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Despite the advantages of easy applicability and cost-effectiveness, subcutaneous mouse models have severe limitations and do not accurately
simulate tumor biology and tumor cell dissemination. Orthotopic mouse models have been introduced to overcome these limitations; however,
such models are technically demanding, especially in hollow organs such as the large bowel. In order to produce uniform tumors which reliably
grow and metastasize, standardized techniques of tumor cell preparation and injection are critical.

We have developed an orthotopic mouse model of colorectal cancer (CRC) which develops highly uniform tumors and can be used for tumor
biology studies as well as therapeutic trials. Tumor cells from either primary tumors, 2-dimensional (2D) cell lines or 3-dimensional (3D)
organoids are injected into the cecum and, depending on the metastatic potential of the injected tumor cells, form highly metastatic tumors. In
addition, CTCs can be found regularly. We here describe the technique of tumor cell preparation from both 2D cell lines and 3D organoids as well
as primary tumor tissue, the surgical and injection techniques as well as the isolation of CTCs from the tumor-bearing mice, and present tips for
troubleshooting.

Video Link

The video component of this article can be found at https://www.jove.com/video/55357/

Introduction

Colorectal cancer (CRC) is one of the most common causes of cancer death in western countries.” While the prlmary tumor can often be
resected, the occurrence of distant metastases dramatically worsens the prognosis and often leads to death.?® The biological correlate of
metastasis is circulating tumor cells (CTCs), which detach from the tumor, survive in circulation, attach to the eplthellum in the target organ,
invade the organ and ultimately outgrow to new lesions.* Although CTCs are known to be of prognostic relevance, 58789 their biology is only
partly understood as a result of their extreme rarity in CRC."

Mouse models are a powerful tool to study various aspects of cancer biology. Classical, subcutaneous tumor models are produced by
subcutaneous injection of tumor cells into recipient mice, which can be either immunocompetent (if syngeneic murine tumor cells are used)
or immunodeficient. Subcutaneous tumor models are inexpensive and produce data fast; their end-point tumor growth can be easily and non-
invasively measured. However, 88% of new compounds that have demonstrated antitumor activity in such models fail in clinical trials." This
is in part due to interspecies differences between humans and mice; however, a large part of this failure is due to the low predictive value of
subcutaneous mouse models.

Orthotopic mouse models, in which the tumor cells are |nJected into the organ of origin and thus grow in their original microenvironment, are
therefore increasingly used in cancer research."2131 Orthotoplc models do not only simulate local tumor growth conditions; as a result of the
anatomically correct site of tumor growth, orthotopic mouse models also allow realistic simulation of metastasis and are therefore used to study
CTC blology8 518 or their response to different treatments in CRC.®

A major disadvantage of orthotopic mouse models is their technical complexity. Depending on the organ in which the cells are to be injected, the
learning curve until the experimenter is able to induce reproducible tumors is rather long. This especially applies to colorectal cancer models,

as the tumor cells need to be injected into the bowel wall, which often results in perforation, tumor cell leakage or endoluminal tumor cell loss.
This article is intended to describe the method of cell preparation from primary tissue samples, 2D cell lines and 3D organoid culture and their
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injection into the cecum of mice. The technique described here leads to highly uniform tumors and, depending on the tumor biology of the cell
line used for injection, reproducible formation of distant metastases and CTCs in the recipient mice.

The animal experiments presented here were independently reviewed and permitted by an institutional and a governmental Animal Care and
Use Committee and were conducted according to Federation of Laboratory Animal Science Associations (FELASA) guidelines. All possible
measures were taken to minimize suffering including anesthesia and analgesia or, if necessary, premature euthanasia.

1. Preparation of Cells and Organoids

NOTE: Use a volume of 20 uL with 100,000 cells for each injection. Use basement membrane matrix (BMM) in order to prevent leakage and
ensure standardized injection. In order to ensure reproducible results, conduct cell line authentication assays (e.g., via STR profiling) at regular
intervals.

1.

