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SUMMARY

Patient-derived organoids (PDOs) have shown the potential to reflect patient
sensitivity to chemotherapeutic or targeted drugs. Recently, we showed that or-
ganoid models can also serve as a platform to screen for selectivity and potency
of oncolytic adenoviruses (OAds). In this protocol, we describe the steps for tu-
mor organoid adenoviral infection and functional assessment of patient-specific
responses to OAds. We provide methods to determine OAd relative efficacy by
evaluation of PDO viability after infection and adenoviral replication within can-
cer cells.
For complete details on the use and execution of this protocol, please refer to
Raimondi et al. (2020).

BEFORE YOU BEGIN

For the completion of this protocol, availability of both organoids (PDOs) and oncolytic adenovi-

ruses (OAd) is assumed.

Organoid generation

Timing: 2–6 weeks

1. Generate organoids from tumor tissue following standard protocols. Detailed instructions for the

establishment of PDAC organoids can be found in Driehuis et al. (2020).

2. For culture maintenance, grow organoids in 80% Matrigel (diluted in F12+++ medium) and

replace organoid growth medium every 3–4 days.

Note:Matrigel lots with a protein concentration > 9 mg/mL are preferred to ensure organoid

3D morphology. Therefore, the final protein concentration in drops containing organoids is

7.0–7.5 mg/mL, both in culture maintenance and in organoid seeding after infection.

3. Split organoids 6–7 days before organoid infection to ensure > 70% confluency at the day of the

experiment, saving 2 of the seeded wells for cell count. Change organoid growth medium every

2–3 days.
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CRITICAL: To maximize reproducibility of results, organoids should be passaged at a con-

stant split ratio. Each organoid line may require different split ratios depending on its

growth rate (for PDAC organoids, split ratios usually range between 1:3–1:6 every

7–10 days). PDOs should ideally have a similar size and confluence at the time of seeding

and infection to compare outcomes of different experiments.

Note: Once established, we usually maintain organoid cultures by seeding a drop of 50 mL of

Matrigel 80% (10 mL F12+++ + 40 mL Matrigel) containing organoids in each well of a 24-well

plate and supplementing with 450 mL of organoid growth medium. Therefore, approximate

numbers given in this protocol refer to cultures grown in this format, even though other orga-

noid handling techniques may also be valid.

Generation and titration of oncolytic adenoviruses

Timing: Variable

4. Oncolytic adenoviruses (OAds) should be available before starting this protocol. The production and

titration of OAds used here were performed in-house as described in Rovira-Rigau et al. (2019).

CRITICAL: Ready-to-use virus aliquots must be stored in a �80�C freezer and repeated

freeze-thaw cycles, which can negatively impact infective capacity (there can be a 10%

drop for each freeze-thaw cycle), should be avoided. Thaw a new OAd aliquot on ice for

each experiment and ensure that viruses to be compared have undergone the same num-

ber of freeze-thaw cycles and have been titrated in parallel.

Note: It is advisable to titer OAds again before use if they have been stored for more than

12 months.

Optional: Reporter genes (e.g., EGFP) can be additionally cloned in theOAd genome to easily

follow infection and viral spreading within organoids (Figure 1). Alternatively, for non-tagged

OAds, viral genomes can be quantified by qPCR (Figure 2). For detailed instructions on viral

genome quantification from infected PDOs, see section ‘step-by-step method details’.

KEY RESOURCES TABLE

Figure 1. Time-course of PDO infection with EGFP-OAd

Organoids infected with an EGFP-containing OAd (2 MOI) were imaged every 24 h after infection in an inverted fluorescence microscope. Viral

replication and spreading within organoids can be confirmed visually by an increase in EGFP expression with time. Scale bar, 100 mm.

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human pancreatic ductal adenocarcinoma tissue (surgical
resection specimens, fine-needle biopsies)

Hospital Clı́nic (Barcelona) N/A

(Continued on next page)
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MATERIALS AND EQUIPMENT

Alternatives: To perform CellTiter-Glo� 3D cell viability assay, white-walled, clear-bottom

plates can also be used to facilitate visual inspection of infected PDOs. However, we recom-

mend the use of white-bottom plates to minimize signal crosstalk between wells.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

