 (MO0755, clone L26, Dako). Interpretation was performed by
experienced pathologists using light microscopy.

2.12. In Situ Hybridization

To detect Epstein-Barr-Virus (EBV)-encoded RNA the Inform EBER (EBV early
RNA) probe (Ventana Medical Systems, Inc., Oro Valley, AZ, USA) was used for in situ
hybridization (ISH) of NBF fixated paraffin embedded patient tumor and lymphoma tis-
sue sections. The EBER ISH staining was routinely performed at the Unit of Immunohisto-
chemistry, Department of Pathology, St. Olav’s University Hospital. Paraffin embedded
tissue sections were cut at 3 pm onto Superfrost slides (Thermo Scientific, Waltham, MA,
USA, Superfrost plus, #/]1800AMNZ). On the slides was also a known positive sample (as
control). Each sample was sectioned onto two slides, one for the EBER probe and one for
a Negative control probe (REF 800-2847). The section with the negative control probe was
used for identification of unspecific staining. The sections were dried at 60 °C for 1 h. The
analysis was performed on BenchMark Ultra instrument (Ventana, Roche, Basel, Switzer-
land) using the Ventana ISH IView Blue Detection Kit (Ventana, Roche, #800-092), ISH
protease 3 (Ventana, Roche, #780-4149), RED II counterstain (Ventana, Roche, #780-2218)
and INFORM EBER Probe (Ventana, Roche, #800-2842). After the ISH process the slides
were dehydrated through ascending grades of ethanol and xylene before cover slipping
in Microm Cover- Tech CTM6 (Thermo Scientific) automatic coverslipper. Interpretation
was performed by experienced pathologists using light microscopy.

2.13. Data Analysis

All data analyses were performed in R. For the FA profiling, a hierarchical mixed
linear model accounting for multiple measurements from the same mice were fitted using
the Ime() function from the nmle package. Overall effects of each FA was assessed using
the Anova() function, and pairwise differences using the ghlt() function to perform post
hoc Tukey tests. In addition to the internal adjustments of p-values for multiple testing
within each model as calculated by the ghlt() function, p-values were further adjusted
based on the number of FAs measured using the Bonferroni correction.
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3. Results
3.1. Patient and Tumor Characteristics

All invited patients attended the preoperative information meeting and accepted en-
rollment of the study by signing an informed consent form. Table 1 shows the patient and
tumor characteristics along with information regarding the patient’s intake of fish, cod
liver oil, omega-3 supplements, and lipid modifying medications recorded from the ques-
tionnaires. The included patients consisted of four males and one female (average age 67.6
years). Three tumors were surgically removed from the colon and two from the rectum.
One tumor was described as ulcerating, two tumors were exophytic and ulcerating, and
two stricturated the colon. All tumors were adenocarcinomas, differed in morphology
(Figure 6), and the tumor sizes were between 3.7-5 cm across the largest diameter. Three
tumors were staged T3 and two tumors T4. Lymph nodes close to the tumor were affected
in two patients; meanwhile, no other metastases were found in any of the patients. All
patients reported an intake of omega-3 supplements 0-3 times monthly, two patients had
a daily intake of cod liver oil, and all patients had intake of fish 1-3 times weekly.

Table 1. Patient and tumor characteristics (n =5), and questionnaire answers.

Patient 3 Patient 11 Patient 17 Patient 18 Patient 19
Gender (Male/Female) M F M M M
Age 69 65 77 62 65
. Colon Rectum
Tumor site Colon . Colon Rectum .
. Stenosing, . . . . Exophytic,
Tumor anatomy Exophytic . Stricturating, ulcerating Ulcerating .
ulcerating ulcerating
. 1 . .
Tumj;ir:tzrgzyg“i\AN) Adenocarcinoma f;%g:cocri; Adenoc:f::fsma with Adenocarcinoma Adenocarcinoma
Tumor differentiation grade T3N(,)M0 T3N2MO T4NOMO T4aN.1M0 T3N(,)MO
. Medium . Medium Medium
Tumor size (cm) Medium
4 4 3.7
Tumor MSI status 5 4 MSS MSS
Mutations MSI-high MSS KRAS
Pre-operative cancer BRAF BRAF
No No No
treatment No No
. . No
Previous cancer diagnoses Yes
Intake of omega-3 0-3/month 0-3/month 0-3/month 0-3/month 0-3/month
supplements
Intal;stzizcz)i EZEI oil 0-3/month 0-3/month Daily 0-3/month Daily !
Use of livid reducin 1-3/week 1-3/week 1-3/week 1-3/week 1-3/week
P. . ucmg No No No Yes No
medication

1 Daily intake of cod liver oil only in the wintertime (September to April). The blood sample was taken in August.

P3 P11 P17 P18 P19

Figure 6. Pathology of CRC tumors from patients (p) 3, 11, 17, 18 and 19.

3.2. Establishment of Patient-Derived Xenografts of Colorectal Cancer
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Fresh tissue fragments from five primary CRC tumors were engrafted in four immu-
nodeficient CIEA NOG mice per tumor (total n = 20, Figure 4). Animal and engraftment
details are given in Table 2. The age of the mice varied from 11 to 33 weeks. Tissue frag-
ments were placed in DMEM on ice within ~20 min and implanted subcutaneously in the
mice within 60 min after the tissue was collected (Table 2 and Figure 7).

Table 2. Animal and engraftment details.

Patient 3 Patient 11 Patient 17 Patient 18 Patient 19
Mouse ID 12 15 16 17 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 18
Tumor fragment ID la 1b 2a 2b 1a 1b 2a 2b la 1b 2a 2b 1la 1b 2a 2b la 1b 2a 2b
Ear clip 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Age at engraftment (week) 11 11 11 11 17 17 17 17 31 31 31 31 31 31 31 31 33 33 33 33
Tumor fragment size (mm?) 50 50 50 50 50 50 50 50 30 30 30 30 30 30 30 30 30 30 30 30
Days to established growth - 64 64 99 70 34 91 34 18 - 174 52 - - - - - - - -

Figure 7. Implantation of a tumor fragment into immune suppressed CIEA NOG mouse #31.

Of the twenty mice engrafted with tumor tissue fragments, ten mice established tu-
mor growth (Figure 8), giving a total engraftment rate of 50%. The average number of
days to established xenograft growth was 87 (+51) days (Table 2). The engraftment rate
and average number of days until established xenograft growth using 50 mm? fragments
were 88% and 65 (+23) days, respectively (Table 2). When engrafting 30 mm? tumor frag-
ments, only the tumor from patient 17 established growth of three xenografts after an av-
erage of 137 (x60) days. Only four PDXs exceeded humane endpoint of 1500 mm? before
euthanization. Of these, two originated from patient tumor 3 and two from patient tumor
11 (engrafted with 50 mm? fragments).
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Figure 8. PDX growth curves for: (a) all mice; (b) mouse #12, 15, 16 and 17 (tumor fragments from patient 3); (c) mouse
#19, 20, 21 and 22 (tumor fragments from patient 11) and; (d) mouse #23, 24, 25 and 26 (tumor fragments from patient 17).

