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Purpose: Combination therapies of chemotherapeutic agents and immunotherapy have shown promising results in the treatment of 
cold tumors. Various chemotherapies trigger immunogenic cell death (ICD) and release of hallmarks immunogenic damage associated 
molecular patterns (DAMPs) that have been related with immunostimulatory activities, leading to better patient prognosis. We aim to 
optimize in vitro assays to detect DAMPs release in response to chemotherapeutic agents using a colorectal cancer (CRC) organoids 
model.
Methods: CRC patient-derived organoids (PDOs) were treated either with oxaliplatin (OXA) or with 5-fluorouracil (5FU) and 
viability was measured with CellTiter-Glo3D Cell viability assay. Calreticulin (CALR) and high mobility group box 1 protein 
(HMGB1) intracellular translocation was assessed in immunofluorescence microscopy and quantified via co-localization with wheat 
germ agglutinin (WGA) and DAPI. Extracellular release of adenosine triphosphate (ATP) was quantified via specific luminescence 
assays.
Results: The results showed that CRC PDOs release DAMPs in a patient-specific manner in response to OXA and 5FU treatments.
Conclusion: This study successfully used immunofluorescence and luminescence methods to detect ICD-associated DAMPs release 
in CRC PDOs in response to chemotherapeutic treatments. This approach allows the recognition of patient-specific ICD activation and 
could help predict patient response to therapies.
Keywords: DAMPs, chemotherapy, combination therapies, OXA, 5FU, PDOs

Introduction
First described in 2005, immunogenic cell death (ICD) is a peculiar form of regulated cell death (RCD) able to activate 
an adaptive immune response in an immunocompetent environment.1,2 ICD can be triggered by a set of stimuli, such as 
pathogens and chemotherapeutic agents, resulting in the spatiotemporal emission of damage associated molecular 
patterns (DAMPs), giving rise to a stepwise process involving dendritic cell (DCs) recruitment, antigen processing, 
maturation, and antigen presentation to T cells.3,4 In the context of cancer therapy, recent studies revealed that a range of 
chemotherapeutic agents induce ICD, causing the conversion of the tumor microenvironment (TME) from inert to 
immunogenic by the release of DAMPs, leading to favorable therapeutic response.5,6 Hallmarks immunostimulatory 
DAMPs associated with chemotherapy-induced ICD include among others the exposure of calreticulin (CALR) on the 
plasma membrane, and release of adenosine triphosphate (ATP) and high mobility group box 1 protein (HMGB1).7 

CALR is an endoplasmic reticulum (ER)-associated chaperone that translocate to the plasma membrane of dying cells in 
an eIF2A phosphorylation-dependent process, and acts as an “eat-me” signal for DCs at an early stage of ICD.8 

