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SUMMARY: 
Clinical linear accelerators can be used to determine biologic effects of a wide range of dose rates on cancer cells. We discuss how to set up a linear accelerator for cell-based assays and assays for cancer stem-like cells grown as tumorspheres in suspension and cell lines grown as adherent cultures. 

ABSTRACT: 
Radiation therapy remains one of the cornerstones of cancer management. For most cancers, it is the most effective, nonsurgical therapy to debulk tumors. Here, we describe a method to irradiate cancer cells with a linear accelerator. The advancement of linear accelerator technology has improved the precision and efficiency of radiation therapy. The biological effects of a wide range of radiation doses and dose rates continue to be an intense area of investigation. Use of linear accelerators can facilitate these studies using clinically relevant doses and dose rates. 

INTRODUCTION: 
Radiotherapy is an effective treatment for many types of cancer1-4. Extra high dose rate irradiation is relatively new in radiation therapy and is made possible by recent technological advances in linear accelerators5. Clinical advantages of extra high dose irradiation over standard dose rate radiation include shortened treatment time and improved patient experience. Linear accelerators also provide a clinical setting for cell culture based radiation biology studies. The biological and therapeutic implications of radiation dose and dose rates have been a focus of interest of radiation oncologists and biologists for decades6-8. But, the radiobiology of extra high dose rate irradiation and flash irradiation—an extremely high dose rate of radiation—has yet to be thoroughly investigated. 

Gamma ray irradiation is widely used in cell culture based radiation biology9-11. Radiation is achieved by -rays emitted from decaying radioactive isotope sources, typically Cesium-137. Use of radioactive sources is highly regulated and often restricted. With source-based irradiation, it is challenging to test a wide range of dose rates, limiting its utility in the analysis of the biologic effects of clinical achievable dose rates12. 

There have been several studies that illustrate both dose and dose rate effects12-17. In these studies, both -irradiation generated from radioactive isotopes or X-rays generated from linear accelerators were used. A variety of cell lines representing lung cancer, cervical cancer, glioblastoma, and melanoma were used. Radiation effects on cell survival, cell cycle arrest, apoptosis and DNA damage were evaluated as readouts12-17. Here, we describe a method to define the biological effects of clinically relevant radiation dose and dose rates by delivering X-ray based radiation using a linear accelerator. These studies should be performed with close collaboration between the biologist, radiation oncologist and medical physicist.

PROTOCOL: 
[bookmark: _Hlk1207942]
1. Cell preparation for suspension cell culture 

1.1 Culture glioma stem-like cells in stem cell culture media at approximately 5 x 106 cell/10 cm plates in a cell culture incubator with 5% CO2, 95% relative humidity at 37 °C.

NOTE: The cell culture condition is the same throughout all the procedures. The media used in the protocol are complete media.

1.2 Two days before scheduled irradiation, collect glioma stem-like cells from the culture plate with a sterile 5 mL pipette into a 15 mL centrifuge tube in a culture hood.

1.3 Centrifuge the collected cells at 200 x g for 3 min in a countertop centrifuge.

1.4 Discard the supernatant and digest the cell pellet (about 1 x 107 cells) with 1 mL of trypsin-EDTA at room temperature for 5 minutes to make a single cell suspension in trypsin-EDTA. Gently shake the bottom of centrifuge tube every 2 minutes during digestion to make sure the cells are digested thoroughly. 

1.5 Add 3 mL of stem cell culture media (see the Table of Materials) to quench trypsin. Centrifuge the collected cells at 200 x g for 3 min in a counter top centrifuge. Discard the supernatant and save the cell pellet. 

1.6 Resuspend the cells with 5 mL of cell culture media and count the cells with a hemocytometer.

1.7 Plate 5 x 106 cells in two 10 cm plates containing 10 mL of cell culture media.

1.8 Right before the scheduled irradiation, collect the cells and discard the supernatant after centrifugation as described in step 1.3. Re-suspend the cell pellet with 5 mL of cell culture media. Transfer 1 mL of cell suspension into a 35 mm plate containing 2 mL of cell culture media. 