A 83-01 Tocris Bioscience (Bio-Techne) Cat#2939

Advanced DMEM/F-12 Gibco Cat#12634010

B-27 supplement (50x), serum-free Gibco (Thermo Fisher Scientific) Cat#17504044

Bovine Serum Albumin Sigma-Aldrich Cat#A3294; CAS: 9048-46-8

Gastrin I, human (hGastrin I) Tocris Bioscience (Bio-Techne) Cat#3006

GlutaMAX� Supplement Gibco Cat#35050038

HEPES solution (1M, pH 7.0–7.6) Sigma-Aldrich Cat#H0887; CAS: 7365-45-9

Human EGF Recombinant Protein (hEGF) Gibco Cat#PHG0311

Matrigel Basement Membrane Matrix, Phenol Red-free Corning Cat#356231

N-Acetylcysteine Sigma-Aldrich Cat#A9615; CAS: 616-91-1

Nicotinamide Sigma-Aldrich Cat#N0636; CAS: 98-92-0

Penicillin/Streptomycin (P/S) Life Technologies Cat#15140122

Phosphate Buffer Saline (PBS) (10X), pH 7.2 Gibco Cat#70013065

Primocin InvivoGen Cat#ANT-PM-1

Critical commercial assays

Blood DNA Isolation Mini Kit Norgen Biotek Cat#46380

CellTiter-Glo� 3D Cell Viability Assay Promega Cat#G9681

LightCycler� 480 SYBR Green I Master (for qPCR) Roche Cat#04707516001

Oligonucleotides

Hexon Forward (Fw): GCCGCAGTGGTCTTACATGCACATC (Villanueva et al., 2017) N/A

Hexon Reverse (Rv): CAGCACGCCGCGGATGTCAAAG (Villanueva et al., 2017) N/A

Software and algorithms

Excel Microsoft Office RRID:SCR_016137

Prism 8 GraphPad RRID:SCR_002798

Other

BackSeal-96/384, White Adhesive Bottom Seal for 96-well and
384-well Microplate

PerkinElmer Cat#6005199

CulturPlate-96, White Opaque 96-well Microplate, Sterile and
Tissue Culture Treated

PerkinElmer Cat#6005680

Glass Pasteur pipettes (pre-narrowed in the flame) Deltalab Cat#702

MicroAmpTM Optical 384-Well Reaction Plate with Barcode Applied Biosystems Cat#4309849

MicroampTM Optical Adhesive Film Applied Biosystems Cat#4311971

Nanodrop 1000 Thermo Scientific RRID:SCR_016517

Olympus IX51 Inverted Microscope Olympus N/A

SynergyTM HT Multi-mode Microplate Reader BioTek RRID:SCR_020536

ViewPlate-96, White 96-well Microplate with Clear Bottom,
Sterile and Tissue Culture Treated, Lid Included

PerkinElmer Cat#6005181

ViiA 7 Real-Time PCR System Applied Biosystems N/A

Basal medium, with (F12+++B) or without (F12+++) BSA

Reagent Final concentration Amount

Advanced DMEM/F-12 N/A 500 mL

HEPES (1 M) 10 mM 5 mL

Pen/Strep 1% 5 mL

(Continued on next page)
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STEP-BY-STEP METHOD DETAILS

In this protocol, we first detail quantification of OAd genomes as a readout of viral replication inside

PDOs 5 days after infection. This is a step that can be performed to prove replication capabilities of

Continued

Reagent Final concentration Amount

GlutaMAX 2 mM (1%) 5 mL

BSA 30% (for F12+++B) 0.1% 1.72 mL

Total n/a 516.72 mL

Once prepared, store at 4�C

30% BSA solution

Reagent Final concentration Amount

BSA 30% 6 g

PBS 1X (sterile) N/A Up to 20 mL

Once prepared, filter the solution through a 0.22 mm filter and store in 1.8 mL aliquots at �20�C

Pancreatic tumor organoid growth medium

Reagent Final concentration Amount

F12+++ N/A 14 mL

Wnt3a-conditioned medium* 50% 25 mL

R-spondin-1-conditioned medium* 10% 5 mL

mNoggin-conditioned medium* 10% 5 mL

B27 (503) 13 1 mL

Nicotinamide (1 M) 10 mM 500 mL

N-Acetylcysteine (0.5 M) 1.25 mM 125 mL

hEGF (200 mg/mL) 50 ng/mL 12.5 mL

hFGF-10 (100 mg/mL) 100 ng/mL 50 mL

hGastrin I (100 mM) 10 nM 5 mL

A83-01 (500 mM) 500 nM 50 mL

Primocin (50 mg/mL) 100 mg/mL 100 mL

Total N/A 50 mL

Once prepared, store 10 mL aliquots at �20�C for up to 3 months.

*For production and activity testing of conditioned media, see Farin et al. (2012) and Boj et al. (2017).

Figure 2. Quantification of viral genomes by qPCR to

confirm OAd replication in PDOs

PDOs were infected with 2 different OAds (OAd1 and

OAd2) at 2 MOI, subjected to freeze-thaw cycles and

to DNA extraction (passage 1, P1). Fifteen mL of lysate-

derived supernatants were used to infect fresh PDOs,

and the same process was repeated to quantify viral

genomes in organoids (passage 2, P2). Adenoviral

genomes were quantified by qPCR amplification of

hexon genes using a standard curve consisting of

DNA dilutions of known copy numbers (102–107). High

viral yields were detected in P1 and P2 with both

viruses, proving that the OAd effectively replicates

within PDOs. Data are represented as mean G SEM

(n = 3).
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designed OAds when fluorescent tags are not incorporated in the viral genome. To compare OAd

infectivity and cytotoxicity among different PDOs, we explain two complementary approaches to

assess PDO cell viability after viral infection: the CellTiter-Glo� 3D Cell Viability Assay and an orga-

noid formation assay. To perform the organoid formation assay, a sublethal dose of OAd is needed

to allow for formation of enough organoids to be counted, so previous cell viability experiments may

be needed to establish optimal experimental conditions.