Images and score sheets including animal weight and PDX size are presented in Sup-
plementary file 1. As an example, pictures of PDX growth for mouse #26 are shown in
Figure 9, which also illustrates the growth of a secondary tumor. Images of 9 of the 10
established PDXs are presented in Figure 10.
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Figure 9. Images of PDX growth (red ring) for mouse #26 (patient 17). Secondary tumor from week 10 (blue ring). Numbers
are millimeter (mm) length of the tumor in two dimensions. W = week, d = days.

Mouse #16 Mouse #19

Mouse #15
=

Figure 10. Images of 9 of 10 established PDXs, taken at the day of euthanization. Mouse #17 died during the anesthetic
procedure (isoflurane) when assessing tumor size and the tumor was not sampled.

The weight for most mice was stable throughout the study (Supplementary Figure
S4-1, Table 3). However, some mice were euthanized due to reduced weight and their
general health condition (Table 3). Both mice #19 and #21 had a weight reduction of about
10-15% at the day of euthanization.
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Table 3. Characteristics of all mice at the time of euthanization.

PDX Second Tu-

Bod
Mouse # Clinical Symptoms & Comments Necropsy Findings W " Size mor Size
Weight
(mm) (mm)
1 f ide. D i
12 PDX not growing after 6 months. Only a spot at engraftment side. Dark cystic Stable - -
structure close to pancreas.
15 Placebo treatment until PDX max size. Large solid tumor. Stable 10 x 15.5 -
16 Smartfish Remune treatment until PDX max  Large tumor, partly with liquid. Visible Stable 115 x 13 )

size. blood veins to tumor.

Smartfish Remune treatment until it died dur-

17 K . No samples taken. Stable 7.5x7.5 -
ing anesthesia.
1 i ft. fish R - lightl
19 Ulcerating xenograft. Smartfish Remune treat Large solid tumor with blood traces. Slightly 11.3x12 -
ment. reduced
20 Placebo treatment I:ir;tél PDX reached max Large solid tumor. 10-20%11.5 x 17 )
Reduced general health and reduced weight. Solid tumor. Low blood volume. No sam-
21 -10-15% 7x9 -
Large PDX. ples taken.
Smartfish R treatment until PDX
22 martish Bemune 1S‘<iezaemen b max Large solid tumor w/visible blood veins. ~ Stable 11 x17 -
3 Reduced welgh.t. Placebo treatment (8 weeks). Sméll Aspleen. Second tumor w1th dark lig- 10-20% 5.8 x 5.9 79
Possibly rectal prolapse. uid inside. Clog of fur and food in stomach.
Did not reach “established th” th
1 no rgac es_ ablishe grf)w 3 months Small slowly growing PDX. Whitish lungs.
24 after animals without growing xenografts Stable 3.9 x4 -
. Normal organs.
were euthanized.
Established th of PDX. Whitish 1 .
25  Reduced general health. Large second tumor stablished growth o HHSTIUNES: Grable  5x5 8x 10
Large second tumor left shoulder.
. . Enlarged spleen w/white fields. Whitish
Ul t ft. S tfish R treat-
26 cerating xenogratt. Smartust Bemune trea lungs. Two second tumors; left and right ~ -10%  8x8 9 x 11 (left)
ment. Large second tumor.
shoulder.
Abscess mistaken for PDX until it burst. ~~ Wound at the abscess site. Small xenograft
27 ) . Stable - -
Smartfish Remune treatment. under the skin.
28 Abscess mistaken as PDX in the beginning. Intact abscess 9.5 x 10 mm containing green Stable
Placebo treatment liquid. Only a spot at engraftment site
Abscess mistaken as PDX until it burst. Wound where abscess has burst.
29 . . Stable - -
Smartfish Remune treatment Small xenograft under the skin
30 Did not reach “established growth” after 6 Normal organs. A small bump in the liver. Stable
months. Trace of PDX under the skin
31 Did not reach “established growth” after 6 Small xenograft under the skin. Normal or- Stable
months. gans.
Reduced general health. Second tumor. Did Tthklwr?un?;cll srkmdat t{\e rr:e:Zk' I‘;Vhltmh
32 notreach “established growth”. Liquid in the Lngs. Brarged sp een =2 cm. Stable - -
Red/swollen legs, shoulders and spine
eye. .
second tumor over the ribs.
3 Did not reach “established growth”. Large  Large second tumor. No visible xenograft. Stable ) 9x14
second tumor. Enlarged spleen.
Did not reach “established growth”. Rectal Swollen, bloody anal opening. Whitish p%irt
18 of one lung. Traces of xenograft under skin. -10% - -

prolapse. Enlarged spleen ca 2.5 cm

3.3. Development of Secondary Tumors and Abscesses

Some mice developed growth of secondary tumors or abscesses. Mouse #23 devel-
oped a dark colored secondary tumor behind the right foreleg. At necropsy the tumor was
found to contain a dark dense liquid, probably due to blood accumulation (Figure 11).
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Four mice (#25, 26, 32 and 33) developed spontaneous rapidly growing secondary
tumors located on the front shoulders (Figure 11). Necropsy of mouse #32 indicated red
swollen legs and shoulders with bleeding areas in addition to the secondary tumor.

Three of the four mice engrafted with tumor fragments from patient 18 developed
abscesses in the surgery area after tissue implantation and were euthanized. However,
treatment was initialized before the “tumors” were recognized as abscesses (Figure 11 and
Supplementary Figures 51-27-2, S1-28-2 and 51-29-2). For mouse #28 the abscess was intact
when removed at euthanization (Figure 11).

Mouse #23 Mouse #25

Mouse #26

A Q@
Mouse #29

Mouse #32

Figure 11. Pictures of mice developing secondary tumors (mouse #23, 25, 26, 32 and 33) or ab-
scesses (mouse #27, 28 and 29). Numbers represent tumor size in mm.

3.4. Histological Similarity between Patient Tumors and Patient-Derived Xenografts

The histological architecture of the growing PDXs demonstrated high correlation to
the primary tumors as shown by hematoxylin, erythrosine and saffron (HES) staining of
tumor tissue slides (Figure 12). All five patient tumors were confirmed by pathologists to
be colorectal adenocarcinomas. The histomorphology of the growing PDXs was similar to
the histomorphology of the primary tumors, reflecting the heterogeneity of the primary
tumors. We did not observe any direct changes in morphology between fish oil and pla-
cebo treated PDXs.

The tumor from patient 3 was described as a typical colorectal adenocarcinoma. The
glandular forms found in the HES stained section were also observed in the corresponding
xenografts in mouse #15 and 16. Mouse #17 had a growing xenograft, but died due to
technical problems during anesthesia and the xenograft was not sampled. Mouse #12 did
not establish growth of the xenograft.

HES staining of the histology slide from patient 11 showed that the tumor was com-
pact and mainly consisted of signet ring cells. These cells are rare CRC cells with the nu-
cleus placed at one side and a large mucus droplet filling most of the cell. Growth was
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(a)

P3T

established for all four PDXs from patient tumor 11. However, mouse #21 was euthanized
due to acutely reduced health and the xenograft was not sampled. HES staining confirmed
that the corresponding PDXs had a high degree of histopathological similarity to the pa-
tient tumor (Figure 12).

