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General introduction and outline of the thesis

“As the anecdotes coalesce into data, there's another layer, too, a sense of 
paradigms shifting. Immunotherapy marks an entirely different way of treating cancer
—by targeting the immune system, not the tumor itself. Oncologists, a grounded-in-
reality bunch, say a corner has been turned and we won't be going back.” 

With these words, back in 2013, Science named cancer immunotherapy the scientific 
breakthrough of the year (Couzin-Frankel et al., 2013).  

Cancer immunotherapy has truly transformed the treatment for advanced cancers. In the 
past decade immunotherapy successes moved from being extraordinary anecdotes - 
how unforgettable the result of a single treatment in the metastatic melanoma setting 
shown by (Chapman et al., 2015) - to solid and stable reality. Checkpoint inhibitors have 
successfully been used for treatment of multiple tumors: melanoma, non-small cell lung 
cancer, head and neck squamous cell carcinoma, renal cell carcinoma, Hodgkin 
lymphoma, urothelial cancer, gastric cancer, primary mediastinal B-cell lymphoma, 
Merkel cell carcinoma, hepatocellular cancer, cervical cancer and colorectal cancer, only 
to cite a few (Meric-Bernstam et al., 2020). However, even in the most immune-
responsive tumor types, durable responses to checkpoint inhibitors are rare events, and 
success rates show great variation, spanning from ~15%, when used in monotherapy, to 
~60%, when used in combination (Larkin et al, 2015; Larkin et al., 2019).  

To further improve the efficacy of current cancer immunotherapies, it is necessary to find 
ways to predict which patient is most likely to respond or not to the treatment, who is 
likely to eventually relapse, which resistance mechanisms will arise and, most 
importantly, how to overcome these mechanisms. These challenges highlight the need 
for a pre-clinical model system that allows to interrogate the interaction between tumor 
cells and immune cells, in an unbiased manner, for the individual patient. In this thesis 
we embrace these challenges, trying to find a comprehensive solution. 

In chapter 2 we present a new model system for the study of direct interactions 
between tumor and immune cells for the individual patients. By co-culturing peripheral 
blood mononuclear lymphocytes (PBMCs) and autologous tumor organoids we are able 
to generate a tumor-reactive T cell population for a subset of colorectal cancer (CRC) 
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General introduction and outline of the thesis

and non-small cell lung cancer (NSCLC) patients. We also demonstrate that these T 
cells are specifically able to recognize and kill tumor organoids, while ignoring autologous 
healthy colon or airway organoids. We speculate this new platform could be used as a 
new technology to dissect the different aspects of tumor-immune interactions and for the 
generation of a patient specific T cell product. 

In chapter 3 we describe the co-culture platform in details, highlighting the pros and 
cons of our method of generating tumor reactive T cells compared to pre-existing 
methods. 

In chapter 4 we investigate the physiological value of the platform, exploring the 
hypothesis that it could be used to predict patient response to immunotherapy. We show 
a perfect correlation between the ability to generate patient specific tumor-reactive T cells 
and clinical outcome of anti-PD-1 blocking therapy for a subset of colorectal cancer 
(CRC) and non-small cell lung cancer (NSCLC) patients. We also demonstrate the 
feasibility of using the co-culture system to monitor response to immunotherapy over 
time, during treatment. We also provide a critical point of view, highlighting the intrinsic 
limitations of the use of tumor organoids as a model system for such a predictive 
purpose.  

In chapter 5 we use the co-culture system to generate and analyze models of primary 
or acquired resistance to immunotherapy. To be specific, Werner helicase (WRN) has 
been identified as a specific synthetic-lethal target in mismatch repair-deficient (dMMR)/
microsatellite instability-high (MSI-H) cancers. We demonstrate that WRN dependency is 
retained in diverse models of primary and acquired resistance to targeted, chemo- and 
checkpoint inhibitor therapy, providing a strong rationale for the clinical development of 
specific small-molecule inhibitors targeting WRN.

In chapter 6 we focus on a better understanding of the tumor-reactive T cells we 
induced through co-culturing tumor organoids and autologous PBMCs. We present 
HANSolo, HLA-Agnostic Neoantigen Screening, a high-throughput genetic platform for 
personalized discovery of CD4+ and CD8+ T cell-recognized (neo)antigens. We 
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demonstrate that, by using patient-matched immortalized B cells, that encode a library 
consisting of all non-synonymous tumor-specific mutations, as APCs, we can enable the 
unbiased screening of T cell specificities across all MHC-I and -II alleles of individual 
patients. 