Extracellular ATP released at an early stage of ICD acts as a “find me” signal, attracting and activating antigen presenting 
cells (APC) by binding purinergic receptors and promoting CD8+ T-cells priming.9 HMGB1 is a nuclear protein that is 
extracellularly released at a late stage of ICD and acts as “alarmin”, binding receptors such as TLR2, TLR4, and RAGE 
of immature DCs leading to DC maturation and cytotoxic T lymphocytes (CTLs) activation.10 The ability of some 
chemotherapeutic agents to induce immunogenic conditions in the TME has led to the development of combination 
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therapeutic strategies of ICD-inducing chemotherapy and immune checkpoint blockers.11,12 Although these combination 
therapies have shown promising results for various cancer types, the effect of the therapy varies largely from patient to 
patient.13,14 Clinical evidence highlights that defects in immunogenic stress signaling adversely affect cancer prognosis 
and response to ICD-inducing therapies.15 These defects include poor cellular stress responses, low levels of DAMPs or 
their receptors, and genetic polymorphisms affecting pattern recognition receptor signaling.16 In vitro studies aiming at 
unrevealing the mechanism underlying DAMPs release associated with chemotherapy-induced ICD are carried out 
mostly using cell lines, which fail to recapitulate the patient-specific morphological and genetic features of the 
tumor.17 Therefore, the development of new methodological approaches to assess patient-specific differences while 
studying ICD in the context of cancer treatment might help the stratification of the patients and a better outcome 
prediction. In the past decades, personalized precision medicine has benefit from the advances made in 3D culture 
techniques using organoids.18,19 Organoids proved to be a more representative model of the in vivo situation compared to 
2D cultures for a number of reasons, such as the presence of multiple organ-specific cell types, the ability to self-organize 
and to exert similar function of their tissue/organ counterparts.20 Furthermore, robust protocols are available to generate 
patient-derived organoids (PDOs) from many healthy and tumor tissue types.21 Thereby, we sought to extend the 
possibility to detect DAMPs associated with chemotherapy-induced ICD in PDOs. We exploited the colorectal cancer 
(CRC) PDOs collection generated in our previous work and applied oxaliplatin (OXA) and 5-fluorouracil (5FU), the two 
main components of the chemotherapy combination regimen FOLFOX broadly used for the treatment of colorectal 
cancer, to induce DAMPs release in PDOs.22–24 The aim of this study was to optimize a set of immunofluorescence and 
luminescence methods to detect the release of DAMPs in PDOs in response to chemotherapy agents. This study makes an 
important contribution to directing ICD research from the 2D cell monoculture system to the patient-derived 3D hetero- 
cell type system, paving the way for the development of patient-specific ICD investigation in vitro leading to better 
patient stratification.

Methods
Ethics Approval
PDOs used in this work were generated in a previous study using histologically verified primary colorectal tumor tissues 
obtained from adult-treated naïve patients undergoing surgical resection at the Medical University Hospital of Innsbruck 
with the approval of the medical ethical committee of the Medical University of Innsbruck, protocol AN2016-0194 366/ 
4.9.22 Written informed consent for research was obtained from patients prior to tissue acquisition. This study complies 
with the Declaration of Helsinki.

PDOs Culture
PDOs were cultured in 30 µL droplets of 70% Geltrex (Thermo Scientific, Cat#A1413202) with PDO culture medium 
composed of Advanced DMEM/F12 (Thermo Scientific, Cat#12634028) supplemented with 10 mm HEPES solution 
(Sigma, Cat#H0887), 10 mL/L Penicillin-Streptomycin solution, 2 mm GlutaMAX (Thermo Scientific, Cat#3550061), 
20% Rspondin conditioned medium, 10% Noggin conditioned medium, 20 mL/L B-27 supplement (Thermo Scientific, 
Cat#17504044), 1.25 mm N-Acetylcysteine (Sigma, Cat#A9165), 0.5 nM A83-01 (Tocris, Cat#2939), 10 mm SB202190 
(Sigma, Cat#S7067), 50 ng/mL human EGF (Peprotech, Cat#AF-100-15), 100 mg/mL Primocin (Invivogen, Cat#ant-pm 
-2), and 10 mm Y27632 (AbMole, Cat#M1817). PDO culture medium was refreshed every two days.