The tumor from patient 17 had classical CRC histology with glandular forming and
mucus producing cells (Figure 12). Growth was established for three out of four PDXs;
mouse #23, 25 and 26. The corresponding PDXs of mice #23, 24 and 25 were adenocarci-
nomas with varying degree of mucus production (Figure 12). Mouse #23 was euthanized
before reaching maximal tumor size due to reduced weight. Mouse #24 had a growing
xenograft, but did not pass as “established PDX” due to a diameter less than 5 mm. PDXs
from both mouse #23 and 24 had tumor glandules with necrotic debris in the lumen (typ-
ical for CRC tumors), as well as a necrotic core (Figure 12, Supplementary Figures S1-23-
9 and S1-24-6). The PDX of mouse #25 contained glandular forming cells surrounded by a
dense infiltrate of lymphoid cells (Figure 12). The outer part of the xenograft had cells
with irregular nuclear membranes indicating stressed cells. The xenograft from mouse #26
had a large pale necrotic core surrounded by a dense lymphoid filtrate (Figures 12 and
13).

The tumors from patients 18 and 19 were both confirmed to be typical colorectal ad-
enocarcinoma (Figure 12). However, none of the xenografts established growth in the host
mice. The tumor from patient 18 grew in small glands and strands through the muscle
layer of the bowel wall. However, as mentioned, three out of four mice engrafted with
tumor fragments from patient 18 were euthanized due to rapidly developing abscesses
before the xenografts were established, hence there are no histology results for these.

P11T P17T
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(b) P3T M15X M16X

P11T M19X M20X M22X

Figure 12. Histopathological comparison of: (a) the five patient CRC tumors and (b) three patient tumors and matched
PDX tissue sections. The tissue sections are stained with HES. p = patient, T = tumor, M = mouse, X = xenograft.

3.5. Histology of Secondary Tumors and Affected Organs

After euthanasia, the mice engrafted with tumor tissue from the three last patient
tumors were necropsied. To study the histology by HES staining, lungs, heart, spleen,
liver and any secondary tumors were sampled.

HES stained histology slides of the secondary tumors from mouse #25, 26, 32 and 33
contained malignant looking lymphoid cells (lymphoma). The secondary tumor of mouse
#25 was a massive tumor consisting of lymphoid cells, while the spleen, pancreas and
lungs appeared healthy (Supplementary Figure S1-25-3). Mouse #26 developed lymphoid
tumors on both axes, and tumor areas with lymphoid cells were observed in the spleen,
pancreas and lungs. Moreover, the lungs, spleen and pancreas had fields with pale ne-
crotic tissue areas, and the spleen was enlarged (2.2 cm, Figure 13A,B, Supplementary
Figure S1-26-4) compared to normal spleen from mouse #12 (1.3 cm, Figure 13A).

Mouse #32 developed lymphoma and was euthanized before growth of the xenograft
was established. Lymphoid cancer cells were also found in the lungs and red swollen leg
and shoulders of mouse #32. The spleen was enlarged (>2 cm) and contained lymphoid
tumor cells (Supplementary Figures S1-32-3 and S1-32-6). Mouse #33 had lymphoid cancer
cells present in the secondary tumor, lymph node from the neck and in the enlarged
spleen, where we also observed pale necrotic areas (Supplementary Figure S1-33-6).

Mouse #23 developed a secondary tumor behind the right foreleg (Figure 11). At nec-
roscopy the tumor consisted of a bladder containing dark liquid. The liquid was washed
away using sterile NaCl and the rest was stored in 4% neutral buffered formaldehyde
(NBF). HES staining did not indicate any lymphoid cells. The tumor appeared more like
a cyst with liquid filled structures lined with benign looking epithelium (Supplementary
Figure 51-23-9).
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(b)

(a) Mouse #26 Mouse #12

2.2cm
1.3cm

Spleen  Spleen

Lungs eograft 2" tumor

Mouse #26 - xenograft Mouse # 26 — spleen and pancreas

N

Mouse #Zé - Iur;g

Figure 13. (a) Tissue collected at necroscopy from mouse #26 and spleen from mouse #12 and (b) HES staining of PDX,
spleen, second tumor left shoulder, and lung from mouse #26. Xenograft; necrotic tissue surrounded by lymphoid cancer
cells. Spleen/pancreas; lymphoid cancer cells and pale necrotic tissue areas in the spleen. Lung; dense areas with lymphoid
cancer cells. Secondary tumor left shoulder; compact tumor with lymphoid cancer cells.

3.6. Origin of Cells Found in Lymphomas and Presence of Epstein—Barr Virus

All four lymphoma cases (mouse #25, 26, 32 and 33) were composed of actively pro-
liferating neoplastic lymphoid cells including a high number of mitotic cells (Figure 14).
To distinguish between human and murine cells and confirm lymphoid cell origin, lym-
phoma slides were IHC stained with anti Ki67 and leukocyte common antigen
(LCA/CDA45) specific for human cells (Figure 14). Three of the lymphomas were positive
for human specific Ki67 (MIB1, Dako) indicating human cell origin, whereas the fourth
was negative for the MIB1 antibody. The three MIB1 positive lymphomas were also CD45
positive (mouse #25, 26 and 33, Figure 14), while mouse #32 was negative for CD45, hu-
man specific Ki67 (Figure 11) and CD20 (Supplementary Figure S1-32-7). Hence, the lym-
phoma of mouse #32 is likely to have a murine origin. Other studies have reported that
formation of human lymphomas in PDX models can be a result of outgrowth of Epstein—
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Barr-Virus (EBV) transformed lymphoid cells from the original tumor [10,17]. To address
this, we tested whether the four lymphomas and the two respective patient CRC tumors
were positive for EBV. The results demonstrate that three Ki67+ and CD45+ lymphomas
were positive for EBV-coded RNA in the nuclei (Figure 14), indicating that EBV was latent
in the tumors of patients 17 and 19 from which the lymphomas originated. However, the
patient tumors (results not shown) and the lymphoma from mouse #32 (Figure 14) were
negative for EBV RNA. The method controls for IHC and ISH were negative (results not
shown).

Mouse CD45 EBER-ISH

#25

#26

#32

Figure 14. Characterization of lymphomas from mouse #25, 26, 32 and 33. HES, Ki67, CD45 and EBV RNA (EBER; see
methods) staining.
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3.7. Intake of Liquid Diet

When PDXs reached “established growth”, mice were given liquid diets; Smartfish
Remune Peach supplemented with either omega-3 FAs (fish oil) or rapeseed oil (placebo).
The mice were observed to drink from the bottles (Supplementary Figure S1-23-4), and
the nutrition drink was observed in the stomach of some of the animals at necroscopy.
The daily intake (mL) per animal was estimated by weighing the drinking bottles before
and after they were provided to the mice (density 1.047 g/mL). However, there was a con-
siderable amount of spillage/leakage from the bottles, hence the estimated intake was in-
accurate. Only mouse #23 was given the drink for the scheduled 8 weeks.