A general discussion of the research presented in this thesis can be found in chapter 7.  
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Generation of tumor-reactive T cells by coculture 
of peripheral blood lymphocytes and tumor organoids

ABSTRACT



Cancer immunotherapies have shown substantial clinical activity for a subset of patients 
with epithelial cancers. Still, technological platforms to study cancer T-cell interactions for 
individual patients and understand determinants of responsiveness are presently lacking. 
Here, we establish and validate a platform to induce and analyse tumor-specific T cell 
responses to epithelial cancers in a personalized manner. We demonstrate that co-
cultures of autologous tumor organoids and peripheral blood lymphocytes can be used 
to enrich tumor-reactive T cells from peripheral blood of patients with mismatch repair-
deficient colorectal cancer and non-small-cell lung cancer. Furthermore, we demonstrate 
that these T cells can be used to assess the efficiency of killing of matched tumor 
organoids. This platform provides an unbiased strategy for the isolation of tumor-reactive 
T cells and provides a means by which to assess the sensitivity of tumor cells to T cell-
mediated attack at the level of the individual patient.  

17

2



Generation of tumor-reactive T cells by coculture 
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INTRODUCTION



The use of antibodies against immune checkpoints, such as CTLA-4 and PD-1/PD-L1, 
has shown clear clinical benefit for patients with advanced cancer, including melanoma, 
non-small-cell lung cancer (NSCLC), and mismatch repair-deficient (dMMR) colorectal 
cancer (CRC) (Larkin et al., 2015; Garon et al., 2015; Borghaei et al., 2015; Le et al., 
2015, 2017; Overman et al., 2017, 2018). Furthermore, the adoptive transfer of ex-vivo-
expanded autologous tumor-infiltrating lymphocytes (TILs) has shown impressive clinical 
responses in melanoma (Rosenberg and Restifo, 2015) and an early clinical signal in 
cervical cancer (Stevanovic et al., 2015). Despite these encouraging results, a large 
fraction of patients does not respond to current immunotherapies. Treatment failure may 
be explained at many different levels that include a low number of immunogenic 
antigens, defective antigen presentation, and/or the expression of alternative immune 
checkpoint molecules (Blank et al., 2016; Dijkstra et al., 2016; Pitt et al., 2016; Sharma et 
al., 2017). Given the large variety in mechanisms of immune evasion by cancers, it is 
presently challenging to predict whether an individual patient will be sensitive to 
immunotherapy, what mechanism is likely to underlie resistance, and what alternative 
treatment could potentially overcome resistance. Platforms to allow the unbiased and 
systematic analysis of T cell-mediated tumor recognition on an individual patient basis 
would greatly contribute to our understanding of the critical factors that determine a 
successful anti-tumor immune response. Traditionally, ex vivo systems to analyze T cell-
tumor interaction have to a very large extent focused on cutaneous melanoma, both 
because of the availability of robust approaches to expand tumor-infiltrating T cells for 
this disease (Rosenberg and Restifo, 2015), and because of the relative ease with which 
melanoma cell lines can be obtained. Importantly however, with the now widespread 
clinical development and clinical use of immunotherapy for major epithelial cancers, it is 
critical to develop technology to dissect T cell-mediated tumor recognition in these tumor 
types. Traditionally, this effort has been limited by both the low success rate of 
establishing primary tumor cell lines of epithelial cancers, such as NSCLC and CRC 
(success rate of 10% or lower) (Dangles-Marie et al., 2007; Zheng et al., 2011), and the 
limited feasibility of obtaining matched tumor-reactive T cell populations. 
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   We set out to evaluate the feasibility of an autologous T cell tumor organoid co-culture 
platform for individual patients. Tumor organoids are three-dimensional primary tumor cell 
cultures that retain the histological and mutational features of the original tumor. 
Organoids can be established from surgical tumor resections (e.g., success rate for 
CRC of 60%–90%) (van de Wetering et al., 2015; Schütte et al., 2017) and from needle 
biopsies of metastases (e.g., success rate for CRC of ~70%) (Weeber et al., 2015). In 
this effort, we wished to establish two things: first, whether tumor-reactive T cells can be 
obtained by co-culture of peripheral blood lymphocytes (PBLs) with matched tumor 
organoids; second, whether such T cells can be used to assess the efficiency of tumor 
cell killing. The use of peripheral blood as a source of tumor-reactive T cells could 
provide an easily accessible alternative to TILs (Verdegaal et al., 2011).  
    Here, we provide proof of concept that co-culture of tumor organoids with PBLs forms 
an unbiased strategy to obtain tumor- reactive T cells from patients with dMMR CRC and 
NSCLC that kill tumor organoids from the same patient. Our findings provide proof of 
principle for the generation of a novel class of tumor-specific T cell products, derived 
from peripheral blood, and provide a means to assess the sensitivity of tumor cells to T 
cell-mediated attack at the level of the individual patient.  
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RESULTS