Organoid harvesting for infection

Timing: 1 h

Either to evaluate viral replication or effects on cell viability, organoids are infected as whole

entities, since in our experience, when infected as single cells, they have significant problems to

recover. Even though variability between biological replicates can be an issue, this can be minimized

by performing a cell count using 2 additional wells (see ‘before you begin’) to estimate the number of

cells to seed. Prior to harvesting, it is very important to check organoids under the microscope and

confirm similar confluency between wells used for infection and seeding. At this point, organoid

diameter should not exceed 200 mm, as bigger sizes can lead to higher variability (troubleshooting 1).

The density to be expected in organoid cultures harvested is usually of about 50,000–100,000

cells/well.

Note: Organoid harvesting and infection times have been calculated for 1 PDO line infected

with 2 doses of 2 different OAds to be compared.

1. Thaw Matrigel aliquots needed on ice.

Note: For a 500-mL aliquot to be thawed, 30–45 min are needed, so by the end of the infection

protocol Matrigel should already be a pipettable liquid. Calculate the volume of Matrigel

needed to seed the experiment to minimize freeze-thaw cycles. See Table 1 for orientation

on how much Matrigel will be needed.

2. Pre-cool a centrifuge to 4�C.

CRITICAL: All centrifugation steps need to be performed in a chilled centrifuge to ensure

that Matrigel is removed from PDOs during washes with basal medium.

3. Prepare 15 mL-tubes with 10 mL of cold basal medium and keep them on ice.

Note: Due to Matrigel density, a maximum of 3 wells of a 24-well plate (containing 150,000–

300,000 cells) can be harvested in a single tube. If more organoids need to be collected, split

wells into different tubes to perform the first centrifugation step.

Table 1. Proportion of PDOs, OAds, and Matrigel in 96- and 24-well plates

Format Component Amount (1 well) Amount per OAd dose (4 wells)

96-well plate PDOs 5000 cells 2 mL 20000 cells 8 mL

OAd MOI , DF/titer (MOI , DF/titer) , 4

Matrigel 8 mL 32 mL

24-well plate PDOs 25,000 cells 10 mL 100,000 cells 40 mL

OAd MOI , DF/titer (MOI DF/titer) , 4

Matrigel 40 mL 200 mL

DF = dilution factor. Numbers are given for 1 dose of 1 OAd to infect 1 PDO line.
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CRITICAL: Collect organoids used for cell count and organoids used for OAd infection in

different tubes (tube 1 or tubes 2 to X, respectively) and process them in parallel. Tubes

should always be kept on ice unless otherwise stated.

4. Take an aliquot of basal medium to prepare OAd dilutions. This can be kept at room temperature

(20�C–25�C) inside the cell culture hood during organoid processing until use.

5. Harvest organoids.

Tube 1: 2 wells for cell count

Tubes 2-X: 2–3 wells per tube for organoid infection

a. Remove organoid growth medium from the wells without touching the Matrigel dome.

b. Add 500 mL of basal medium from the corresponding tube to each well to disaggregate the

Matrigel dome with the help of a P1000 pipette, and collect the content into the tube.

Note: Either F12+++ or F12+++B basal media can be used for this step. BSA present in

F12+++B helps prevent attachment of organoids to the walls of the tube, which can lead to

loss of cells during the process.

c. Repeat step 5b 2–3 times until removing most of Matrigel remainders inside the wells.

d. Centrifuge at 100g 5 min at 4�C.
e. Remove supernatant carefully, trying to remove as much Matrigel as possible but without

touching the pellet.

Note: If organoids are not cleanly pelleted under aMatrigel layer, removemedium leaving the

Matrigel and add 10 mL of fresh basal medium to repeat centrifugation in step 5d at higher

speed (400g, 5 min, 4�C).

6. Disaggregate organoids.

Note: Organoids that will be used for cell count (Tube 1) are dissociated to single cells using

TrypLE, while those used for infection with OAd (Tube 2) are mechanically disaggregated. See

Figure 4 in Driehuis et al. (2020) for examples of how organoids look like before and after

disaggregation.

a. Resuspend the pellet of organoids in Tube 1 (cell count) in 1 mL TrypLE Select by pipetting up

and down 10–15 times with a P1000 pipette to facilitate disaggregation.

b. Incubate Tube 1 for 5 min at 37�C.
c. During the incubation step, disaggregate organoids in Tube 2 (infection) mechanically. For

that, resuspend the pellet in 2 mL of basal medium and use a pre-narrowed, pre-wet (with

F12+++B) sterile glass Pasteur pipette to pipette the volume up and down 8–10 times and

keep the tube on ice. Try not to create bubbles when pipetting.