3.8. Fatty acid Profiling of Patient- and Mouse Whole Blood

Whole blood from both patients and mice were spotted on Whatman filter cards to
analyze FA content in blood by FA profiling. The results presented in Supplementary Ta-
ble S5-1 and Figure 15 show that the FA content and Omega-3 index in whole blood varied
between patients. The content of the omega-3 FAs eicosapentaenoic acid (EPA), docosa-
pentaenoic acid (DPA) and docosahexaenoic acid (DHA), as well as the Omega-3 index,
were highest in patient 17 who reported a daily intake of cod liver oil. Patient 19 had the
lowest content of EPA and DHA, and Omega-3 index. This patient reported a daily intake
of cod liver oil; however, only during wintertime (blood sample taken in August, Norwe-
gian wintertime September to April).
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Figure 15. Patient whole blood omega-3 fatty acid (FA) profiling and Omega-3 index.

Mouse blood samples were obtained before and after treatment to detect changes in
blood FA content during treatment. In mice, the levels of EPA, DHA, and DPA signifi-
cantly correlated with each other and the Omega-3 index as indicated in Supplementary
Figure S5-1. An analysis of variance (ANOVA) on a hierarchical mixed model fitted to
each FA and accounting for the measurements before and after treatment in the same
mouse model, showed significant effects for oleic acid (OA), digamma linoleic acid
(DGLA), arachidonic acid (AA), DPA, DHA, and the Omega-3 index (Figure 16). As ex-
pected, the average content of DHA as well as the Omega-3 index were higher in whole
blood from the mice receiving fish oil compared to untreated mice (included blood sam-
ples from mice before treatment) as shown by a post hoc Tukey test. However, a rise in
DHA content was not found in all mice within the fish oil group (mouse #22 and 27).
Moreover, we also observed a trend of increased levels of DPA, DHA, and Omega-3 index
for mice in the placebo group, although this was not statistically significant. The intake of
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long chain omega-3 FAs is known to reduce the content of long chain omega-6 FAs since
they compete for the same enzymes during FA synthesis (reviewed in [18]). Mice from
both treatment groups had reduced AA content in the blood compared to untreated mice;
however, the level was lowest in the fish oil group.
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Figure 16. Mouse whole blood FA profiling and Omega-3 index. Stars indicate significant Tukey post hoc test. p-values
indicate significance in the ANOVA model.
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4. Discussion

The aim of this study was to establish a preclinical PDX model of CRC in immuno-
deficient mice and give a thorough presentation of the procedure. In addition, we wanted
to evaluate administration of omega-3 FAs enriched in a liquid diet in this model.

PDXs preserve the biological characteristics of tumors better than CDX models, and
therefore serve as a better research model for personalized cancer treatment. PDXs with
established growth may be considered first generation xenografts, while several studies
have made PDX lines (third generation PDX) stored in a PDX line biobank for future stud-
ies [19]. By using first generation xenografts there is a risk of failure to establish growth,
while growth has already been confirmed with second or third generation PDX lines.
However, in order to include more patients and use fewer mice, we decided to use first
generation xenografts in this study. The study design and group sizes were based on the
assumption that data obtained in animal studies typically have a standard deviation of
35%. Power calculations suggested that a sample size of n > 10 would allow detection of a
30% change with a significant level of 0.05 and a power of 0.08. However, we experienced
that patient tumors had a high degree of heterogeneity and different tumorigenic levels.
Not all tumors gave established PDXs, and if growth was established, the latency time
was highly variable. Some mice developed abscesses or secondary tumors that reduced
animal health and hence the PDX development time. These are important issues that we
will address in future PDX studies to estimate required group sizes.

Successful PDX establishment relies on several factors, one of them being the animal
host. The CIEA NOG mouse has been shown to be a good host for establishment of PDX
models due to its severe immunodeficiency [7]. Tissue acquisition strategy is an important
factor, and Katsiampoura et al. found that surgical tissue samples doubled the engraft-
ment rate for PDXs compared to biopsies [11]. Based on this, we chose to use surgically
removed tissue samples instead of tissue biopsies in our study. Katsiampoura et al. also
found that previous cancer therapy reduced PDX engraftment rate due to the potential
growth reduction effect on the tumor and reduction in viable cancer cells [11]. We there-
fore included treatment naive patients that did not receive any preoperative treatment. In
our study, time from tissue sampling from the tumor to engraftment in mice was up to 1
h. Others have found that implantation of tumor tissue after 12-24 h was equally effective
as 2 h, which gives researchers a wider time frame to engraft the tissue samples [11]. For
engraftment of tissue from the first two patient tumors, we used tumor fragments sized
50 mm?, in line with the study by Katsiampoura et al. [11]. However, for the three last
patient tumors, we reduced the size of tumor fragments to 30 mm? to reduce the size of
the wound and possibly the distress to the mice. Other studies have used CRC tumor
fragments as small as 1-2 mm? [20]. The engraftment site for the PDXs is also important
to consider. During CDX studies, cancer cells are usually injected at the flank of the mouse.
However, the CIEA NOG mice are very active and during initial tests, the mice opened
the stiches and the wound within the first two hours after surgery. We therefore engrafted
the tissue in front of the back curve of the mouse so that it would be less accessible. A
possible drawback for studying CRC may be that this PDX model uses heterotopic sub-
cutaneous engraftment of the CRC tissue, instead of using an orthotopic model where
tissue is implanted into the original source organ in the animal. However, subcutaneous
PDX models for CRC are readily used as they are easy to detect, monitor, and characterize
(reviewed in [1]).

The first mice (n = 8) engrafted with tumor fragments were 11-13 weeks old com-
pared to over 6 months old for the last mice (1 = 12). The PDXs engrafted in mice at a
younger age had a higher engraftment rate compared to the older mice. However, the
engraftment rate may also be affected by the size of the tumor fragments, and younger
mice were engrafted with larger tumor fragments compared with the older mice. In future
PDX studies we will strive to use mice aged 8-12 weeks and use 3.5 x 3.5 mm tumor frag-
ments to increase the PDX engraftment rate. When size of the tumor fragments is reduced,
the amount of cancer cells implanted is also reduced, which may affect the growth of the
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xenografts. Larger fragments will likely represent the heterogeneity of the tumors to a
larger extent.

The establishment of PDXs from gastrointestinal tumors has a higher engraftment
rate compared to several other cancer types (reviewed in [6]). In this study the total suc-
cessful engraftment rate was 50%, which is comparable to the engraftment rates reported
in the studies by Chijiwa et al. (58% for gastrointestinal tumors) [21] and Katsiampoura et
al. (56% for CRC) [11]. However, when using surgically removed CRC tumors for engraft-
ment, Katsiampoura et al. found an engraftment rate of 72% [11], which is comparable to
the study by Cho et al. and Wimsatt et al. that reported an engraftment rate of 67% and
64%, respectively [20,22]. When engrafting different types of cancer tissue in CIEA NOG
mice, Fujii et al. found that CRC tissue had the highest engraftment rate at approximately
32% [23]. The engraftment rate will be affected by the latency time; that is, the time al-
lowed for growth of the PDX to establish in the animal. In this pilot study, we chose to
wait up to six months for growth to establish. However, studies have reported a latency
time for CRC PDXs for up to 12 months ([11], reviewed in [24]). Hence, a longer latency
time may increase the engraftment rate. In line with our findings, a recent study by Ab-
dirahman et al. also reported an allowed six month latency period until established CRC
PDX growth [19], and Chijiwa et al. stated that animals were sacrificed as “failed” if mice
did not develop PDX growth over six months from engraftment [21].