Characterization of a Panel of dMMR CRC Organoids  
 
To evaluate whether tumor-reactive T cells can be enriched by PBLs via stimulation with 
autologous tumor organoids, we established a clinical protocol that allowed us to 
withdraw blood and obtain tumor tissue from patients with CRC. We focused on dMMR 
CRC, given its high mutational load (Cancer Genome Atlas Network, 2012) and frequent 
response to anti-PD-1 therapy (Le et al., 2015, 2017; Overman et al., 2017, 2018). Fresh 
tumor tissue was obtained from resection specimens or core-needle biopsies and used 
for the establishment of organoids. Mismatch repair deficiency was evaluated by an 
independent pathologist based on expression of mismatch repair proteins according to 
standard diagnostic criteria (Table 1; the STAR Methods). In line with prior data (Weeber 
et al., 2015; van de Wetering et al., 2015; Schütte et al., 2017), the success rate of 
growing tumor organoids from these sources was ~60%. Organoids were expanded 
from weekly to biweekly passaging at 1:2 to 1:5 split ratios and cryopreserved in low 
passage master bio-banks within 2–9 weeks after derivation. Organoids can be 
recovered from frozen stocks and expanded for several months to large numbers without 
loss of proliferative capacity. We established a panel of 15 tumor organoids from 13 different 
patients with dMMR CRC (Table 1). 
    The organoids morphologically reflected the original tumor they were derived from (Figures 1A 
and S1). Whole-exome sequencing (WES) of tumor organoids showed a high mutational burden 
(median = 1,938 non-synonymous mutations per tumor, range 795– 2,877), well in the range 
previously reported for hypermutated CRC (Figure 1B) (TCGA, 2012; Vogelstein et al., 2013). 
Mutations typically associated with hypermutated CRC (TCGA, 2012) were also represented in 
these organoids (Figure 1C; Table S1). Considering that loss of major histocompatibility complex 
class I (MHC class I) occurs in up to 60% of dMMR CRC (Dierssen et al., 2007), we screened for 
MHC class I expression after stimulation with interferon-gamma (IFNg) and identified 9 MHC-class-
I-proficient tumor organoids from eight patients (62% of organoid samples) (Figures 1D and S2). 
MHC class I expression of tumor organoids correlated with immunohistochemistry data of MHC 
class I expression of the tumor they were derived from (Spearman r = 0.78; p = 0.01) (Figure S2; 
Table S2). Most importantly, tumor organoids classified as MHC class I deficient were always 
derived from MHC class I deficient tumors, indicating that loss of MHC class I is not a general 
feature of organoid culture.  
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Generation of tumor-reactive T cells by coculture 
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Figure 1. Characterization of a Panel of dMMR CRC Organoids  
 

(A) H&E staining of tumor organoids and original tumor tissue. Organoids show morphology similar to the 
architecture of the original tumor. CRC-2 organoids demonstrates cystic tubules similar to mucin-filled glands of 
the primary tumor. CRC-5 organoids and primary tumors comprise tubular glands with layered epithelium. 
Organoid CRC-6P comprises complex cribriform glands also seen in the primary tumor. Organoid CRC-6M 
consists of irregular trabecular structures and poorly formed glands, similar to the metastasis. Scale bar 100 
mm.                  
(B) Mutational load of tumor organoids as determined by the number of non-synonymous mutations per tumor 
exome.  
(C) Mutation status of genes significantly mutated in hypermutated colorectal cancer according to TCGA 
(2012). Mutated genes are indicated in purple.  
(D) Cell-surface MHC class I expression as determined by flow cytometry. Organoids were stimulated with 200 
ng/mL IFNg for 24 hr or were left unstimulated. Bar graphs indicate median fluorescence intensity (MFI) of anti-
HLA-A, -B, and -C-PE minus MFI of isotype control. Tumor organoids with MFI < 250 above isotype control 
(dashed line) were classified as MHC class I deficient (indicated in red). Error bars represent SEM of at least 
two independent experiments.  
(E) Cell-surface PD-L1 expression as determined by flow cytometry. Organoids were stimulated with 200 ng/
mL IFNg for 24 hr or were left unstimulated. Bar graphs indicate median fluorescence intensity (MFI) of anti-PD-
L1-APC minus MFI of isotype control. Error bars represent SEM of at least two independent experiments. 
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Induction of Tumor Reactivity in Circulating T Cells by Co-culture with Autologous 
Tumor Organoids 
 