Note: For preparation of pre-narrowed glass Pasteur pipettes, after lighting a Bunsen

burner, hold the pipette horizontally with both hands and roll it 3–4 times while keeping

the tip in the flame. Make sure that the tip is equally narrowed by all sides, and that it

has been reshaped to a quarter of its original diameter. Narrowed tips should be sterilized

by autoclaving before being used. For pictures on how pre-narrowed pipettes look like,

refer to Driehuis et al. (2020).

d. Check the suspension in Tube 1 under a microscope. If big organoids are still visible, pipette

up and down a few times and incubate 5 min more at 37�C.
e. Add cold basal medium up to 13 mL to Tube 1, and up to 10 mL to Tube 2.
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f. Centrifuge at 100g 5min at 4�C. Like before, repeat the centrifugation step at a higher speed if

organoids are not nicely pelleted.

Note: During this time, thaw ready-to-use virus aliquots (stored at �80�C) on ice, and label

one 1.5-mL tube for each experimental condition. E.g., for infection of 1 PDO with 2 doses

of 2 different OAds (+ non-infected control), prepare 5 tubes.

g. Remove the supernatant of both tubes carefully and resuspend each pellet in 1 mL of basal

medium.

Note: If more than 3 wells were harvested for infection (more than 1 tube for infection), this is

the moment to pool all organoids together in a single tube, maintaining a proportion of

2 wells/mL. It is very important to maintain the same concentration of organoids in Tube 1

and Tube 2 to have a comparable cell number that can be used for calculations of the volume

needed for infection and seeding.

7. Count cells and calculate the volume of organoid suspension needed for OAd infection (VPDO).

Note: The number of cells to seed in each well and the type of multiwell plate used varies

depending on the assay to be performed after infection. For viral genome quantification,

we seed 25,000 cells/well in a 24-well plate. For cell viability assessment using CellTiter-Glo

3D or organoid formation assay, we seed 5000 cells/well in a white-walled (with either white

or clear bottom) or transparent 96-well plate, respectively.

Note: Doses used for infection vary depending on the experiment to be performed.

Generally, doses used to infect PDOs lie in a range between 0.2 MOI and 20 MOI. However,

for organoid formation assay a lower dose may be needed to allow for enough structures to

grow after infection and re-seeding. Try to add similar volumes of viral dilution to each

tube. For this, preparation of several serial dilutions is recommended.

Organoid infection and plating

Timing: 15 min (preparation of OAd dilutions) + 30 min (incubation with OAds) + 15 min

(plating)

Since adenoviruses are not able to cross Matrigel, infection of PDOs is performed in the absence of

extracellular matrix, which is added right before seeding.

To infect organoids, both cell homogenate-derived supernatants or purified OAds can be used.

However, for experiments that will be compared, the virus source used should be the same. Calcu-

late in advance the volume of virus dilution needed for PDO infection (VOAd), considering that it

should not represent more than 20% of the total volume to seed. For this reason, purified, high-titer

(�1$1010–1.1011 PFU/mL) OAds are preferred.

8. Add the volume calculated in step 7 (VPDO) to each of the prepared 1.5-mL tubes.

9. Bring the volume up to 700–800 mL with basal medium.

10. Centrifuge at 400g 5 min at 4�C.
a. During this time, prepare virus dilutions in basal medium according to calculated viral titers

and doses to be used for infection.

CRITICAL: To accurately prepare dilutions, pipette the volume thoroughly to ensure ho-

mogeneous distribution of the virus. Try not to pipette volumes smaller than 2 mL.
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11. Remove the supernatant carefully, leaving organoids in the volume of basal medium needed to

infect. We generally perform infections in a final volume of 10 mL per well to seed.

Note: Remember that basal medium will represent 20% of the total volume to be seeded (the

remaining 80% is Matrigel, which is added after infection), that is, 2 mL per well. When calcu-

lating how much volume to leave in the tube, also subtract VOAd to the total volume to avoid

excessive dilution of Matrigel and virus. This will ensure that all PDO infections are performed

in the same volume, guaranteeing that the contact between organoids and viral particles will

be equivalent, and thus comparable, in all the tested conditions.

12. Add VOAd to each 1.5-mL tube.

13. Mix well by tapping with the finger or by carefully pipetting up and down.

Note: Use the same mixing method (tapping or pipetting) for all the Eppendorf tubes in the

experiment to further ensure comparable PDO-OAd contacts.

14. Incubate 30 min at 37�C.

CRITICAL: During incubation, chill tip boxes in the refrigerator (4�C). This will prevent pre-

mature Matrigel polymerization inside tips during seeding.

15. Add Matrigel to each tube and mix well by pipetting, avoiding bubble creation.

Note: Once Matrigel has been added, put the tubes containing PDOs and OAds on ice to

avoid premature polymerization of Matrigel.

16. Seed organoid-containing Matrigel drops (10 mL in 96-well plates, 50 mL in 24-well plates) (trou-

bleshooting 2).

17. Seed drops of 80% Matrigel (diluted in basal medium) in triplicate to read background signals.

18. Let Matrigel solidify for > 15 min at 37�C (in the incubator).

19. Add 90 mL (96-well plate) or 450 mL (24-well plate) of organoid growth medium to each well.

Optional: If white-bottom plates are used, a representative well per condition can be seeded

in a transparent 96-well plate for visual inspection of infected organoids before cell viability

assessment (Figure 3).