NOTE: The total volume of media is 3 mL in the 35 mm plate to make the liquid 1 cm in height in the plate.   
 
1.9 Transfer the plated cells in a secondary container, such as a plastic or foam box, to reduce the risk of contamination and bring the cells in the container to the irradiation facility on the utility cart. 

1.10 Irradiate the cells as described in step 4.

2. Cell preparation for attached cell culture

2.1 One day before irradiation, in the cell culture hood, remove the DMEM media from the cell culture plate of the attached cell line, such as HEK-293 cells. The media can be suctioned using a Pasteur pipette connected to a vacuum. 

2.2 Wash cells with 5 mL of sterile PBS to the culture dish to rinse off residual media. 

2.3 Pipette 1 mL of trypsin-EDTA into the culture dish and gently tilt the culture plate to make sure that the entire dish is covered with trypsin-EDTA. 

2.4 Trypsinize cells at room temperature for 5 min. Quench the trypsin-EDTA reaction with 3 mL of DMEM media and collect cells with a 5 mL pipette into 15 mL centrifuge tube in the culture hood.

2.5 Centrifuge the collected cells at 200 x g for 3 min in a counter top centrifuge. Discard the supernatant and save the cell pellet. 

2.6 Resuspend the cells with 5 mL of DMEM media and count the cells with a hemocytometer.

2.7 Plate 2 x 105 cells in a 35 mm plate using 3 mL of cell culture media to a height of 1 cm of  media. 

2.8 After 24 h of cell culture in the incubator at 37 °C, transfer the plated cells in a secondary container (i.e., an insulated foam box) to the irradiation facility on a utility cart. 

2.9 Irradiate cells as described in step 4.

3. Cell preparation for immunostaining following irradiation

3.1 Thaw commercial extracellular protein matrix on ice at 4 °C overnight. Pre-chill 200 µL pipette tips and 1.5 mL centrifuge tubes at 4 °C overnight.

3.2 Aliquot extracellular protein matrix with pre-chilled pipette tips and 1.5 mL centrifuge tubes at 200 µL per tube. 

3.3 Dilute 200 µL of extracellular protein matrix in pre-chilled 20 mL of cell culture media to make 1% extracellular protein matrix media.

3.4 Place a sterilized coverslip (22 mm x 22 mm) in a 35 mm plate. Place 400 µL of 1% extracellular protein matrix media on the coverslip.

3.5 Place the 35 mm plate into the cell culture incubator  at 37 °C for 1 h to allow the extracellular protein matrix to polymerize on the coverslip.

3.6 When using suspension cell culture, make a single cell suspension as described in steps 1.1 to 1.5. 

3.7 Plate 5 x 104 cells on an extracellular protein matrix-coated coverslip placed in a 35 mm plate. Return plated cells to the cell culture incubator overnight to ensure that cells are supported by the protein matrix. The total volume of the media in the plate should be 3 mL to make the height of media reach 1 cm in the culture dish. 

3.9 Observe the cells under a bright field microscope with 10x magnification objective lens. The cells should spread out on the coverslip instead of floating. Transfer the culture dish with plated cells into a secondary container such as a foam box to the irradiation facility on a utility cart and irradiate the cells as described in step 4.

3.10 When using attached cell cultures (for example, HEK-293 cells), digest cells as described in steps 2.1 to 2.6. Place 5 x 104 cells on a sterile cover slip in a 35 mm plate one day prior to the irradiation to make sure cells are fully attached to the coverslip surface by observing them under a microscope as in step 3.9. Use 3 mL of DMEM media to make the liquid 1 cm in height in the plate. 

3.11 After growing cells on coverslips overnight or up to one day, transfer the culture dish with plated cells in a secondary container to the irradiation facility. A utility cart may be used to reduce the risk of spillage. Irradiate cells as described in step 4.