To test whether tumor organoids may be used to obtain tumor reactive T cells, we 
selected MHC class I proficient tumor organoids and focused on the peripheral blood 
compartment as a source of T cells with a lower degree of exhaustion. Prior to co-culture 
with autologous T cells, tumor organoids were pre-stimulated with IFNg to enhance 
antigen presentation. IFNg exposure also led to the induction of PD-L1, a negative 
regulator of T cell activation (Figure 1E), and to counteract any inhibitory effect of PD-L1 
during T cell activation, we added blocking antibodies to PD-1. Plate-bound anti-CD28 
and interleukin-2 (IL-2) were added to provide co-stimulation and to support T cell 
proliferation, respectively. Peripheral blood mononuclear cells (PBMCs) were isolated 
from patients with dMMR CRC and stimulated weekly with autologous tumor organoids 
(Figure 2A). To tumor recognition by CD8+ T cells was evaluated at baseline and after 2 
weeks of co-culture by staining for IFNg and the degranulation marker CD107a.  
    In 4 of 8 (50%) patients with MHC class I+ tumor organoids, stimulation with 
autologous tumor organoids induced both IFNg secretion and CD107a upregulation in 
CD8+ T cells after 2 weeks of co-culture (Figures 2B and 2C). Responses were never 
observed in MHC class I deficient lines (data not shown). The magnitude of the response 
varied between patients, including small, but reproducible, responses of 1%–3% tumor- 
reactive CD8+ T cells, as well as a patient of whom ~50% of all CD8+ T cells were tumor 
reactive. The high reactivity for CRC-9 suggested the presence of a pre-existing tumor-
reactive T cell population. We therefore evaluated tumor reactivity of T cells before co-
culture with tumor organoids (i.e., directly after isolation from blood). A substantial 
proportion of CD8+ T cells from patient CRC-9 was already tumor reactive, and this 
population increased approximately 10-fold in frequency upon 2 weeks of co-culture 
(Figures 2D and 2E). In contrast, T cells from patients CRC-11, CRC-12, and CRC-13 
did not show any detectable tumor reactivity before organoid co-culture (Figure 2E), 
indicating that T cell organoid co-culture systems also can be used to expand previously 
undetectable tumor-reactive T cell populations.
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Figure 2. Induction of Tumor Reactivity in Circulating T Cells by Co-culture with Autologous Tumor 
Organoids 
 
(A) Experimental workflow. Tumor organoids were established from dMMR CRC (resections or biopsies of 
primary tumors or metastases) and stimulated with IFNg for 24 hr prior to co-culture with peripheral blood 
lymphocytes (PBLs) from the same patient. PBLs were stimulated weekly with fresh tumor cells. After 2 
weeks of co-culture, T cell effector functions and sensitivity of tumor organoids to T-cell-mediated killing 
were evaluated using flow cytometry.  
(B) Representative flow cytometry plots gated on CD8+ T cells tested for reactivity against autologous 
organoids after 2 weeks of co-culture with autologous tumor organoids.  
(C) Quantification of organoid-induced IFNg production and CD107a cell-surface expression of CD8+ T 
cells obtained by 2-week co-culture with autologous tumor organoids. The background (spontaneous IFNg 
production or CD107a expression) is subtracted from the signal. Error bars represent SEM of at least two 
biological replicates. Dots indicate biological replicates.  
(D) Flow cytometry plots gated on CD8+ T cells of patient CRC-9 tested for reactivity against autologous 
organoids directly after PBL isolation or after 2 weeks of co-culture with autologous tumor organoids.  
(E) Quantification of organoid-induced IFNg production and CD107a cell-surface expression of CD8+ T 
cells directly after PBL isolation or obtained by 2-week co-culture with autologous tumor organoids. The 
background (spontaneous IFNg production or CD107a expression) is subtracted from the signal. Error bars 
represent SEM of n = 2 biological replicates for CRC-9 and CRC-11. n = 1 for CRC-12 and CRC-13 (low 
amount of blood available).
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Induction of Tumor Reactivity in Circulating T Cells from Patients with NSCLC


We then assessed whether our strategy to obtain tumor-reactive T cell populations from 
peripheral blood by organoid co-culture also could be applied to non-small cell lung 
cancer. As compared to dMMR CRC, mutational burden of NSCLC is approximately 5-
fold lower (Vogelstein et al., 2013; Govindan et al., 2012) and response to PD-1/PD-L1 
blockade is restricted to approximately 20% of patients (Garon et al., 2015; Borghaei et 
al., 2015). We generated NSCLC organoids from six patients (Figures 3A and S3; Table 
S3), using a method similar to that established for CRC organoids (Sachs et al., 2018). 
Sample NSCLC-3 contained both normal airway epithelial organoids that grew as cystic 
thin-walled organoids and tumor organoids that showed a more solid morphology. To 
select for tumor organoids, we applied the MDM-2 inhibitor Nutlin-3a to selectively grow 
out p53 mutant cells of this sample, resulting in a pure tumor organoid population (Sachs 
et al., 2018). All NSCLC organoids were MHC class I proficient and expressed various 
levels of PD-L1 upon stimulation with IFNg (Figures 3B and 3C). In vitro exposure of 
PBMCs to autologous tumor organoids resulted in the expansion of tumor-reactive CD8+ 
populations in two of these patients after 2 weeks of co-culture (Figures 3D and 3E). 
Notably, none of these responses could be consistently detected before co-culture with 
organoids (Figure 3F). Collectively, these data demonstrate the feasibility of inducing 
patient-specific tumor-reactive T cell responses by co-culture of PBMCs and autologous 
tumor organoids in two epithelial tumor types.  
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Figure 3. Induction of Tumor Reactivity in Circulating T Cells from Patients with NSCLC  
 