Figure 3. Bright-field images of PDAC PDOs infected with OAd

Representative images of PDAC organoids infected with increasing doses of an oncolytic adenovirus (5 days after infection). Arrowheads indicate dead

organoids. Scale bar, 200 mm.

ll
OPEN ACCESS

8 STAR Protocols 2, 101017, December 17, 2021

Protocol



Viral yield quantification

Timing: 5 days (incubation with OAds) + 30 min (organoid harvesting) + 1 h (DNA

isolation) + 2.5 h (qPCR plate preparation + run)

OAd replication inside organoids can be assessed through the quantification of viral genomes by

qPCR amplification of the adenoviral hexon gene in infected organoids. To this end, organoids

infected with known doses from OAd stock (passage 1, P1) are grown for 5 days and lysed by

freeze and thaw to release viral particles. After centrifugation of the lysate, a fraction of the result-

ing virus-containing supernatant is used to infect new organoids (passage 2, P2) and proceed as

with P1.

For viral yield quantification, supernatants from both P1 and P2 are analyzed by qPCR for the pres-

ence of viral genomes. The detection of viral genomes in the P2 supernatant is a further proof of viral

replication in organoids. Before starting, and for absolute quantification of OAd genomes, a

standard curve of known viral genome copies must be generated. See ‘quantification and statistical

analysis’ for calculations and instructions on how to build the standard curve.

For this procedure, organoids should be infected in a 24-well format to guarantee obtention of

enough DNA for qPCR amplification.

20. Prepare a cooling bath by adding dry ice and ethanol to an appropriate container.

Note: Alternatively, organoids can be frozen by storing them in a �80�C freezer (even though

the freezing process will be slower).

21. Harvest each well of infected organoids (passage 1, P1) in a 2-mL tube, and 1 well of non-in-

fected organoids as explained in the section ‘organoid harvesting for infection’.

Note: In the case of P1 organoids, for the washing steps, bring the volume up to 1.9 mL with

cold basal medium (instead of 10mL used when harvesting organoids in 15-mL tubes). In addi-

tion, after the 1st centrifugation step, remove all the supernatant carefully to resuspend the

pellet in the basal medium.

22. After the 2nd centrifugation step, remove the supernatant carefully and resuspend the pellet in

150 mL of cold basal medium.

CRITICAL: Organoids infected with different OAds should be resuspended in the same

volume to ensure that viral genome concentrations will be comparable.

23. Perform 3 freeze-thaw cycles to release viral particles from cells.

a. To freeze, put the tubes in the cooling bath.

b. To thaw, submerge the tubes partially in a 37�C water bath with gentle agitation.

Pause point: Pelleted organoids can be left frozen at�80�C (before 1st freeze-thaw cycle) to

continue the protocol in the following weeks.

24. Centrifuge at 1000g 5 min to remove cell debris.

25. Transfer 120 mL of P1 supernatant to a new 1.5-mL tube. Not taking the whole volume of super-

natant will prevent the transfer of any cell debris. From this volume of supernatant:

a. Use 10 mL to infect harvested, non-infected PDOs (P2) as explained in steps 8–19, treating

this supernatant as VOAd. Add 10 mL of basal medium and 80 mL of Matrigel to perform a

1:2 split, seeding organoids in 2 wells of a 24-well plate.
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b. Save 25 mL of P1 supernatant to perform DNA extraction (step 27).

Pause point: Supernatants can be frozen at �20�C or �80�C to isolate DNA from P1 and P2

organoids in parallel.

26. After 5 days, repeat the process described in steps 20–25 to obtain 120 mL of supernatant

containing viral particles produced by P2 PDOs.

Optional: The supernatant derived from P2 organoids can also be used to infect new PDOs

(10 mL per well of PDOs growing in a 24-well plate) and obtain viral particles released in sub-

sequent passages.

27. Isolate DNA from P1 and P2 supernatants using the Blood DNA Isolation Mini Kit following the

manufacturer’s protocol. Since the starting volume required for this kit is 200 mL, bring the

supernatant sample up to this volume by adding PBS.

Pause point: Isolated DNA can be stored at 4�C (a few days) or �20�C (months) for further

qPCR analysis.

28. Quantification of viral genomes by qPCR amplification of hexon gene.

a. Prepare a qPCRmaster mix and add 9 mL to each well of a 384-well microplate. For each sam-

ple:

qPCR master mix: 5 mL SYBR Green 2X + 0,3 mL Hexon Primer Mix 10 mM (Fw + Rv) + 3,7 mL Nuclease-

Free H2O

Note: Extra master mix volume should be prepared, considering that each sample needs to be

run in triplicate. As a rule of thumb, make a master mix for 1 extra well for every 9 wells to be

prepared.