The most common CRC tumor type is adenocarcinoma, representing over 90% of all
colorectal carcinomas (reviewed in [25]). All five patient tumors in this study were ade-
nocarcinomas, and most PDXs had similar differentiation as the original tumor. However,
HES staining of the tumor from patient 11 showed that the tumor consisted mainly of
signet ring cells. This is a rare type of CRC which is found in <1% of CRC cases (reviewed
in [25]). The fact that the corresponding xenografts showed the same histology and signet
ring cell type illustrates the correlation between histology of the original patient tumor
and the corresponding PDXs. Signet ring cell carcinomas are often poorly differentiated
(high grade) and may give a worse outcome compared to other adenocarcinomas. How-
ever, as shown in Table 1, the tumor from patient 11 was microsatellite instability high
(MSI-H) and BRAF mutated, which gives an intermediate prognosis (reviewed in [25]).
Whether this could affect the engraftment rate and latency time remains to be investi-
gated.

When establishing PDX models, there is a risk of spontaneously developing mouse
tumors. In our study, the secondary tumors were first detected close to the location of the
xenograft. Hence, inspection and comparison of the histology and molecular markers
from the primary tumors and the corresponding xenografts are necessary to be able to
distinguish spontaneously growing tumors from xenografts, and to ensure that key char-
acteristics of the original tumors are maintained in the PDXs.

The secondary tumors of mice #25, 26, 32 and 33 were recognized by pathology ex-
perts as lymphomas. However, the CIEA NOG mice are reported to have a very low inci-
dence of developing spontaneous lymphomas [9,10]. Yasuda et al. reported spontane-
ously developing tumors in only 1.31% of the mice, and of these only 0.60% developed
thymic lymphoma [10]. In our study, mice developing lymphoma had enlarged spleens
with the presence of lymphoid cancer cells. The same was also reported by Yasuda et al.
and Fujii et al. [10,17], indicating that the lymphoid cancer cells were distributed system-
ically. The low incidence of spontaneous lymphomas in CIEA NOG mice is due to the
knockout of the IL2Rg gene [8]. Fujii et al. found that in 30% of the CRC PDX cases, lym-
phoma cells replaced the original tumor cells and that the morphology of these tumors
was similar to EBV-transformed B cells in SCID mouse [23], which were reported in thir-
teen of fifty cases in a study by Itoh et al. [26]. Fujii et al. related the findings to the amount
of B cells in the original specimen, which is known to be high in colorectal tissue, even
though the tumors had nonlymphoid origin [23]. They reasoned that the severe immuno-
deficiency of the CIEA NOG mouse enhanced the effect of EBV [23]. Some studies have
also shown the ability of EBV-transformed human B cells to form a lymphoid tumor as a
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result of outgrowth from the xenograft [27-31]. Both Choi et al. and Butler et al. found
lymphomas with human origin only after the engraftment of the tumor tissue into
NOG/NSG mice, but not nude mice [28,29]. They explained these findings by the loss of
immune (NK) cells in the NOG/NSG mice compared to nude mice, which makes the
NOG/NSG mice more vulnerable to the activation of EBV infected B cells compared to
nude mice, which have active NK cells. Butler et al. found that the lymphoma incidence
of human B cell origin could be reduced by giving the animals a single dose of the CD20
antibody rituximab at the engraftment time [28]. In our study, we found that three of four
lymphomas consisted of human Ki67+ and CD45+ EBV transformed lymphoid cells.
Hence the EBV was likely latent in lymphoid cells in the tumor, but at a very low level
since it was not detected by EBER ISH in the patient samples. EBV is known as an on-
covirus and is found latent in more than 90% of humans (reviewed in [32]). These rapidly
growing lymphomas resulted in reduced time for the xenografts to establish due to in-
creased tumor burden and/or reduced general health of the affected animals, as found in
the study by Chjiwa et al. [21]. The lymphoma in mouse #32 was somewhat different from
the three other lymphoma cases; the same lymphoid cancer cell type was found in the
lungs, spleen, both shoulders and one hind leg, as well as in what was believed to be the
remainder of the xenograft (Supplementary Figure 51-32-7). The lymphoma of mouse #32
was negative for human specific Ki67, CD20, CD45 and EBV, giving an indication that this
lymphoma may be of murine origin. Despite the low rate of formation of spontaneous
lymphomas in CIEA NOG mice, Yasuda et al. found thymic lymphoma to be the most
common spontaneous tumors in NOG mice with a total incidence of 0.6% [10]. The NOD
scid gamma (NSG) mice are also expected to have low incidence of spontaneous lympho-
mas. However, Moyer et al. found murine lymphomas in a PDX model in NSG mice and
separated them from human-derived lymphomas using the same Ki67 MIB1 antibody as
used in our study [33].

Three mice developed rapidly growing abscesses within one week after surgery. This
may indicate that the tumor fragments were contaminated during the procedure or that
the tumor tissue contained intracellular bacteria. For future studies we will provide the
mice with antibiotics in the drinking water for 1 week after engraftment to reduce the risk
of infection and the formation of abscesses.

Omega-3 PUFAs from fish oil have previously been shown to have a growth inhibi-
tory effect on CRC cells both in vitro ([34,35], reviewed in [36]) and in vivo [37,38]. In
addition, some studies have found omega-3 PUFAs to act as adjuvants to anticancer ther-
apies [18]. Most studies that are testing treatment strategies involving omega-3 FA sup-
plemented diets in animal studies have used omega-3 FA enriched pellet diets ([37,38],
reviewed in [18]). However, Busquets et al. used oral administration of Smartfish Remune
drink with omega-3 FAs as juice blocks to mice for 18 days in a CDX model, where signif-
icantly reduced primary tumor growth was observed [39]. We administered Smartfish
Remune with fish oil or placebo to mice with established PDXs for 8 weeks. However,
only mouse #23 completed the 8-week treatment period (placebo). The other mice were
euthanized earlier (Table 3). We estimated that each mouse should drink 1.6 mL nutrition
drink to achieve an adequate daily intake of DHA and EPA. Spillage was observed in
cages of all mice receiving nutrition drink, meaning that the daily estimated intake was
probably higher than the actual intake for all mice receiving treatment. Meanwhile, obser-
vations of mice drinking directly from the bottles, detection of nutrition drink in the stom-
ach and results from the whole blood FA profiling, confirmed intake of the nutrition drink.