(A) H&E staining of tumor organoids and original tumor tissue. Organoids show morphology similar to the 
architecture of the original tumor. NSCLC-1 organoids consists of large cells forming a solid mass, similar to the 
primary tumor. NSCLC-5 organoids comprise tubular glands similar to the original tumor. Scale bar, 100 mm. 
(B and C) Cell-surface MHC class I (B) and PD-L1 (C) expression as determined by flow cytometry. Organoids 
were stimulated with 200 ng/mL IFNg for 24 hr or were left unstimulated. Bar graphs indicate median 
fluorescence intensity (MFI) of anti-HLA-A, -B, and -C-PE or anti-PD-L1-APC minus MFI of isotype control. Error 
bars represent SEM of two independent experiments.  
(D) Representative flow cytometry plots gated on CD8+ T cells tested for reactivity against autologous 
organoids after 2 weeks of co-culture with autologous tumor organoids.                     
(E) Quantification of organoid-induced IFNg production and CD107a cell-surface expression of CD8+ T cells 
obtained by 2-week co-culture with autologous tumor organoids. The background (spontaneous IFNg 
production or CD107a expression) is subtracted from the signal. Error bars represent SEM of at least two 
biological replicates. Dots indicate biological replicates.  
(F) Quantification of organoid-induced IFNg production and CD107a cell-surface expression of CD8+ T cells 
directly after PBL isolation, or obtained by 2-week co-culture with autologous tumor organoids. The 
background (spontaneous IFNg production or CD107a expression) is subtracted from the signal. Error bars 
represent SEM of n = 2 biological replicates. 
See also Figure S3 and Table S3. 
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Specificity of Organoid-Reactive T Cell Responses 


Next, we wished to evaluate whether the T cell responses induced by organoid co-
culture are truly tumor-specific or should be considered artefacts of organoid culture or 
IFNg treatment. Specifically, while IFNg enhances antigen processing and presentation, it 
also induces expression of a large number of genes, potentially allowing the formation of 
T cell responses against (self-)antigens not expressed in the absence of IFNg. To 
evaluate the dependency of tumor organoid-reactive T cell responses on IFNg, we 
compared T cell expression of the activation marker CD137 upon stimulation with tumor 
organoids that were either pre-stimulated with IFNg or left untreated (Figure 4A). For 4 of 
5 cases tested, similar CD8+ T cell responses were induced toward tumor organoids 
regardless of IFNg pre-stimulation. To more directly assess whether the induced T cell 
responses were specific for tumor antigens, we tested whether T cells also responded to 
stimulation with organoids of autologous normal tissue, and whether T cells responded 
to stimulation with autologous tumor digest. To assess restriction of T cell reactivity to the 
tumor organoid used for T cell induction, we established normal colon or lung organoids 
from two patients (CRC-12 and NSCLC-3). In addition, we generated organoids of a 
synchronous mismatch repair-proficient (pMMR) CRC from patient CRC-13, from whom 
we also had obtained a dMMR CRC. In all cases, T cell reactivity was restricted to the 
tumor organoids to which reactivity had been induced in the 2-week co-culture with 
PBLs; i.e., no reactivity was observed against normal tissue or pMMR CRC organoids 
(Figures 4B–4G).  
    For two patients, single-cell digest of autologous tumor tissue was also available to 
stimulate organoid-reactive T cells (Figures 4F and 4G). T cells reactive to NSCLC-3 
organoids were also reactive to tumor digest but not to normal lung digest. In contrast, T 
cells reactive to NSCLC-1 organoids did not produce IFNg upon stimulation with 
autologous tumor digest. While the relatively low level of reactivity toward NSCLC-1 
organoids limits the ability to detect subtle reactivity toward tumor digest, at this stage we 
cannot rule out that T cell reactivity in this sample is directed against organoid-specific 
targets. Taken together with the experiments in which we evaluated reactivity toward 
control organoids, this indicates that for 3 out of 4 tested samples, induced CD8+ T cell 
responses are tumor specific. At the same time, it also highlights the value of generating 
organoids from non-malignant tissue that can serve as controls. 
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Figure 4. Specificity of Organoid-Reactive T Cell Responses (previous page)


T cells were obtained by 2-week co-culture with autologous tumor organoids. To increase the number of T cells 
available for testing, where indicated (by a lowercase ‘‘e’’) tumor-reactive T cells were then expanded using a 
rapid expansion protocol (Dudley et al., 2003), in some cases preceded by CD137-based enrichment of 
tumor-reactive cells (indicated by an uppercase ‘’E’’). 
 