CRITICAL: Protect the master mix from light with aluminum foil and keep it on ice while

working.

b. Add 1 mL of isolated DNA into corresponding wells, trying to minimize bubble formation.

c. Carefully seal the microplate with an optical adhesive film.

Optional:Centrifuge the microplate briefly to ensure that the volume is correctly placed at the

bottom of the wells.

d. Insert the microplate in a qPCR system (e.g., ViiA 7 Real-Time PCR System).

e. Assign samples and targets to corresponding wells and start the qPCR program:

qPCR cycling conditions

Step Temperature Time Cycles

Initial Denaturation 95�C 10 min 1

Denaturation 95�C 10 sec 40

Annealing 58�C 30 sec

Extension 72�C 20 sec

Final Extension 72�C 10 min 1

(Melt curve) 95�C 5 sec -

65�C 1 min

97�C 15 sec
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29. Quantify OAd genomes as explained in ‘quantification and statistical analysis’. Detection of

OAd genomes in the different passages is indicative of OAd replication within cancer cells

(Figure 2).

Cell viability assessment

Timing: 5 days (incubation with OAds) + 1 h (CellTiter-Glo 3D assay) or 24 h (Organoid for-

mation assay)

Adenoviruses complete their lytic infection cycle in 36 h. To observe effects on cell viability derived

from the infection of organoids by newly formed viral particles, organoids are incubated with OAds

for 5 days (120 h), allowing for the completion of 3 viral cycles (Figure 3).

30. Cell viability (CellTiter-Glo� 3D Cell Viability Assay)

Note: The protocol is based on the manufacturer’s instructions, with minor modifications.

CRITICAL: Since this is an ATP-based assay, microbial contamination may alter results. For

this reason, steps 30b–e should be performed in a cell culture hood and CellTiterGlo-3D

should be handled with care. White-walled, 96-well plates must be used to reduce lumines-

cence crosstalk.

a. Thaw CellTiter-Glo� 3D reagent at 4�C (for 2–48 h).

b. Equilibrate the plate/s containing infected organoids, CellTiter-Glo� 3D reagent and basal

medium (F12+++) for 30 min at room temperature (20�C–25�C).

Optional: During this time, take brightfield pictures of organoids seeded in the transparent

plate using an inverted microscope.

c. Prepare a mix of basal medium and CellTiter-Glo� 3D at a 1:1 ratio.

d. Remove medium from the wells of the plate containing infected organoids using a glass Pas-

teur pipette equipped with a 10 mL-tip, taking care not to disturb the Matrigel domes.

Change the tip between different experimental conditions.

Optional: If using white-walled, clear-bottom plates, this is the moment to carefully stick the

sealing film to the bottom of the plate.

e. Transfer the mix to a sterile plastic container and add 100 mL of it to each well using a multi-

channel pipette.

f. Mix the plate/s vigorously (450 rpm) in a microplate shaker for 5 min at room temperature

(20�C–25�C) to lyse organoids.

g. Incubate the plate for 25 min at room temperature (20�C–25�C).
h. Quantify luminescence in a microplate reader (troubleshooting 3).

Note: We use a Biotek Synergy HT for quantification, programmed with the following fea-

tures: Integration Time 0.1 s, Plate Costar 96w white opaque, Sensitivity 100.

i. Subtract background (Matrigel) luminescence values and normalize values of infected

organoids to non-infected organoids, which correspond to 100% viability (Figure 4, trouble-

shooting 4).

Note: See Table 2 for approximate luminescence values expected under described

conditions.

ll
OPEN ACCESS

STAR Protocols 2, 101017, December 17, 2021 11

Protocol



31. Organoid formation assay

a. Harvest organoids as described in the ‘organoid harvesting for infection’ section, performing

gentle mechanical disaggregation after the first centrifugation step.

Note: Pool 2 wells of every experimental condition into one tube. In this case, since they are

seeded in a 96-well plate, smaller tubes (1.5 mL) can be used to harvest organoids. Wash

wells carefully with basal medium to recover all organoids.

b. After the second centrifugation step, carefully remove the supernatant to leave organoids in

a final volume of 8 mL.

c. Add 32 mL of Matrigel, pipetting up and down to mix.

d. Seed 10 mL drops in a new 96-well plate, performing a 1:2 split (if 2 wells were collected, seed

4).

e. Let Matrigel drops solidify for > 15 min at 37�C.
f. Add 90 mL of organoid growth medium in each well.

g. Incubate at 37�C for 24 h.

h. After 24 h, take brightfield pictures of the wells seeded using an inverted microscope.

Note: Take several pictures that include different fields so that the whole well can be

observed for organoid count.

i. Count organoids in the wells by visually inspecting the pictures (troubleshooting 5).

Note: Only organoids that have not been infected with OAd, or with a low viral

progeny inside, will be able to reassemble and form a new, round-shaped organoid. For

manual organoid count, we consider as viable organoids those structures that are rounded

Figure 4. Comparison of sensitivity to oncolytic adenoviruses between PDOs

Two different PDOs were infected with 2 or 20 MOI of two different oncolytic adenoviruses (OAds) and assessed for

viability using CellTiter-Glo 3D 5 days after infection. Data are represented as mean G SEM (n R 3). Luminescence

units were normalized to values of non-infected (mock) organoids.