4. Irradiation with a linear accelerator (LINAC)

4.1 Using the LINAC’s console software, set the accelerator gantry and collimator to 0°, open the X and Y jaws to a symmetrical 20 x 20 cm² field size and retract the multi-leaf collimators (MLCs) if present. 

NOTE: LINACs may have a flattening filter free (FFF) mode, allowing very high dose rates. As the name suggests, this radiation is not uniform (flat), and the high dose rate is only achieved in the center of the beam. In this case a 7 x 7 cm2 field is used. 

4.2 Place at least 5 cm of water equivalent material on the treatment couch. Place the cell dish to be irradiated at 400 MU/min (standard dose rate) onto the water equivalent material and center it at the LINAC crosshairs.

4.3 Place the cells to be irradiated at a depth of maximum dose in a 6 MV X-ray beam, around 1.5 cm. Place an additional 1 cm of water equivalent material on top of the dish. Combined with the 1 cm of medium throughout which the cells are suspended, this places the cells at an average depth of 1.5 cm.

4.4 Affix the front pointer to the head of the LINAC. Extend the front pointer until it contacts the surface of the buildup material and note the distance. Adjust the table height until the distance from the source to the buildup surface is 100 cm. 

NOTE: The distance can be confirmed with the optical distance indicator. Alternatively, the optical distance indicator may be used in lieu of the front pointer to set the source to buildup surface to 100 cm.

4.5 Calculate the appropriate number of monitor units (MU) to deliver the desired dose of radiation to the cells and program the accelerator to deliver at 400 MU/min. 

NOTE: For the source to surface distance (SSD) setup on a LINAC calibrated to deliver 1 cGy/MU at the depth of maximum dose, the required number of monitor units is calculated using MU = Dose(cGy) / (1 cGy/MU) / OF(20x20), where OF stands for output factor. This calculation will have to be altered for LINACs using alternate calibration setups.

4.6 Leave the treatment vault and verify that all other individuals have exited. Vrify that there are no other cells in the room, or they will receive low doses of radiation. Close the vault door.

4.7 Confirm the field size, MU and MU/min at the console and then enable the beam. 

4.8 Repeat steps 4.3-4.8 for the cells to be irradiated at higher or lower dose rates. 

4.8.1. To achieve higher dose rates (e.g., 2100 MU/min or greater) with the accelerator, decrease the SSD in order to increase the effective dose rate to the cells according to the inverse square law: DoseRateEffective = Doserate * (100 cm / SSD_New)². 

4.8.2. For low dose rates (e.g., 20 MU/min), increase the source to surface distance (SSD_New) to decrease the dose rate. For example, the cell culture dish may be placed on the floor of the treatment room. 

4.8.3. Recalculate the monitor unit setting on the accelerator if this setup is necessary, using MU = Dose(cGy) / (1 cGy/MU) / OF(20x20)/ (100 cm / SSD_New)2. For additional information on MU calculations, refer to reference by McDermott and Orton18. 

4.9 Determine dose rate in Gy/minute by DoseRate(Gy/Min) = Dose(Gy)*(MU/min)/MU. e.g., 4 Gy delivered at 400 MU/min requires 380 MU, so 4*400/380 = 4.2 Gy/min. See Table 1.

[Place Figure 1 here.]

5. Biological assays after irradiation

5.1. After irradiation, return the cells to the cell culture incubator in the same manner as described above (step 1.9, 2.8 and 3.11). 

5.2. As needed, tailor a variety of biological assays to fit into the research project. 

NOTE: Here, we show a representative cell cycle analysis16 as an example of a biological assay following irradiation.