(A) T cells were challenged with organoids pre-stimulated with 200 ng/mL IFNg for 24 hr or with unstimulated 
organoids and evaluated for expression of the activation marker CD137. Background (percentage positive cells 
in T cells alone control) is subtracted from signal. Error bars represent SEM of at least two biological replicates.  
(B) Representative flow cytometry plots of CD8+ T cells stimulated with either tumor organoids or healthy colon 
organoids.  
(C) Quantification of CD137 expression by CD8+ T cells stimulated with either tumor organoids or healthy colon 
organoids. The background (the percentage of positive cells in T cells alone control) is subtracted from the 
signal. Error bars represent SEM of two biological replicates. One of the replicates for T cells stimulated with 
tumor organoids is the same as data in (A).  
(D) Representative flow cytometry plots of CD8+ T cells obtained by 2 weeks of co-culture with mismatch 
repair-deficient (dMMR) CRC organoids that were restimulated with either dMMR CRC organoids or mismatch 
repair proficient (pMMR) CRC organoids.  
(E) Quantification of organoid-induced IFNg production and CD107a cell-surface expression of CD8+ T cells 
obtained by 2 weeks of co-culture with dMMR CRC organoids that were restimulated with either dMMR CRC 
organoids or mismatch repair-proficient (pMMR) CRC organoids. The background (the percentage of positive 
cells in T cells alone control) is subtracted from the signal. Error bars represent SEM of four biological 
replicates. Data for T cells stimulated with dMMR CRC organoids is the same as data in Figure 2A.  
(F) Representative flow cytometry plots of CD8+ T cells stimulated with tumor digest, normal lung digest, 
NSCLC organoids, or healthy lung organoids.  
(G) Quantification of IFNg production of CD8+ T cells stimulated with tumor digest, normal lung digest, NSCLC 
organoids, or healthy lung organoids. Error bars represent SD of technical replicates.  

CD4+ T Cell Reactivity against Xenogeneic Tissue Culture Components 
 
In addition to tumor-reactive CD8+ T cell responses, we occasionally observed variable 
CD4+ T cell responses upon stimulation with tumor organoids (Figure 5A). Notably, CD4+ 
T cell reactivity was not restricted to tumor organoids but, in some cases, was also 
directed against control organoids (organoids of normal tissue or of the synchronous 
pMMR CRC from patient CRC-13) (Figure 5B). 
Since we only observed cross-reactivity to control organoids for CD4+ T cells and not for 
CD8+ T cells, we hypothesised this may be directed against foreign antigens derived 
from the extracellular environment. Organoids are cultured in murine basement 
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membrane matrix (Geltrex), and consequently murine antigens could be presented to T 
cells. To address this hypothesis, we generated monocyte-derived dendritic cells 
(moDCs) from PBMCs of patient CRC-1 and loaded these with Geltrex or irradiated cells 
of tumor or healthy colon organoids. CD4+ T cell reactivity was only induced by 
stimulation with Geltrex-loaded DCs or organoids grown in Geltrex (Figure 5C). In 
addition, reactivity was largely abolished when organoids were grown in the absence of 
Geltrex for 3 days (Figures 5C and S4). This indicates that co-culture systems involving 
Geltrex can induce CD4+ T cell reactivity not directed against tumor antigens. Of note, 
strategies to expand organoids in synthetic matrices have been described recently 
(Gjorevski et al., 2016) and could serve as alternatives to bypass reactivity to animal 
antigen.  
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Figure 5. CD4+ T Cell Reactivity against Xenogeneic Tissue Culture Components (previous page)


(A) Quantification of spontaneous and organoid-induced IFNg production by CD4+ T cells obtained by 2-week 
co-culture with autologous tumor organoids. Error bars represent SEM of at least two biological replicates.  
(B) Quantification of CD137 expression by CD4+ T cells upon re-stimulation with the tumor organoids used for 
induction, normal colon organoids, or organoids of a pMMR CRC from the same patient. T cells were obtained 
by 2-week co-culture with autologous tumor organoids and where indicated (lower case e) further expanded 
using a rapid expansion protocol (Dudley et al., 2003), in some cases preceded by CD137-based enrichment 
of tumor-reactive cells (indicated by upper case E). Error bars represent SEM of at least two biological 
replicates. 
(C) Quantification of CD137 expression by CD4+ T cells after stimulation with unloaded or Geltrex-loaded 
monocyte-derived dendritic cells (DCs), irradiated tumor cells, or organoids cultured with or without Geltrex. 
Error bars represent SD of technical replicates. 
See also Figure S4. 

 

Tumor Organoids Are Killed by Autologous Tumor- Reactive T Cells 

 