Table 2. Example of raw luminescence data of a CellTiter-Glo� 3D cell viability assay

Technical replicate Negative control (mock)

OAd 1 OAd 2

Blank (Matrigel)0.2 MOI 2 MOI 20 MOI 0.2 MOI 2 MOI 20 MOI

#1 1065780 1140390 800990 210150 954530 726390 94080 40

#2 1205090 1102890 788530 212610 1120560 638680 102600 10

#3 1296840 1343930 781060 222520 1302120 639860 91450 50
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and have a diameter bigger than 20 mm (Figure 5). Therefore, organoid count can be inter-

preted as a readout of cell viability, which is inversely correlated with sensitivity to the

OAd.

EXPECTED OUTCOMES

This protocol describes the steps to infect pancreatic tumor PDOs with OAds, as well as methods to

analyze viral replication and assess PDO sensitivity to therapeutic viruses. If the OAd genome en-

codes a fluorescent protein (e.g., EGFP), spreading of the virus to adjacent cells across organoid

structures should be observed within 1–4 days after infection (Figure 1). Alternatively, viral replica-

tion can be confirmed by quantification of viral genomes in infected organoids. After a 5-day incu-

bation period with OAds, which allows for the completion of 2 viral lytic cycles, we generally obtain

viral genome concentrations that range between 105-106 copies/mL for organoids initially infected at

a dose of 2 MOI. If the supernatant of infected organoids (P1) is used to newly infect organoids,

similar results should be obtained (P2), confirming that viral particles can be efficiently produced

within PDOs (Figure 2).

We suggest 2 different approaches to assess PDO sensitivity to OAds. Five days after infection,

PDOs can be either analyzed for cell viability using CellTiter-Glo3D (Figure 4), or harvested and

re-seeded to evaluate organoid formation after 24 h (Figure 5).

Since oncolytic viruses should selectively replicate in and kill tumor cells, infection of normal organo-

ids should not lead to viral replication or diminished cell viability. Comparison of viral replication and

OAd-induced cell death between tumor and normal organoids can be found in Raimondi et al.

(2020).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of OAd genomes from qPCR data

To quantify OAd genomes present in supernatants derived from infected organoids, it is necessary

to first build a standard curve of known genomic DNA copies. In our case, this curve covers a range

from 102 to 107 copies of viral genomes.

1. Quantify a sample of viral DNA in a spectrophotometer.

2. Calculate the weight of 1 copy of OAd genome with the following equation:

Genome mass = n ðgenome sizeÞ$1;096$10�21 g

bp
$1012pg

g
=X pg

Figure 5. Organoid formation assay for survival assessment after PDO infection

(A) Representative bright-field images of non-infected (mock) or OAd-infected PDOs (0.02 MOI for 5 days) and re-seeded at a 1:2 split ratio. Examples of

organoids (round-shaped, > 20 mm diameter) formed 24 h after reseeding are indicated with arrowheads.

(B) Quantification of organoids formed 24 h after re-seeding. Data are represented as mean G SEM (n R 5).
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3. Dilute the sample until obtaining a concentration of 107 copies/mL and prepare serial 1:10

dilutions containing from 102 to 107 copies.

4. Amplify the hexon gene by qPCR as explained in step 28, loading 1 mL of gDNA to each reaction

(4 technical replicates).

5. Represent CT (cycle threshold) values versus DNA copies in Excel or GraphPad Prism.

6. TransformDNAconcentration to logarithmic values andfit the curve using linear regression (Figure 6).

7. In Excel, use the equation obtained to interpolate qPCR results derived from PDO infection in

Excel and calculate viral genomes/mL (Table 3; Figure 2):

Note: Since CT values represent the number of PCR cycles required for the fluorescent signal

to exceed a threshold (i.e., background), the slope of the equation obtained should be

negative.

a. Calculate the mean and standard deviation (SD) of the technical replicates’ CT values.

Note: SD of technical replicates should be < 0.3 for results to be considered.

b. Calculate the mean and standard deviation (SD) of the technical replicates’ CT values.

c. Using the equation obtained, calculate the DNA copies (log10DNA) corresponding to the

mean CT value (y).

d. Transform log10DNA to DNA copies (from logarithmic to linear scale).

e. Plot results in Excel or GraphPad Prism.

LIMITATIONS

Even though seeding of PDOs as whole entities is necessary for infection with OAds, this leads to

higher variability compared to seeding single cells. If inconsistent seeding densities are observed

after plating, a relatively high number of replicates may be required (nR 4). As described in this pro-

tocol, we generally keep 2 wells (of a 24-well plate) for cell count and infect an approximate number

Table 3. Example of viral genome quantification by qPCR

Replicate CT value Mean CT SD LogDNA OAd genomes/mL

#1 20.807 20.949 0.247 4.582 38205.46

#2 20.806

#3 21.234

Figure 6. Example of a standard curve for viral

genome quantification by qPCR

The viral hexon gene was amplified by qPCR in

samples with known DNA copies (from 102 to 107).