REPRESENTATIVE RESULTS: 
To investigate the cell cycle effect of standard dose rate and extra high dose rate irradiation by a linear accelerator, three samples of glioma stem-like cells were prepared using this protocol and collected 24 h after irradiation17: one control sample that was not irradiated (Figure 2A), one sample irradiated with 400 MU/min (monitor unit, 4.2 Gy/min standard dose rate, Figure 2B) to 4 Gy, and another sample irradiated with 2100 MU/min (21.2 Gy/min extra high dose rate, Figure 2C) to 4 Gy. Cell cycle profiles are shown with the percentages of cells in different phases of the cell cycle.

[Place Figure 2 here.]

FIGURE AND TABLE LEGENDS: 

Figure 1: Set-up of the cell culture dish on linear accelerator. (A) A clinical linear accelerator is shown. (B) 5 cm of water equivalent material is placed on the treatment couch. (C) A cell culture dish is placed on the surface of the material. (D) The dish is centered using the accelerator crosshairs in the treatment field shown by the square light field. (E) 1 cm water equivalent material is placed on top of the cell culture dish. The source to surface distance (SSD) is checked using an optical distance indicator (F, G) or a front pointer (H, I).

Figure 2: Example of cell cycle analysis after 4 Gy irradiation of linear accelerator. G2 cell cycle arrest was observed after irradiation of glioma stem cells with either a standard dose rate (400 MU/min) (B) or an extra high dose rate (2100 MU/min) (C) compared with non-irradiated control cells (A). 

Table 1: Setup for dose rates used in experiments, assuming 4 Gy dose. MU can be scaled linearly for other required doses. *These are example MU for the LINAC we used. The MU should be calculated for the user’s specific LINAC using the equation above.

DISCUSSION: 
Radiotherapy is an integral part of cancer management. Ongoing efforts seek to improve the efficacy and efficiency of radiation treatment. Advancements in linear accelerator technology have provided the opportunity to treat patients with unprecedented accuracy and safety. Because most patients are treated with high energy X-rays from linear accelerators, studies examining the biologic effects of a large range of dose rates performed on linear accelerators may be readily applied to patients. There have been several reports applying linear accelerators to radiation biology research, but results are mixed and additional studies are needed13-16,19. 

Linear accelerators are relatively safe in the sense that after the prescribed dose is delivered there will be no X-rays produced. This is in contrast to radioisotopes where radiation is constantly emitted. Moreover, use of linear accelerators to deliver radiation permits the use of sophisticated beam arrangements to control the shape of the target volume with a large range of doses and dose rates. The disadvantage of this method is that the availability of the linear accelerator may be limited due to patient use and therefore requires advanced planning with clinicians and medical physicists. 

In our protocol we describe the basic procedure for irradiation of cells. This method can be tailored to meet other research needs. For example, it can be combined with drug treatment to investigate the effect of combined chemotherapy and radiotherapy. When applying this method to a specific cell line or assay following the radiation, some modifications should be expected. For example, in order to investigate early changes in biomarkers after irradiation, cells may be collected soon after the irradiation.

Because the dose delivered is dependent on beam energy and the deposited dose varies as a function of depth of penetration, the amount of media and water-equivalent bolus needed to achieve the desired dose is critical. In the method described above, we use 6 MV photons in a single anterior-posterior beam and ensure that the cell media is at 1 cm in height in the culture dish. We use an additional 1 cm of water-equivalent material on top of the cell culture dish to build up dose to the cells. To achieve very high dose rates, we raise the couch on which the cells are placed. Because the field size gets smaller as the couch is raised, we use a 35 mm culture dish and ensure that the entire dish is within the irradiation field, as demarcated by the light field. To achieve low dose rates, we lower the treatment couch or place cell culture dish on the floor of the room to increase the source to surface distance. Design of treatment fields for animals, which is more complex, is beyond the scope of this article. The techniques described here will aid researchers in understanding how to use a linear accelerator for biologic assays with cell lines grown in suspension or attached to dishes. Close collaboration between biologists, clinicians and medical physicists will ensure successful execution of the radiation studies.
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