Having established the feasibility of inducing autologous tumor- reactive CD8+ T cell 
products for a substantial fraction of patients, we next aimed to determine whether 
organoid systems can be used to assess the efficiency of tumor destruction by these T 
cells. To determine this, we co-cultured tumor organoids with autologous tumor-reactive 
T cell populations for 3 days and quantified the number of live tumor cells by flow 
cytometry. For all samples tested, exposure of tumor organoids to autologous T cells led 
to substantially reduced survival (Figure 6A). Addition of MHC class I blocking antibodies 
rescued tumor cell survival, demonstrating the presence of an antigen-specific CD8+ T 
cell response. To visualize the cytolytic activity of tumor-reactive T cells, we labeled 
NSCLC-1 organoids with a tracer dye and imaged them in the presence of a green 
fluorescent apoptosis probe detecting active caspase-3/7 (‘‘caspase-3/7 probe’’) (Figure 
6B). Addition of autologous T cells led to reduced organoid size and was accompanied 
by widespread apoptosis.  
    To provide further evidence for the specificity of tumor cell killing by autologous T cells, 
we performed parallel cytotoxicity assays with tumor and healthy organoids of NSCLC-3. 
T cells were first expanded using the rapid expansion protocol previously established to 
generate TIL products for adoptive cell therapy (Dudley et al., 2003). T cells efficiently 
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killed tumor organoids, but did not affect survival of healthy organoids (Figure 6C). Live 
imaging showed strong T cell mediated killing of tumor organoids when incubated with 
autologous T cells (Figures 6D and S5; Video S1). Tumor organoids cultured without T 
cells (Video S2) or with T cells in the presence of blocking antibodies to MHC class I and 
MHC class II (Video S3) continued to proliferate. As a further control, healthy organoids 
continued proliferation regardless of the presence of T cells (Figures 6D and S5; Videos 
S4, S5, and S6). Taken together, these data demonstrate that organoids of epithelial 
tumors can be used to measure the rate of destruction by autologous T cells. This 
platform should provide a valuable tool to compare e.g., the relative contribution of 
different cancer (neo-)antigens to T-cell-mediated killing, assess how the genetic state of 
tumor cells influences sensitivity to T cell attack, and test the value of strategies to 
increase this sensitivity. 

 
 
Figure 6. Tumor Organoids Are Killed by Autologous Tumor-Reactive T Cells (next page) 
 
T cells were obtained by 2-week co-culture with autologous tumor organoids and, where indicated (by a 
lowercase ‘‘e’’), further expanded using a rapid expansion protocol (Dudley et al., 2003), in some cases 
preceded by CD137-based enrichment of tumor-reactive cells (indicated by an uppercase ‘‘E’’). 
 
(A) Quantification of organoid killing upon T cell co-culture. After 3 days of co-culture, organoids were 
dissociated into single cells and the number of live cells was quantified using flow cytometry in the presence of 
counting beads. Where indicated, MHC class I or MHC class II was blocked with W6/32 or Tü39 antibody, 
respectively. *p < 0.05; **p < 0.01; and ***p < 0.001; Student’s t test. Error bars represent SEM of at least two 
biological replicates.  
(B) Microphotographs of NSCLC-1 organoids 72 hr after culture with or without T cells in the presence of a 
green-fluorescent caspase-3/7 probe. Organoids were labeled with CellTrace Yellow (magenta) prior to co-
culture. Note the appearance of apoptotic (green) cells upon addition of T cells. When MHC class I and MHC 
class II are blocked, T cells cluster around organoids but apoptosis is reduced and organoids remain larger in 
size. 
(C) Quantification of killing of matched NSCLC and healthy lung organoids like in (A). Representative of two 
independent experiments. Error bars represent SD of technical replicates. 
(D) Microphotograph images of NSCLC-3 healthy and tumor organoids 72 hr after culture with or without T 
cells in the presence of a green fluorescent caspase-3/7 probe. 
See also Figure S5 and Videos S1, S2, S3, S4, S5, and S6.
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DISCUSSION