Results expressed as CT (cycle threshold) for each

sample were represented and fitted to a linear

regression model. The resulting equation is shown in

a green square. Data are represented as mean G SEM

(n = 4).
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of organoids by extrapolation of this cell count, even though other strategies to consistently seed

whole organoids have been reported elsewhere (Ooft et al., 2019). Importantly, cell numbers

described here could vary depending on growth rates of individual PDO lines, so they may need

to be adjusted before starting screening of OAds by seeding increasing cell densities. Proper main-

tenance of organoids and splitting them at a constant ratio and frequency are also key points for

consistent results.

Due to time-consuming steps, like organoid harvesting and manual seeding of Matrigel drops,

this method is limited to low-throughput screenings of OAds. Comparing more than 4 viruses

at a time may become too laborious, especially if testing more than one dose. If a higher

throughput is needed, automated seeding in a semi-solid format (5%–10% of Matrigel) might

be used.

This protocol only describes methods to compare relative sensitivities to OAds among different

PDOs in a preclinical setting. While being a very important aspect for virotherapy, OAd selectivity

is not assessed here. Nevertheless, it can be easily evaluated by any of themethods described above

by infecting normal and tumor-tissue derived PDOs in parallel. Since OAds are designed to com-

plete their lytic cycle in a tumor background, they should therefore not be able to replicate in normal

organoids and kill them. Experiments showing OAd selectivity can be found in Raimondi et al.

(2020). To ensure specific replication of OAds inside cancer cells, it is also recommended to check

that pathways on which OAd design is based are active (e.g., by qPCR analysis of downstream effec-

tors), especially if a dose-response decrease in cell viability is not observed in tumor PDOs.

CellTiter-Glo 3D evaluates cell viability based on ATP levels. Other viability assays based on the

measurement of metabolic activity, such as the MTT assay, can also be used (Grabinger et al.,

2014; Raimondi et al., 2020). Moreover, complementary techniques to inspect cell death induced

by viral infection could be applied.

This protocol has only been applied to pancreatic ductal adenocarcinoma (PDAC) organoids. How-

ever, we anticipate that it could be applied to patient-derived organoids derived from many solid

organ malignancies.

TROUBLESHOOTING

Problem 1

Organoids are too big at the day of harvesting and infection (organoid harvesting for infection).

Potential solution

Harvest organoids as explained in steps 1–5 and disaggregate them enzymatically by incubating

with TrypLE Select for 5–10 min at 37�C (1 mL for every 3 wells of a 24-well plate). Vigorously pipette

up and down (about 10 times) using a narrowed Pasteur pipette every 2–3 min and check organoids

under the microscope to ensure that they do not become a single-cell suspension, since this may

lead to poor recovery from disaggregation.

Problem 2

Matrigel/organoid suspension hardens before seeding all PDO wells (step 16).

Potential solution

Always keep tubes on ice when working with Matrigel and during seeding. Chill pipette tips inside

the refrigerator, too.

Problem 3

Too low, or too high, luminescence levels are obtained after CellTiter-Glo� 3D Cell Viability Assay

(step 30).
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Potential solution

If luminescence levels are too low to compare between experimental conditions, incubation time

with CellTiter-Glo� 3D reagent can be extended to maximize organoid lysis. Alternatively, they

may indicate that a higher number of cells is needed to detect differences in cell viability (likewise,

viral dose should be reduced). In case luminescence levels are too high, the integration time can be

reduced. However, if biological replicates show substantial differences in luminescence signals, the

culture should be examined for potential microbial contaminations. It is recommended to set up a

protocol for luminescence reading in the multiplate reader’s software before starting screenings.

Problem 4

Variability among technical replicates is very high (step 30).

Potential solution

To ensure homogeneous seeding, it is very important to thoroughly pipette the organoid suspen-

sion before dividing the volume into different tubes to infect, especially when seeding is performed

in a 96-well format. Pipette well the OAd-PDO-Matrigel mixture right before seeding to ensure that

the percentage of Matrigel is similar in all wells. Try to seedMatrigel drops in such a way that they do

not come in contact with the walls of the wells, since this may lead to irregular growth of organoids

(Figure 7).

Problem 5

There are almost no organoids in the wells, or no big organoids (with a diameter > 20 mm) are

observed (step 31).

Potential solution

Some organoids are always lost during harvesting and seeding. Since the organoid formation assay

is performed in a 96-well format, too many organoids could be lost during the process of reseeding.

To compensate for that, harvest more wells for re-seeding or perform mechanical disaggregation

with a p200 pipette pre-wet in F12+++B medium. The OAd dose may also need to be reduced to

ensure that enough organoids are alive for count after re-seeding.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Cristina Fillat (cfillat@clinic.cat).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate or analyze any datasets or code.

Figure 7. Uneven seeding of Matrigel drops

Red crosses indicate Matrigel drops in contact with the well’s walls.
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