Preparation of primary cell suspensions from fresh tissue
NOTE: Always work under sterile conditions. Immediate transfer of the freshly resected tissue from the operating room to the laboratory on
ice is required to ensure high viability of the cells.
The patient's well-being and optimal treatment must always be the first priority. Therefore, tissue samples for research must be obtained in
a manner that does not interfere with the subsequent pathological work-up and staging of the resected tumor. In most cases, it is therefore
reasonable to have the samples for research obtained by a trained pathologist in order to ensure non-interference with the pathological
diagnosis.
1. Immediately after sterile removal from the resected specimen (ideally ~1 cm ) place the tissue sample in a 50 mL tube pre-filled with
20-30 mL of phosphate-buffered saline (PBS). Store the tube on ice and transfer to the laboratory immediately.
2. Put the tissue in a Petri dish and wash it twice with plenty of PBS to remove the remaining blood.
3. Cut the tissue into small pieces (~ 2-4 mm) with a scalpel (e.g., with a #20 or #36 blade).
4. Use the dissociator according to the manufacturer's instructions in order to further dissociate the tumor tissue to a single-cell
suspension. Alternatively, use other protocols of enzymatic tumor digestion.
5. Count the cells of the resulting single-cell suspension (e.g., in a coulter counter or a hemocytometer).
6. Centrifuge (5 min at 1,500 x g) and wash the cell suspenswn twice with PBS.
7. Resuspend the cells in BMM at a concentration of 5 x 10° cells/mL and keep them on ice.

Preparation of cell lines for injection
1. Grow all colorectal cancer cell lines under standard culturing conditions (37 °C, 5% CO,) and prepare them at the day of surgery.
2. Harvest the cells according to standard cell culture protocols, count the cells (e.g., in a coulter counter or a hemocytometer) and
calculate the required amount for all injections depending on the numbers of animals to be injected.
3. Prepare 3-5x of the actually needed volume to account for pipetting losses and the dead volume of the injection syringe.
4. Centrifuge (5 min at 1,500 g) and wash the cell suspensmn twice with PBS.
5. Resuspend the cells in BMM at a concentration of 5 x 10° cells/mL and keep them on ice.

Organoid preparation
NOTE: All 3D organ0|d cultures are grown under standard culturing conditions (37 °C, 5% CO,). Detailed protocols for organoid culture have
been published before.'®1%% Similar to conventional cell lines, we recommend a volume of 20 yL BMM with 100,000 cells per injection. The
organoids are prepared at the day of surgery as follows:
1. Prepare the following medium (in the following referred to as DMEM/F12+++): Advanced Dulbecco's Modified Eagle's Medium
(DMEM)/F12 + 1% HEPES (1M) + 1% Glutamine (200 mM) + 1% Penicillin/Streptomycin.
Pre-fill 15 mL tubes with 1 mL DMEM/F12+++.
Carefully aspirate the organoids from the surface of the culture plate and transfer the contents of 3 to 5 wells into one 15 mL tube.
Carefully break the organoids up into smaller pieces by pipetting them up and down with an extended glass pipette.
Add 5 mL DMEM/F12+++ to the tube, followed by centrifugation at 1,000 x g for 5 min.
After centrifugation, remove the supernatant, resuspend the pellet in 600 L enzymatic dissociation buffer and transfer the suspension
to one well of a 6-well plate.
7. Incubate at 37 °C for 1-5 min and then carefully pipet the suspension up and down in order to dissolve the organoids.
NOTE: Verify the digestion via microscope; it is complete when all cell clusters have been dissociated to single cells.
8. Upon successful digestion, add 1.4 mL of DMEM/F12+++ to stop the digestion. Then transfer all wells of digested organoids to a 50 mL
tube.
9. Count the cells and calculate the required amount for all injections.
10. Prepare 3 - 5x of the actually needed volume to account for pipetting losses and the dead volume of the injection syringe
11. Centrifuge (5 min at 1,500 x g) and wash the cell suspensmn twice with PBS.
12. Resuspended the cells in BMM to a concentration of 5 x 10° cells/mL and keep them on ice.
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2. Orthotopic Mouse Model

1.