Drug Sensitivity Assay
Organoids were enzymatically dissociated to single cells using 500 µL of TripLE (Sigma, Cat#T4174) for each culture 
droplet, incubated for 5 minutes at 37°C and reaction was stopped by adding an equal volume of Advanced DMEM/F12. 
Cells were filtered through a 70 µm strainer and centrifuged at 1500 rpm for 5 minutes. Cells were counted with 
a hemocytometer (Marienfeld Neubauer, Cat#0640010) and seeded at a number of 9000 cells/droplet for 1 day treatment, 
8000 cells/droplet for 3 days treatment and 4500 cells/droplet for 6 days treatment into 96-black opaque-walled plates 
(Sarstedt GmbH, Cat#04.6000.024) in 7 µL droplets of 70% Geltrex covered with 100 µL PDO culture medium. After 3 
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days, culture medium was removed and replaced by 100 µL culture medium with 10 µM of Oxaliplatin (Biomol, 
Cat#AG-CR1-3592-M025) or 10 µM of 5FU (LKT Laboratories, Inc, Cat#F4480), or only culture medium for untreated 
control. Organoids viability was evaluated at day 1, day 3 and day 6 using a CellTiter-Glo 3D Cell viability assay 
(Promega, Cat#G9681) according to the manufacturer’s instructions. In brief, CellTiter-Glo 3D Reagent was thawed at 4° 
overnight. On the day of the measurement, the CellTiter-Glo 3D Reagent and the plate containing organoids were 
equilibrated at room temperature (22°) for 30 minutes. Culture medium was removed from the wells and 50 µL of fresh 
culture medium was added to each well together with 50 µL of the CellTiter-Glo 3D Reagent. The plate was shaken for 
6 minutes at 500 rpm and incubated at room temperature for 25 minutes in the dark. Luminescence signal was recorded 
on the plate reader Tecan Infinite F200 Pro, i-control 2.0 Software.

Immunofluorescence Staining
For surface detection of Calreticulin and intracellular detection of HMGB1 in PDOs, we adapted the immunofluores-
cence protocol from Tesniere et al.25 For surface detection of Calreticulin, PDOs were seeded in 6 wells-plates (Sarstedt, 
Cat#83.3920) with 4 droplets of 30 µL of 70% Geltrex each well. After 3 days, culture medium was replaced with fresh 
medium containing 500 µM Oxaliplatin or 500 µM 5FU, or left untreated as control. After 4 hours incubation at 37°C 
and 5% CO2, 4 droplets were collected from the plate with a cell lifter (Corning, Cat#CLS3008), centrifuged for 
5 minutes at 1500 rpm at 4°C and washed with cold Dulbecco’s Phosphate Buffered Saline (PBS) (Sigma, Cat#D8537). 
To remove the Geltrex, droplets were resuspended in 500 μL of Cell Recovery Solution (Corning, Cat#7340107P), cell 
suspension was incubated for 30 minutes at 4°C and organoids were washed 2 times with cold PBS by centrifuging 
5 minutes at 1500 rpm at 4°C. Organoids were fixed with 0.25% ROTI Histofix Phosphate Buffered Formaldehyde (PFA) 
(Carl Roth, Cat#P087.4) in PBS for 5 minutes at 4°C, and washed 2 times with cold PBS. Organoids were stained for 
45 minutes at 4°C in the dark with Anti-Calreticulin (Abcam, Cat#ab2907, lot.GR3248979-4) diluted 1:100 in Blocking 
Buffer (BB): PBS with 5% BSA (Sigma, #A6003), 10% goat serum (Sigma, Cat#G9023), 0.2% Tween (Sigma, 
Cat#P9416). Organoids were washed 5 times with Washing Buffer (WB): 0.3% fetal bovine serum (FBS) (Sigma, 
Cat#F7524) in PBS. Secondary antibody staining was performed with Goat Anti-Rabbit conjugated with Alexa Fluor 488 
(1:250) (Abcam, Cat#ab150077, lot.GR3245102-1) in BB for 45 minutes at 4°C in the dark. Wheat Germ Agglutinin 
(WGA) conjugated with Alexa Fluor 633 (1:200) (Invitrogen, Cat#W21404 lot.2087692) was used for staining of plasma 
membranes. Organoids were washed twice with WB, fixed with 4% ROTI Histofix PFA for 20 minutes at room 
temperature and washed with WB for 2 times. Organoids were centrifuged 5 minutes at 1500 rpm at 4°C, supernatant 
was removed, organoids were resuspended in 20 μL Vectashield Vibrance Antifade Mounting Medium with DAPI 
(Vector Laboratories, Cat#H-2000-2 lot. ZJ0309), and transferred on SuperFrost Plus slides (VWR, Cat# 631-0108). 
Mounted organoids were covered with a Cover Glass (Corning, Cat#CLS285022) and left to dry overnight at room 
temperature.