We performed FA quantification/profiling to investigate whether the patients’ re-
ported intake of fish and omega-3 supplements correlated with their FA profile. Patient
17 stated a daily intake of cod liver oil and had the highest whole blood levels of EPA,
DPA and DHA, as well as the Omega-3 index. Patient 17 also had the lowest whole blood
level of AA, an omega-6 PUFA known to be partially reduced in membrane phospholipids
when omega-3 PUFA intake increases (reviewed in [18,40]). Patient 19 also stated to have
a daily intake of cod liver oil but had the lowest Omega-3 index. However, this patient
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had a daily intake of cod liver oil at wintertime (Table 1), and the blood sample was taken
in August. This probably influenced the EPA and DHA levels (which are included in the
Omega-3 index) due to an assumed washout period for omega-3 PUFAs of about 12 weeks
[41]. Although in vitro cell lines and in vivo animal studies show promising effects of
omega-3 PUFAs on cancer growth, there have been few clinical trials exploring and
providing evidence of a potential clinical anticancer effect of these PUFAs. However, there
are studies reporting significant advantages of combining conventional cancer treatment
with omega-3 PUFAs for some cancer types, and that a higher intake of marine omega-3
PUFAs after CRC diagnosis was associated with lower cancer-associated death and longer
disease-free survival (reviewed in [18]).

FA profiling showed that the average content of the omega-3 PUFAs EPA, DPA, and
DHA increased in both mice given fish oil and placebo compared to untreated animals,
but the levels were highest and only significant in the mice provided with fish oil. Changes
in the Omega-3 index and the DPA, as well as OA, DGLA, and AA content were statisti-
cally significant in the ANOVA analysis. Rapeseed oil is known to be rich in OA (over
50%) [42], and as expected, whole blood from mice given the placebo drink had the highest
OA content. However, rapeseed oil does not contain EPA, DPA, or DHA, but it does con-
tain around 8% ALA [42], which is the precursor for synthesis of EPA, DPA, and DHA in
mammals. Several experimental animal studies using omega-3 enriched fish oil diets have
used corn oil as control oil [18]; however, rapeseed oil was chosen due to lower concen-
tration of omega-6 PUFAs. The reduction in the whole blood content of AA in both fish
oil- and placebo treated mice may be considered positive, as AA is a precursor for omega-
6 FA derived pro-inflammatory eicosanoids, while eicosanoids from the omega-3 FA EPA
are considered anti-inflammatory (reviewed in [43]).

Regarding estimation of FA levels, whole blood reflects the content of both plasma
and blood cells and is a more easily obtainable approach compared to using blood plasma
[44]. Whole blood is readily sampled as dried blood spots (DBS) which is considered an
adequate approach to analyze the content of FAs and long chain omega-3 PUFAs if FA
oxidation is prevented [45,46]. Since the average levels of marine omega-3 PUFAs were
highest in the mice receiving nutrition drink with fish oil, we consider the DBS analysis
method for FA profiling as suitable for our study. This method also applies for analyses
of cytokines and vitamin D levels.

5. Conclusions

In this study we established a method for the engraftment of CRC PDXs in CIEA
NOG mice with an engraftment rate of 50%. The highest engraftment rate was obtained
when engrafting larger tumor fragments in young mice. Max latency time was set to six
months; however, this time frame should be extended in future PDX setups in order to
increase the engraftment rate. The optimal engraftment site was in front of the back curve
of the mice to prevent the mice from opening the wounds. Histological staining confirmed
that the established PDXs originated from human CRC adenocarcinoma. Some of the
older mice developed abscesses or secondary tumors which originated from human Ki67,
CD45, and EBV positive lymphoid cells. These are important findings that researchers
should be aware of when planning and performing PDX studies. We have presented a
strategy to successfully provide mice with fish oil and placebo by liquid diets. The intake
of omega-3 FAs was confirmed by the increased omega-3 ratio in blood. The PDX model
described represents a valuable research tool for the assessment of different anticancer
treatment strategies. Furthermore, the establishment of a biobank with tissue and blood
samples from CRC patients will provide a unique platform for future translational re-
search.

Supplementary Materials: The following are available online at www.mdpi.com/2227-
9059/9/3/282/s1-s5: Supplementary file 1: Animal details; Supplementary file 2: Bullet point form for
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surgery and anesthesia log; Supplementary file 3: Bullet point form for euthanization, blood and tissue
sampling; Supplementary file 4: Mice weight curves; Supplementary file 5: Fatty acid profiling.

Author Contributions: Conceptualization, H.S., P.S.,, AW., S.A.S. and CH.H.P.; formal analysis,
L.C.O. and P.S; funding acquisition, P.S., A.W., S.A.S. and C.H.H.P.; investigation, H.S., K.S.G,,
E.SRR. LN. and C.H.H.P.; methodology, H.S., KS.G., ES.R., T.S.H., LN. and C.H.H.P.; project ad-
ministration, C.H.H.P.; resources, P.S., A.W., S.A.S. and C.H.H.P.; visualization, L.C.O., T.S.H. and
C.H.H.P.; writing—original draft, H.S., L.C.O., LN. and C.H.H.P.; writing—review and editing,
H.S., L.C.O, KS.G, ESR., TSH, LN, P.S, AW, S.AS. and CH.H.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by The Joint Research Committee between the Faculty of Medicine
and Health Sciences, Norwegian University of Science and Technology (NTNU), and St. Olav’s Uni-
versity Hospital. Funding was also granted by The Cancer Fond at St. Olav’s University Hospital,
and the Faculty of Medicine and Health Sciences, NTNU through “strategic funding”.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Regional Ethics Committee for Central Norway (REC
ID 2017/2048, date: 10 October 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Acknowledgments: The authors are especially grateful to the patients who agreed to contribute to
this research project. We appreciate the effort by Line Furseth, Department of Surgery, St. Olav’s
University Hospital, for help during patient inclusion. We appreciate the expertise by Hakon Hov,
Department of Pathology, St. Olav’s University Hospital, during inspection of the HES stained lym-
phoma slides, and Duan Chen, IKOM, NTNU, for contribution to the project planning. The
knowledge and expertise of the personnel at the Department of Surgery, Department of Pathology,
and Biobank1, St. Olav’s University Hospital, are highly appreciated. The animal experiments were
performed at the CoMed Core Facility, NTNU. Histology and immunohistochemistry staining of
tumors were performed at CMIC, NTNU. The statistical analyses were performed at BioCore,
NTNU. CoMed, CMIC and BioCore are funded by the Faculty of Medicine at NTNU and Central
Norway Regional Health Authority. Smartfish is acknowledged for supplementing Smartfish
Remune Peach and Placebo.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Inoue, A.; Deem, A.K,; Kopetz, S.; Heffernan, T.P.; Draetta, G.F.; Carugo, A. Current and Future Horizons of Patient-Derived
Xenograft Models in Colorectal Cancer Translational Research. Cancers (Basel) 2019, 11, 1321, doi:10.3390/cancers11091321.
Yoshida, G.J. Applications of patient-derived tumor xenograft models and tumor organoids. ]. Hematol. Oncol. 2020, 13, 4,
d0i:10.1186/s13045-019-0829-z.

Fujii, E.; Kato, A.; Suzuki, M. Patient-derived xenograft (PDX) models: Characteristics and points to consider for the process of
establishment. J. Toxicol. Pathol. 2020, 33, 153-160, doi:10.1293/tox.2020-0007.

Cobb, L.M. The behaviour of carcinoma of the large bowel in man following transplantation into immune deprived mice. Br. ].
Cancer 1973, 28, 400-411, d0i:10.1038/bjc.1973.165.

Pickard, R.G.; Cobb, L.M.; Steel, G.G. The growth kinetics of xenografts of human colorectal tumours in immune deprived mice.
Br. J. Cancer 1975, 31, 36—45, doi:10.1038/bjc.1975.5.