Preparation of recipient animals for surgery
NOTE: Use 6-8 week-old NOD.Cg-Prkdc®™ 112rg"™"/SzJ (NOD scid gamma, NSG) mice as recmlents NSG are among the most
immunocompromised mice, lacking mature B, T and NK cells along with multiple other immune defects.? They reliably grow tumors even if
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low cell numbers are injected and are highly prone to distant metastases. NSG mice are excellent breeders and can be kept in conventional
specific pathogen free (SPF) units.
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Prior to the first incision, inject 0.05 mg/kg of buprenorphine subcutaneously.

Use sevoflurane at 3-3.5 vol% for general anesthesia. A loss of the toe pinch reflex indicates sufficient anesthesia.

Cover the eyes of the anesthetized mice with ophthalmic ointment to avoid desiccation of the cornea.

Restrain the mice in a supine position on a small table.

Shave the abdomen with an electric shaver (depilatory cream can be used alternatively) and disinfect with at least 3 times clorhexidine/
iodine and 70% alcohol alternatively.

Cover the surgical field with sterile drapes.

NOTE: The use of perioperative antibiotics is optional and subject to institutional guidelines.

2. Midline laparotomy and exposure of the cecum

1.

2.

3.

Use scissors (scalpels can be used alternatively) to make a small midline incision (3 - 5 mm) of the skin on the lower abdomen. Pick up
the abdominal wall musculature with forceps and carefully incise it with scissors, thus opening the abdominal cavity.

Identify and carefully exteriorize the cecum with atraumatic forceps. Position the blind ending pouch of the cecum on the abdomen
pointing cranially.

Once exteriorized, keep the cecum moist using warm saline swabs at all times.

3. Orthotopic injection, closure of the abdomen and postoperative recovery

1.

ok

9.
10.

For intracecal injection, use a standard 1 mL syringe with a 30 G cannula. Mount this syringe on a microinjection pump, which is in turn
mounted on a micromanipulator.
Carefully grasp the tip of the cecum with atraumatic forceps and gently smoothen it by stroking it downward with a second set of
forceps moistened with warm saline.
Position the cannula directly above the cecum.
Perform the following steps under visual control with a binocular surgical microscope.
Carefully grasp the cecum with two atraumatic forceps at both ends of the exteriorized part of the cecum, slightly stretch it and then
slowly pull it over the cannula which is positioned parallel and directly above. It is crucial not to perforate the entire bowel wall (thus
injecting the cells into the lumen) as well as not to perforate the serosa beyond the initial point of penetration, as this would lead to
leakage and peritoneal dissemination.

1. Move the bowel towards the cannula, not the cannula towards the bowel. Hold and stretch the bowel between two forceps. The

surgeon's hands must be resting on a surface in order to reduce tremor.

Inject the cells between the serosa (seen as very thin, translucent lining above the intramural blood vessels) and the muscularis. The
cannula must therefore be visually placed above the blood vessels and underneath the thin translucent membrane.

Use a foot switch to start the injection in order to reduce tremor while the cannula is inside the bowel wall.

Once the cannula is in position, start the injection. Use a duration of 20 s, resulting in 1 pL/s setting on the control unit of the pump.
NOTE: The injection into or near a damaged blood vessel leads to direct intravascular dissemination and distant metastasis and should
therefore be avoided.

After completion of the injection, carefully remove the cannula by pulling it backward.

Place a dry swab under the cecum, and then thoroughly rinse the cecum with distilled water in order to lyse leaked cells and thus
prevent artificial peritoneal dissemination.

4. Closure of the abdomen and postoperative recovery

aorwb=
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After rinsing, gently return the cecum to the abdominal cavity.

Close the abdominal wall with 6-0 rapidly absorbable running sutures.

Close the skin with surgical wound clips.

Place the mouse on a heating map set to 38 °C until it has fully recovered from the anesthesia.

Closely observe the postoperative condition of the mice for the following 48 h. In case of distress, treat with 0.05 mg/kg buprenorphine
every 12 h.