For intracellular detection of HMGB1, PDOs were seeded as mentioned above for Calreticulin detection. After 3 
days, culture medium was replaced with fresh medium containing 10 µM Oxaliplatin or 10 µM 5FU, or left untreated as 
control. After 48 hours incubation at 37°C and 5% CO2, 4 droplets were collected from the plate with a cell lifter, 
centrifuged for 5 minutes at 1500 rpm at 4°C and washed with cold PBS. Organoids were fixed with 4% ROTI Histofix 
PFA for 20 minutes at room temperature, washed 2 times with PBS, permeabilized with 0.1% Triton X-100 (Sigma, 
Cat#T9284) in PBS for 10 minutes at room temperature, and washed twice with PBS. PDOs were blocked with BB for 
1 hour at room temperature and washed twice with PBS. Organoids were stained overnight at 4°C with Anti-HMGB1 
(Cell Signaling, Cat. #3935S, lot.4) diluted 1:100 in BB. Organoids were washed 3 times in WB and secondary antibody 
staining was performed with Goat Anti-Rabbit conjugated with Alexa Fluor 488 (1:250) (Abcam, Cat#ab150077, lot. 
GR3245102-1) diluted in BB for 1 hour at room temperature in the dark. Wheat Germ Agglutinin (WGA) conjugated 
with Alexa Fluor 633 (1:200) (Invitrogen, Cat#W21404 lot.2087692) was used for staining of plasma membranes. 
Organoids were washed twice with WB and mounted as described above.

Organoids were imaged using a Zeiss LSM980 AiryScan2 Microscope (Carl Zeiss GmbH, Germany) with the 
Airyscan method, with a 63×1.40NA oil objective and images were acquired as three channel stacks. Acquired z-stacks 
were deconvolved to improve the final resolution with the Huygens Professional software (Scientific Volume Imaging, 
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Hilversum, The Netherlands) with the Classic Maximum Likelihood Estimation (CMLE) algorithm, according to the 
manufacturer’s recommendations. The colocalization analysis was performed with the Colocalization Analyzer on the 
Huygens Professional between two channels of interest (Calreticulin/Plasma membrane or HMGB1/DAPI) using the 
calculated Gaussian Minimum threshold. The resulting overlap coefficients were analyzed by Prism software (v 10.4; 
GraphPad Software, Inc., La Jolla, CA, USA).

ATP Release Assay
Extracellular ATP release was detected using RealTime-Glo Extracellular ATP Assay (Promega, Cat#GA5010). 
Organoids were enzymatically dissociated to single cells and seeded at 9000 cells/well into 96-black opaque-walled 
plates (Sarstedt GmbH, Cat#04.6000.024) as described above. After 3 days, culture medium was replaced with 100 µL of 
fresh culture medium containing 1 mm of Oxaliplatin, or 1 mm 5FU or left untreated as control, and a 1× of RealTime- 
Glo Reagent. The plate was shaken at 500 rpm for 45 seconds and incubated for 4 hours at 37°C 5%CO2. Luminescence 
signal was recorded on the plate reader Tecan Infinite F200 Pro, i-control 2.0 Software.

Statistical Analysis
All assays were performed in triplicate. Data are presented as the mean ± standard error of the mean. Data were 
processed by Prism software (v 10.4; GraphPad Software, Inc., La Jolla, CA, USA). Differences in mean values between 
treated and control samples were computed by one-way ANOVA with post hoc Dunnet’s test. A value of P < 0.05 was 
considered statistically significant.