Brown, K.M.; Xue, A.; Mittal, A.; Samra, ].S.; Smith, R.; Hugh, T.]J. Patient-derived xenograft models of colorectal cancer in pre-
clinical research: A systematic review. Oncotarget 2016, 7, 66212-66225, doi:10.18632/oncotarget.11184.

Ito, M.; Hiramatsu, H.; Kobayashi, K.; Suzue, K.; Kawahata, M.; Hioki, K.; Ueyama, Y.; Koyanagi, Y.; Sugamura, K.; Tsuji, K,; et
al. NOD/SCID/gamma(c)(null) mouse: An excellent recipient mouse model for engraftment of human cells. Blood 2002, 100,
3175-3182, doi:10.1182/blood-2001-12-0207.

Shultz, L.D.; Goodwin, N.; Ishikawa, F.; Hosur, V.; Lyons, B.L.; Greiner, D.L. Human cancer growth and therapy in immuno-
deficient mouse models. Cold Spring Harb. Protoc. 2014, 2014, 694-708, doi:10.1101/pdb.top073585.

Kato, C.; Fujii, E.; Chen, Y.J.; Endaya, B.B.; Matsubara, K.; Suzuki, M.; Ohnishi, Y.; Tamaoki, N. Spontaneous thymic lymphomas
in the non-obese diabetic/Shi-scid, IL-2R gamma (null) mouse. Lab. Anim. 2009, 43, 402-404, doi:10.1258/1a.2009.009012.
Yasuda, M.; Ogura, T.; Goto, T.; Yagoto, M.; Kamai, Y.; Shimomura, C.; Hayashimoto, N.; Kiyokawa, Y.; Shinohara, H.;
Takahashi, R.; et al. Incidence of spontaneous lymphomas in non-experimental NOD/Shi-scid, IL-2Rgamma(null) (NOG) mice.
Exp. Anim. 2017, 66, 425-435, d0i:10.1538/expanim.17-0034.

Katsiampoura, A.; Raghav, K; Jiang, Z.Q.; Menter, D.G.; Varkaris, A.; Morelli, M.P.; Manuel, S.; Wu, ].; Sorokin, A.V; Rizi, B.S,;
et al. Modeling of Patient Derived Xenografts in Colorectal Cancer. Mol. Cancer Ther. 2017, doi:10.1158/1535-7163.MCT-16-0721.



Biomedicines 2021, 9, 282 26 of 27

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bray, F.; Ferlay, J.; Soerjomataram, I; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394-424, d0i:10.3322/caac.21492.
Cancer in Norway 2016: Cancer Incidence, Mortality, Survival and Prevalence in Norway; Larsen, LK., Ed.; Cancer Registry of Nor-
way: Oslo, Norway, 2017.

Constant, S.; Huang, S.; Wiszniewski, L.; Mas, C. Colon Cancer: Current Treatments and Preclinical Models for the Discovery
and Development of New Therapies. In Drug Discovery; El-Shemy, H.A. Ed.; IntechOpen: Rijeka, Croatia, 2013;
doi:10.5772/53391.

Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27—
31, d0i:10.4103/0976-0105.177703.

Covelli, V. Guide to the Necroscopy of the Mouse. Available online: http://eulep.pdn.cam.ac.uk/Necropsy_of_the_Mouse/print-
able.php (accessed on 2 January 2020).

Fujii, E.; Kato, A.; Chen, Y ]J.; Matsubara, K.; Ohnishi, Y.; Suzuki, M. Characterization of EBV-related lymphoproliferative lesions
arising in donor lymphocytes of transplanted human tumor tissues in the NOG mouse. Exp. Anim. 2014, 63, 289-296,
doi:10.1538/expanim.63.289.

Dierge, E.; Larondelle, Y.; Feron, O. Cancer diets for cancer patients: Lessons from mouse studies and new insights from the
study of fatty acid metabolism in tumors. Biochimie 2020, doi:10.1016/j.biochi.2020.08.020.

Abdirahman, S.M.; Christie, M.; Preaudet, A.; Burstroem, M.C.U.; Mouradov, D.; Lee, B.; Sieber, O.M.; Putoczki, T.L. A Biobank
of Colorectal Cancer Patient-Derived Xenografts. Cancers (Basel) 2020, 12, 2340, doi:10.3390/cancers12092340.

Cho, Y.B.; Hong, HK.; Choi, Y.L.; Oh, E.; Joo, KM,; Jin, J.; Nam, D.H.; Ko, Y.H.; Lee, W.Y. Colorectal cancer patient-derived
xenografted tumors maintain characteristic features of the original tumors. ]. Surg. Res. 2014, 187, 502-509,
doi:10.1016/j.jss.2013.11.010.

Chijiwa, T.; Kawai, K.; Noguchi, A.; Sato, H.; Hayashi, A.; Cho, H.; Shiozawa, M.; Kishida, T.; Morinaga, S.; Yokose, T.; et al.
Establishment of patient-derived cancer xenografts in immunodeficient NOG mice. Int. ]J. Oncol. 2015, 47, 61-70,
doi:10.3892/ij0.2015.2997.

Wimsatt, ].H.; Montgomery, C.; Thomas, L.S.; Savard, C.; Tallman, R.; Innes, K.; Jrebi, N. Assessment of a mouse xenograft
model of primary colorectal cancer with special reference to perfluorooctane sulfonate. Peer] 2018, 6, e5602,
doi:10.7717/peer;j.5602.

Fuijii, E.; Suzuki, M.; Matsubara, K.; Watanabe, M.; Chen, Y.J.; Adachi, K.; Ohnishi, Y.; Tanigawa, M.; Tsuchiya, M.; Tamaoki, N.
Establishment and characterization of in vivo human tumor models in the NOD/SCID/gamma(c)(null) mouse. Pathol. Int. 2008,
58, 559-567, d0i:10.1111/j.1440-1827.2008.02271.x.

Collins, A.T.; Lang, S.H. A systematic review of the validity of patient derived xenograft (PDX) models: The implications for
translational research and personalised medicine. Peer] 2018, 6, 5981, doi:10.7717/peerj.5981.

Fleming, M.; Ravula, S.; Tatishchev, S.F.; Wang, H.L. Colorectal carcinoma: Pathologic aspects. |. Gastrointest. Oncol. 2012, 3,
153-173, d0i:10.3978/j.issn.2078-6891.2012.030.

Itoh, T.; Shiota, M.; Takanashi, M.; Hojo, I.; Satoh, H.; Matsuzawa, A.; Moriyama, T.; Watanabe, T.; Hirai, K.; Mori, S. Engraft-
ment of human non-Hodgkin lymphomas in mice with severe combined immunodeficiency. Cancer 1993, 72, 26862694,
doi:10.1002/1097-0142(19931101)72:9<2686::aid-cncr2820720927>3.0.co;2-t.

Bondarenko, G.; Ugolkov, A.; Rohan, S.; Kulesza, P.; Dubrovskyi, O.; Gursel, D.; Mathews, J.; O'Halloran, T.V.; Wei, ].].; Mazar,
A.P. Patient-Derived Tumor Xenografts Are Susceptible to Formation of Human Lymphocytic Tumors. Neoplasia 2015, 17, 735—
741, doi:10.1016/j.ne0.2015.09.004.