Monitor the mice at least once daily for signs of distress due to tumor growth.

3. Isolation of Circulating Tumor Cells from Whole Blood Samples

NOTE: Obtain blood by transcutaneous cardiac puncture on anesthetized mice, followed by euthanasia. Ideally, 1,000 pL of blood are drawn into
a syringe prefilled with 100 pL of an anticoagulant (Ethylenediaminetetraacetic acid (EDTA) or heparin). Use an anti-human-EpCAM (epithelial
cell adhesion molecule) antibody to identify the CTCs. This works very well if human epithelial cell lines are used in the mouse model. For other
appliances, different antibodies may be required.

1. CTC enrichment:

aorwb=

Pre-fill 15 mL tubes with 5 mL density gradient medium and carefully transfer the blood into the 15 mL tube.
Centrifuge (30 min at 300 x g without brake) and carefully remove the upper supernatant.

Pour the rest into a new 15 mL tube and centrifuge (15 min, 300 x g with brake).

Recover the interphase containing the mononuclear cells (discard the rest) and wash the cells twice with PBS.
Resuspend the pellet in 200 uL PBS/1% EDTA and add 4 pL of EpCAM antibody. Incubate 20 min on ice in the dark.

2. Screening and picking

1.

Prepare the following buffer (in the following referred to as picking buffer): PBS + 10% fetal calf serum (FCS) + 1% Penicillin/
Streptomycin (1%) + 0.8% EDTA.
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2. Use a PAP pen to draw a ~1 cm circle in a 6 cm sterile Petri dish (prevents the fluid from dispersing in the dish), and pipet 700 pL of
picking buffer into this circle.

3. Add 50 pL of cell suspension to the 700 pL picking buffer within the circle. Check the density of cells with the microscope. Split the
sample into different dishes if it is too dense.

4. Wait for the cells to settle down (~5 min).

5. Screen the drop of cell suspension for stained (= EpCAM-positive) cells.

6. Once a cell is found, pick the cell with the micromanipulator and put it in 50 pL buffer depending on the intended downstream analysis
(e.g., RNA extraction buffer or culturing medium).

7. Depending on the intended downstream analyses, isolate EpCAM-negative cells and/or medium as negative controls.

8. Proceed with downstream analyses (e.g., cell culture, PCR).

Representative Results

The successful and reproducible generation of colorectal tumors in this model critically depends on accurate injection of the cells without spillage
or leakage. If this is achieved, this model is extremely reliable and very rarely results in artificial peritoneal dlssemlnatlon The growth kinetics

of the tumors as well as their dissemination patterns depend on the biology of the used organoids and cells."™® While HCT116 cells reliably
metastasize to the liver in this model, SW620 cell form orthotopic tumors, but do not metastasize.

The use of HCT116 cells in this model reliably results in moribund mice within 35 days of tumor cell injection. Primary tumors measure about
10 mm in size (Figure 1A and Figure 2A), liver metastases (Figure 1B and Figure 2B), lung metastases (Figure 1C and Figure 2C) and
circulating tumor cells (Figure 3) are almost invariably present. In mice bearing HCT116 tumors, 35 days after tumor cell injection CTCs are
present in high frequency and quantity and can be easily isolated for downstream analyses (Figure 3).
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Figure 1: Macroscopic Pictures after Dissection 35 days After the Orthotopic Injection of HCT116 Human CRC Cells into NSG Mice. (A)

Primary tumor (dashed line) in the cecum. (B) Liver with multiple metastases. (C) Lung metastases (arrows). Please click here to view a larger
version of this figure.

Figure 2: Histological |ctures of the Organs Shown in Flgure 1. (A) Pr|mary Tumor (H&E) (B) Liver metastasis (H&E). (C) Lung metastasis
(anti-EpCAM immunohistochemistry). Please click here to view a larger version of this figure.
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Figure 3: Circulating Tumor Cells (HCT11_6 Cells in NSG Mice, 35 Days after Tumor Cell Injection). Bright field (A) and immunofluorescence

(anti-hEpCAM-Alexa488 (B)) images of CTCs in the peripheral blood mononuclear cell (PBMC) fraction. Please click here to view a larger
version of this figure.