Results
Analysis of PDOs Sensitivity to OXA and 5FU Treatments
The combination of OXA and 5FU is the standard care for colorectal cancer.26 OXA is a platinum-based chemother-
apeutic agent that acts as a strong ICD inducer, whereas the antimetabolite chemotherapeutic agent 5FU has been shown 
to only moderately induce ICD in CRC cell lines.25,27,28 To assess the effect of the drugs on the viability of organoids, 5 
CRC PDOs generated and molecularly characterized in our previous work were selected (Table 1) and treated with OXA 
or 5FU.22 The response to the treatments over time varied for the different PDOs lines, with the most pronounced effect 
observed for CRC13 and CRC19 treated with OXA (Figure 1). Both CRC13 and CRC19 are classified as microsatellite 
instable (MSI), and their greater sensitivity to the treatment is consistent with previous reports showing that deficient 
mismatch repair (dMMR)/MSI CRC cell lines exhibit sensitivity to chemotherapeutics in vitro.29 Among the micro-
satellite stable (MSS) PDOs selected for this analysis, CRC17 shows the highest sensitivity to OXA. In our previous 
analysis we showed that CRC17 belongs to a small fraction of MSS tumors known to be transcriptionally more similar to 
the MSI-High tumors than to the MSS group, which agrees with the sensitivity to OXA observed.22,30 When treated with 
5FU, MSI PDOs respond similarly to MSS (Figure 1), showing a less pronounced sensitivity than the one observed for 

Table 1 Patients Clinical Information for the Corresponding CRC PDOs

ID Gender Age Subtype Tumor 
Location

UICC Grade KRAS NRAS BRAF HER2 Stadium

CRC02 Male 73 MSS Rectum I GII wt wt wt neg GII, UICC I, pT1 N0 M0 R0 

V0 L0 Pn0
CRC12 Male 72 MSS Colon 

transversum

IIa GIII wt wt wt neg GIII, UICC IIa, pT3, N0, 

M0, L0, V0, Pn0, R0

CRC13 Female 90 MSI Sigmoid 
colon

IIIc GII wt wt mut x GII, UICC IIIc, pT4b, pN1b, 
M0, L0, V0, Pn0, R0

CRC17 Male 75 MSS Sigmoid 

colon

IIIb GII wt wt wt x GII, UICC IIIb, pT3, pN1b, 

M0, L0, V0, Pn0, R0
CRC19 Female 78 MSI Ascending 

colon

IIa GII wt wt mut neg GII, UICC IIa, pT3, pN0, 

M0, L0, V0, Pn0, R0
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OXA treatment, in line with prior studies demonstrating a lack of benefit of 5FU as adjuvant chemotherapy for dMMR/ 
MSI CRC.31 The results of this assay indicate a heterogeneous response of different PDOs, particularly to OXA 
treatment.

Analysis of CALR Exposure
Exposure of CALR on the plasma membrane is the early phase hallmark of ICD. We optimized a protocol for 
immunofluorescence microscopy to analyze the translocation of CALR to the plasma membrane in PDOs treated with 
OXA and 5FU. We then quantified the exposure of CALR by calculating the colocalization of CALR and WGA, 
expressing it as overlap coefficient (OC). The results showed that OXA treatment induced an increment of CALR 
localized on the plasma membrane of CRC12 and CRC13 compared to the untreated control (Figure 2A and B). In 
contrast, none of the PDOs showed plasma membrane accumulation of CALR upon 5FU treatment.

Measurement of Extracellular ATP Release
ATP release from dying cells is one major hallmark of ICD. We refined an established luminescence assay to determine 
the extracellular ATP release from PDOs treated with OXA or 5FU compared to untreated PDOs. OXA treatment- 
induced secretion of ATP in CRC02, CRC12, CRC13 and CRC19. When PDOs were treated with 5FU, CRC19 showed 
a moderate increment in ATP secretion, while for the other PDOs the level of extracellular ATP appeared unaffected by 
the 5FU treatment (Figure 3).