Butler, K.A.; Hou, X.; Becker, M.A.; Zanfagnin, V.; Enderica-Gonzalez, S.; Visscher, D.; Kalli, K.R.; Tienchaianada, P.; Haluska,
P.; Weroha, S.J. Prevention of Human Lymphoproliferative Tumor Formation in Ovarian Cancer Patient-Derived Xenografts.
Neoplasia 2017, 19, 628-636, doi:10.1016/j.ne0.2017.04.007.

Choi, Y.Y,; Lee, J.E.; Kim, H.; Sim, M.H.; Kim, K.K,; Lee, G.; Kim, H.I.; An, ].Y.; Hyung, W.]J.; Kim, C.B,; et al. Establishment and
characterisation of patient-derived xenografts as paraclinical models for gastric cancer. Sci. Rep. 2016, 6, 22172,
doi:10.1038/srep22172.

Mukohyama, J.; Iwakiri, D.; Zen, Y.; Mukohara, T.; Minami, H.; Kakeji, Y.; Shimono, Y. Evaluation of the risk of lymphomagen-
esis in xenografts by the PCR-based detection of EBV BamHI W region in patient cancer specimens. Oncotarget 2016, 7, 50150—
50160, doi:10.18632/oncotarget.10322.

Radaelli, E.; Hermans, E.; Omodho, L.; Francis, A.; Vander Borght, S.; Marine, J.C.; van den Oord, J.; Amant, F. Spontaneous
Post-Transplant Disorders in NOD.Cg- Prkdcscid I12rgtm1Sug/JicTac (NOG) Mice Engrafted with Patient-Derived Metastatic
Melanomas. PLoS ONE 2015, 10, e0124974, doi:10.1371/journal.pone.0124974.

Fernandes, Q.; Gupta, I; Vranic, S.; Al Moustafa, A.E. Human Papillomaviruses and Epstein-Barr Virus Interactions in Colo-
rectal Cancer: A Brief Review. Pathogens 2020, 9, 300, doi:10.3390/pathogens9040300.

Moyer, AM.; Yu, J.; Sinnwell, J.P.; Dockter, T.J.; Suman, V.J.; Weinshilboum, R.M.; Boughey, J.C.; Goetz, M.P.; Visscher, D.W.;
Wang, L. Spontaneous murine tumors in the development of patient-derived xenografts: A potential pitfall. Oncotarget 2019,
10, 3924-3930, doi:10.18632/oncotarget.27001.

Samdal, H.; Sandmoe, M.A; Olsen, L.C.; Jarallah, E.A.H.; Hoiem, T.S.; Schonberg, S.A.; Pettersen, C.H.H. Basal level of autoph-
agy and MAPILC3B-II as potential biomarkers for DHA-induced cytotoxicity in colorectal cancer cells. FEBS ]. 2018,
doi:10.1111/febs.14488.



Biomedicines 2021, 9, 282 27 of 27

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Pettersen, K.; Monsen, V.T.; Hakvag Pettersen, C.H.; Overland, H.B.; Pettersen, G.; Samdal, H.; Tesfahun, A.N.; Lundemo, A.G.;
Bjorkoy, G.; Schonberg, S.A. DHA-induced stress response in human colon cancer cells—Focus on oxidative stress and autoph-
agy. Free. Radic. Biol. Med. 2016, 90, 158-172, doi:10.1016/j.freeradbiomed.2015.11.018.

Eltweri, A.M.; Thomas, A.L.; Metcalfe, M.; Calder, P.C.; Dennison, A.R.; Bowrey, D.]. Potential applications of fish oils rich in
omega-3 polyunsaturated fatty acids in the management of gastrointestinal cancer. Clin. Nutr. 2017, 36, 65-78,
doi:10.1016/j.cInu.2016.01.007.

Bathen, T.F.; Holmgren, K.; Lundemo, A.G.; Hjelstuen, M.H.; Krokan, H.E.; Gribbestad, 1.S.; Schonberg, S.A. Omega-3 fatty
acids suppress growth of SW620 human colon cancer xenografts in nude mice. Anticancer Res. 2008, 28, 3717-3723.

Zou, S.; Meng, X.; Meng, Y.; Liu, J.; Liu, B.; Zhang, S.; Ding, W.; Wu, J.; Zhou, ]J. Microarray analysis of anti-cancer effects of
docosahexaenoic acid on human colon cancer model in nude mice. Int. J. Clin. Exp. Med. 2015, 8, 5075-5084.

Busquets, S.; Marmonti, E.; Oliva, F.; Simoes, E.; Luna, D.; Mathisen, J.S.; Lépez-Soriano, F.J.; Ohlander, M.; Argilés, ].M. Omega-
3 and omega-3/curcumin-enriched fruit juices decrease tumour growth and reduce muscle wasting in tumour-bearing mice.
JCSM Rapid Commun. 2018, 1, 1-10, d0i:10.1002/j.2617-1619.2018.tb00001.x.

Larsson, S.C.; Kumlin, M.; Ingelman-Sundberg, M.; Wolk, A. Dietary long-chain n-3 fatty acids for the prevention of cancer: A
review of potential mechanisms. Am. J. Clin. Nutr. 2004, 79, 935-945, d0i:10.1093/ajcn/79.6.935.

Watson, H.; Mitra, S.; Croden, F.C.; Taylor, M.; Wood, H.M.; Perry, S.L.; Spencer, J.A.; Quirke, P.; Toogood, G.J.; Lawton, C.L.;
et al. A randomised trial of the effect of omega-3 polyunsaturated fatty acid supplements on the human intestinal microbiota.
Gut 2018, 67, 1974-1983, d0i:10.1136/gutjnl-2017-314968.

Norwegian Food Safety Authority. Rapeseed Oil, The Norwegian Food Composition Table. Available online: www.matvareta-
bellen.no (accessed on 5 January 2020).

Patterson, E.; Wall, R.; Fitzgerald, G.F.; Ross, R.P.; Stanton, C. Health implications of high dietary omega-6 polyunsaturated
Fatty acids. J. Nutr. Metab. 2012, 2012, 539426, doi:10.1155/2012/539426.

Rise, P.; Eligini, S.; Ghezzi, S.; Colli, S.; Galli, C. Fatty acid composition of plasma, blood cells and whole blood: Relevance for
the assessment of the fatty acid status in humans. Prostaglandins Leukot. Essent. Fat. Acids 2007, 76, 363-369,
doi:10.1016/j.plefa.2007.05.003.

Liu, G.; Muhlhausler, B.S.; Gibson, R.A. A method for long term stabilisation of long chain polyunsaturated fatty acids in dried
blood spots and its clinical application. Prostaglandins Leukot. Essent. Fat. Acids 2014, 91, 251-260, doi:10.1016/j.plefa.2014.09.009.
Harris, W.L.; Polreis, ]J. Measurement of the Omega-3 Index in Dried Blood Spots. Ann. Clin. Lab. Res. 2016, 4, 1-7,
doi:10.21767/2386-5180.1000137.