Despite their preclinically proven activity in subcutaneous mouse models, the great majority of novel compounds fail in clinical trials and never
reach the clinic."" This obvious insufficiency of subcutaneous mouse models to accurately simulate the biology and growth patterns of tumors
has led to the development of orthotopic mouse models based on the injection of tumor cells directly into the original organ.

Orthotopic mouse models are able to simulate the biology and dissemination of solid tumors much more accurately than subcutaneous models."
However, major disadvantages are poor reproducibility especially in technically demanding organs such as hollow organs as well as the
technically demanding monitoring of the tumor growth. In our model, we have therefore focused on tumor size at a pre-defined time point

rather than repeated imaging procedures, which limits the number of technically elaborate and for the animals' stressful examinations. The

here described model can be used for various applications such as characterization of tumor cell lines,' investigation of tumor biology and
dissemination as well as therapeutic trials."” Obvious end-points are the size of the primary tumor and the number of distant metastases, but
more elaborate end-points such as CTC numbers'” or imaging modalities can also be employed.

The most critical step of our protocol is the subserosal tumor cell injection. It requires practice and must be performed at all times under direct
visual control. If the deposit is anywhere else but underneath the serosa but above the mucosa, there will either be no tumor growth at all or
unpredictable growth and dissemination, rendering the results incomparable. Other possible reasons for the lack of tumor development include
non-viable cells (e.g., due to the long time span between the harvest and injection of the cells) or not entirely syngeneic mice. This is possible if
C57BI/6 mice are used; as there are multiple substrains of C57BI/6 (e.g., C57BI/6J and C57BI/6N) which show distinct genetic and phenotypic
differences® which are also reflected in tumor take rates.?

The here described highly controlled injection technitiue leads to highly reproducible tumor growth and dissemination and distinguishes this
model from previously described orthotopic models.?* In addition, rinsing the cecum with distilled water after tumor cell injection dramatically
reduces the rate of artificial peritoneal dissemination; therefore, if peritoneal carcinomatosis occurs in our model, it is most likely a result of the
biology of the cell line rather than an iatrogenic tumor cell leakage.

Limitations of this model are the recipient mice which have to be immunodeficient if human cell lines are to be used. This severely limits the
model's application in immunological studies. However, this limitation can be overcome by the use of syngeneic murine cell lines or organoids
(unpublished data). Another limitation is the use of cell lines themselves. Tumor cell lines are often highly anaplastic, which leave questions
about their representativeness of the original tumor's biology. This limitation is not present in genetically engineered mouse models (GEMMs),
which develop a new tumor by the introduction of tissue-specific oncogenic mutations.'? Such GEMMs are usually based on conditional germ-
line mutations (e.g. a floxed Apc gene) and Cre-mediated activation of the mutations, either by local infection with adeno-cre”®?"?8 or a tissue
specific promoter driving cre expression.m’so'31 However, such models often require extensive crossings and have a highly variable biology. If
primary cell lines are used in the here presented model, the limitation of low representativeness can be overcome without the loss of the other
advantages of our model such as reproducibility and relative cost-effectiveness.

Another limitation of the here proposed technique is the dependency on EpCAM as a surface marker. It is well known that EpCAM can be lost
during EMT and that there is a fraction of CTCs that are EpCAM negative.w'15 Therefore, depending on the aim of the experiment and the cell
lines used for injection, other means of identification (e.g., GFP-labelling of the cells prior to injection) may be used.

In conclusion, the here presented model constitutes a flexible tool to study tumor development and dissemination in the context of the tumor's
original microenvironment in the colon. If metastatic cell lines are used, it faithfully simulates tumor cell dissemination in all relevant sites for CRC
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including CTCs in the blood stream. It is therefore a useful tool to study the phenotypic changes during tumor growth and dissemination and
allows for repeated isolation and characterization of CTCs in CRC.®
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