Analysis of HMGB1 Release
The post-mortem release of HMGB1 is one typical feature of ICD. We optimized a protocol for immunofluorescence 
microscopy to analyze the translocation of HMGB1 from the nucleus to the cytoplasm in PDOs treated with OXA and 
5FU. We then quantified the release of HMGB1 to the cytoplasm by calculating the colocalization of HMGB1 and DAPI, 
expressing it as overlap coefficient. The results showed that OXA treatment induced a decrement of HMGB1 localized in 
the nucleus of CRC12, CRC13 and CRC19 compared to the untreated control, while localization of HMGB1 was not 
altered in PDOs upon 5FU treatment (Figure 4A and B). These results are in line with the analysis of CALR exposure 
and ATP secretion (Figures 2 and 3) and indicate that 5FU does not trigger DAMPs in the CRC PDOs consistently, while 
OXA specifically triggers ICD-associated DAMPs in a subgroup of PDOs.

Discussion
Chemotherapy-induced ICD and DAMPs release relate to positive outcomes in cancer treatments. In vitro studies aimed 
at further understanding the role of ICD in cancer are mostly based on 2D cell lines that fail to recapitulate the tumor 

Figure 1 Analysis of PDOs sensitivity to OXA and 5FU treatments. PDOs viability measured with CellTiter-Glo 3D Cell viability assay upon treatment with 10 µM OXA 
(left panel) or 10 µM 5FU (right panel) for 1, 3 and 6 days.
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specificity of patients.25 Although studies based on 2D cultures have shed light on the mechanisms underlying ICD and 
the potential for induction of ICD by some chemotherapeutic agents on cancer cells, there is the strong need to move 
away from traditional 2D culture cancer cell lines embracing more complex 3D experimental systems.32 These systems 

CTR OXA 5FU

CRC02

CRC12

CRC13

CRC17

CRC19

A

B

Figure 2 CALR exposure in PDOs treated with OXA and 5FU. (A) IF staining of PDOs treated with 500 µM OXA or 500 µM 5FU for 4 h or left untreated. Staining with 
CALR (green), WGA for plasma membrane (red) and DAPI for nucleus (blue). Scale bar 20 µM. (B) Quantification of CALR and WGA colocalization expressed as overlap 
coefficient (OC). The asterisk (*) represents statistical significance (*p≤ 0.05; **p≤ 0.01).
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have clinical relevance and reflect the phenotypic and genetic heterogeneity of primary tumors, allowing direct transla-
tion of in vitro findings to the clinic. The first step in this direction was made by developing 3D spheroids derived from 
tumor cell lines. Wernitznig and coworkers showed that spheroids derived from the colon carcinoma cell lines HCT-15, 
HCT-116 and HT-29 release the ICD-related DAMPs CALR, HMGB1 and ATP when treated with anticancer agents such 
as OXA, and the level of DAMPs release is drug-specific.33 However, even if spheroids offer an intermediate complexity 
between cancer cells grown in 2D monolayers and in vivo tumors, they lack the cell-type heterogeneity needed to fully 
recapitulate the tumor specificity of patients. In contrast, 3D PDOs retain intra- and inter-tumor heterogeneity and 
a previous study revealed a complexity of cell subtypes in OXA- and 5FU-resistant CRC samples by scRNA-seq that 
would not have been revealed by a simpler in vitro model.34

In our study, we optimized a series of assays to detect DAMPs release in a 3D organoid model. To set up the assays 
we exploit the CRC PDOs collection that we previously generated and characterized, we applied OXA and 5FU 
treatments to induce potential ICD and we optimized immunofluorescence and luminescence methods to detect the 
release of DAMPs. The response of the PDOs to the OXA and 5FU treatments was measured overtime using the 
CellTiter-Glo 3D Cell viability assay. In line with our expectations, with this approach we determined a heterogeneous 
response of the PDOs particularly to OXA treatment.

Exposure of CALR on the plasma membrane of 2D cell lines is typically determined by flow cytometry, immuno-
fluorescence microscopy, or immunoblotting.19 Cytosolic translocation of HMGB1 in cell lines is also normally detected 
by immunofluorescence microscopy or immunoblotting. Flow cytometry and immunoblotting have a number of limita-
tions when applied to organoid models. The main limiting step in flow cytometry is the need to disassociate the organoids 
into single cells suspension, a procedure that could introduce bias in the viability status of the cells unrelated to the 
treatment applied. In addition, organoids have heterogeneous size and morphology, and a standardized dissociation 
protocol could give different results on organoids cultures, introducing another level of bias in the results. Similarly, 
immunoblotting with organoid material presents some challenges: the heterogeneity in organoid size and morphology 
makes it difficult to apply a standardized cell lysis protocol, with results not comparable among different organoid 
cultures. Furthermore, studying protein translocation in immunoblot requires a crucial and delicate subcellular fractiona-
tion step to separate membrane, cytosolic and nuclear proteins. In addition, a substantial amount of organoids is required 
as starting material for this approach. Therefore, immunofluorescence microscopy seemed to be the most promising 
technique to be adapted for CALR and HMGB1 detection in organoid models. In our study, we successfully measured 
and quantified the intracellular translocation of CALR on the plasma membrane and HMGB1 in the cytoplasm of treated 
PDOs using an immunofluorescence microscopy approach. Upon OXA treatment, we could detect CALR translocation to 
the plasma membrane of CRC12 and CRC13, and cytoplasm translocation of HMGB1 in CRC12, CRC13 and CRC19. In 
contrast, 5FU treatment failed to promote CALR and HMGB1 intracellular translocation in all PDOs. With our approach, 
we were able to identify PDO-specific CALR and HMGB1 translocation following different treatments, and our results 
are in line with previous knowledge indicating OXA as a strong and 5FU as moderate ICD inducer.25,27,28

ICD-associated ATP secretion in cell lines can be assessed by monitoring the intracellular or the extracellular ATP 
content. Intracellular ATP is typically detected by staining with ATP-sensitive fluorochrome quinacrine and monitored by 

Figure 3 Extracellular ATP release in PDOs treated with OXA and 5FU. ATP levels expressed as relative light units (RLU) in untreated PDOs, and PDOs treated with 1mM 
OXA or 1mM 5FU for 4h. The asterisk (*) represents statistical significance (*p≤ 0.05; **p≤ 0.01; ****p≤ 0.0001).
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flow cytometry.9 As discussed earlier, flow cytometry is hardly applicable to the organoid model. Therefore, we choose to 
focus on the extracellular ATP secretion. We refined an established luminescence assay to determine ATP release in the 
culture medium of PDOs treated with OXA or 5FU. This rather straightforward approach allowed us to quantify changes 
in ATP secretion in different PDOs. In line with our expectations, we were able to detect an increment in ATP release in 

CTR OXA 5FUA

CRC02

CRC12

CRC13

CRC17

CRC19

B

Figure 4 HMGB1 release in PDOs treated with OXA and 5FU. (A) IF staining of PDOs treated with 10 µM OXA or 10 µM 5FU for 48 h or left untreated. Staining with 
HMGB1 (green), WGA for plasma membrane (red) and DAPI for nucleus (blue). Scale bar 20 µM. (B) Quantification of HMGB1 and DAPI colocalization expressed as 
overlap coefficient (OC). The asterisk (*) represents statistical significance (*p≤ 0.05; **p≤ 0.01; ***p≤ 0.001).
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OXA-treated PDOs, and the amount of the secretion was PDO-dependent. Further, 5FU did not have an effect in ATP 
secretion in PDOs, with the exception of CRC19 that showed a moderate ATP secretion.

Overall, the results of this study indicate that among the PDOs analyzed, treatment with OXA triggers the release of 
the three major ICD-related DAMPs in CRC13 and CRC12. Of note, these two PDOs responded to OXA treatment 
differently in terms of cell viability over time, with CRC13 showing a much higher sensitivity than CRC12. This 
observation may indicate that induction of DAMPs release by chemotherapeutic agents may not be necessarily linked to 
a rapid reduction in cell viability in vitro. Based on the DAMPs release assays we performed, it can be hypothesized that 
both CRC13 and CRC12 are potential good responders to the combination of ICD-inducing chemotherapy and immune 
checkpoint blockers, underscoring the importance of developing experimental approaches that allow the recognition of 
patient-specific ICD activation in vitro, which could help predict patient response to therapies.

Our work has several limitations that can be addressed in future studies. One limitation of our study is the use of 
individual agents for treatments. In our study, we choose to focus on the effect of single chemotherapy agents to induce 
ICD in PDOs in order to better dissect the effect of each agent on different PDOs, taking advantage of the previous 
knowledge defining OXA as a strong ICD inducer and 5FU as moderate inducer. Several chemotherapeutic agents 
increase their effectiveness when administered in combination regiments, eg 5FU and OXA are normally administered 
together with folinic acid as combined chemotherapy regimen, named FOLFOX, to treat colorectal cancer.26 Therefore, 
further studies are required to explore the ICD-inducing potential of chemotherapeutic agents’ combination therapies in 
PDOs. Previous studies showed that CT-26 cells treated with FOLFOX presented an elevated CD47 and PD-L1 
expression, and the combination of FOLFOX with CD47 and PD-L1 blocking antibodies increased survival and reduced 
tumor size in CT-26 tumor-bearing mice.35 The next steps in this line of research could exploit PDOs as models for ICD- 
studies, as proposed in our work, focusing further on combining pro-immunogenic drugs with anti-inhibitory antibodies, 
making the organoid model the bridge between pre-clinical studies and translation into the clinic. Another limitation of 
our study is the lack of the immune cell component in our 3D organoid in vitro system. The release of ICD-related 
DAMPs in tumor cells upon certain chemotherapy treatments results in the activation of dendritic cells and the 
subsequent antigen presentation to T cells that mediate tumor-specific immune responses. In our experimental set-up, 
we were able to detect patient-specific DAMPs release in CRC organoids in response to chemotherapy treatments. To 
investigate the effect that DAMPs released by treated organoids might have on the immune system, further studies are 
needed to increase the complexity of the experimental set-up optimizing organoids and immune cells co-culture systems. 
Finally, with our study we intended to show a proof-of-concept that PDOs are suitable for personalized ICD studies, for 
which we used a relatively low number of PDOs lines. Future studies comprising a large cohort of PDOs are needed for 
further investigation to potentially identify patterns and biomarker for patient stratification. Despite the limitation 
discussed, to our knowledge, this is the first study employing CRC PDOs model for direct investigation of ICD, paving 
the way for further patient-specific studies essential to better translate basic preclinical research into novel treatments.

Conclusions
In this study, in vitro assays were optimized to evaluate ICD-related DAMPs release in CRC PDOs upon chemotherapy 
treatments. CALR translocation to the plasma membrane and HMGB1 translocation to the cytoplasm can be monitored in 
immunofluorescence followed by quantification of colocalization with subcellular markers. ATP secretion can be 
monitored by luminescence assay. This approach has the potential to identify ICD initiation in CRC PDOs in response 
to chemotherapy, and might be used to predict patients’ response to chemotherapy and immune checkpoint blockers 
combination therapy. In this work, we optimized the assays using CRC PDOs treated with OXA and 5FU, and we believe 
that the same approach could be adapted for the use in PDOs derived from other tissues and for testing different ICD- 
inducing drugs. We hope this approach will contribute to facilitating patient-specific ICD investigation in vitro and 
improve patient stratification.
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