The potential of patient-specific model systems for the implementation of personalized 
medicine in the field of targeted therapy is considered substantial (Horvath et al., 2016). 
We speculate that the value of patient-specific model systems will prove even higher in 
the field of immuno-oncology, given the inherent diversity in human leukocyte antigen 
(HLA) and T cell receptor (TCR) genes, the private nature of the neo-antigens that are 
expressed in human cancers, and the multifactorial nature of T cell-mediated tumor 
destruction. Much of our current under- standing of T cell recognition in human cancer 
has been based on work in melanoma, and robust systems to measure T cell tumor 
interactions in a patient-specific manner, to our knowledge, have not been described for 
epithelial cancers. Here, we provide proof of concept that tumor organoids can be used 
to establish individualized ex vivo model systems to support T cell-based therapies and 
to study the interactions between T cells and tumor cells. 
    We foresee two major applications for the platform that we describe. First, it will allow 
one to mechanistically dissect the pathways that determine tumor cell sensitivity and 
resistance to immunotherapy. Second, it opens the possibility to generate patient-
specific T cell products in an unbiased manner. With respect to the former application, 
the ability to establish tumor organoid cultures from very limited amounts of tumor (such 
as needle biopsies), combined with the potential to expand circulating tumor-reactive T 
cells from peripheral blood, provides a minimally invasive means to interrogate tumor 
sensitivity to immunotherapy for individual patients at different time points during 
treatment. For patients who initially responded to treatment with immune checkpoint 
inhibitors but eventually relapse, the establishment of co-cultures based on paired (tumor 
and blood) biopsies before and after relapse should provide a unique assay system for 
the functional dissection of the underlying cause of relapse. Recent genetic studies on 
paired biopsies have demonstrated the power of such an approach in a small set of 
melanoma patients who relapsed while on anti-PD1 therapy, demonstrating the 
acquisition of JAK1/2 mutations as one cause of resistance (Zaretsky et al., 2016). It will 
be of interest to determine whether a similar reduced sensitivity to T cell attack by 
JAK1/2 mutations is selected for in epithelial cancers. In addition to the analysis of 
natural and therapy-induced variation in tumor cell sensitivity to T cell pressure, there is 
increasing interest in the use of small molecules and antibodies to enhance tumor cell 
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sensitivity to T cell attack (Patel and Minn, 2018). Parallel tumor organoid T cell cultures in 
the presence or absence of drugs of interest should form a straightforward system to 
identify suitable candidates for combination with immunotherapy. 
    With respect to the second potential application of this platform, the ability to expand 
circulating tumor-reactive T cells by co-culture with tumor organoids provides a clinically 
feasible strategy for the generation of patient-specific T cell products for adoptive T cell 
transfer. This approach bypasses the need for samples derived from resection 
specimens to isolate tumor-infiltrating lymphocytes. In our proof-of-concept study, tumor-
reactive CD8+ T cells were expanded from the circulation in 4 of 13 dMMR CRC patients 
(31%) and 2 of 6 NSCLC patients (33%). When considering only MHC-class- I-proficient 
dMMR CRC patients, tumor-reactive T cells were induced in 50% of samples, 
highlighting the need for strategies to revert or bypass MHC I loss as an immune escape 
mechanism. Larger sample sizes will be needed to more precisely define the success 
rate of this approach. Moreover, in this study we focused on tumor types with high 
mutational load, and it will be important to determine whether the feasibility of inducing 
tumor-reactive T cells can be extended to poorly immunogenic cancers, such as 
mismatch repair-proficient CRC. In parallel, efforts to further increase the success rate of 
this approach could focus on strategies to improve selection of circulating tumor-reactive 
T cells, e.g., based on PD-1 expression by T cells (Gros et al., 2016).
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METHODS


Contact for reagent and resource sharing 
 
Further information and requests for resources and reagents should be directed to and 
will be fulfilled by the Lead Contact, Emile E. Voest (e.voest@nki.nl).  
 
Reagents obtained under material transfer agreement (MTA) include producer lines for 
conditioned medium of Wnt-3a, Noggin (MTA with Hubrecht Institute) and R-spondin-1 
(MTA with Calvin Kuo, Stanford).  
 
Patient material, including tissue and organoids, are available for sharing as defined in the 
signed informed consent (study NL48824.031.14), and as approved by the local 
Medical Ethical Committee. Deposition of DNA sequencing data in publicly available 
databases is regulated by the informed consent that participants to this study signed. 


Experimental model and subject details 


Human subjects  
The study (NL48824.031.14) was approved by the Medical Ethical Committee of the 
Netherlands Cancer Institute – Antoni van Leeuwenhoek hospital and written informed 
consent was obtained from all patients. Peripheral blood and tumor tissue were obtained 
from patients with a confirmed diagnosis of colorectal or non-small cell lung cancer. 
Mismatch repair deficiency was confirmed by immunohistochemical staining for the 
mismatch repair proteins MSH2, MSH6, MLH1 and PMS2 in routine assessment by a 
pathologist (see Immunohistochemistry). 


Organoid culture  
Tumor tissue was obtained either by 18G core needle biopsy or by surgical resection. 
Tumor tissue was processed for organoid culture within 24 hr. CRC organoids were 
established essentially as described in van de Wetering et al., 2015. NSCLC organoids 
were cultured using similar methods; a detailed protocol is accessible at bioRxiv (Sachs 
et al., 2018). Briefly, tumor tissue derived from needle biopsies was mechanically 
dissociated into small tumor pieces using needles and embedded in Geltrex (Geltrex 
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LDEV-free reduced growth factor basement membrane extract, GIBCO). Tumor tissue 
derived from surgical resections was cut into small pieces and enzymatically digested 
using 1.5 mg/mL collagenase II (Sigma-Aldrich), 10 mg/mL hyaluronidase type IV 
(Sigma-Aldrich) and 10 mM Y-27632 (Sigma-Aldrich) before embedding in Geltrex. After 
Geltrex solidification for 20 min at 37 C, cells were overlaid with human CRC or non-
small cell lung cancer (NSCLC) organoid medium (van de Wetering et al., 2015; Sachs et 
al., 2018). Human CRC organoids medium is composed of Ad-DF+++ (Advanced 
DMEM/F12 (GIBCO) supplemented with 2 mM Ultra- glutamine I (Lonza), 10 mM HEPES 
(GIBCO), and 100/100 U/ml Pencillin/Streptomycin (GIBCO)), 10% Noggin-conditioned 
medium, 20% R-spondin1-conditioned medium, 1x B27 supplement without vitamin A 
(GIBCO), 1.25 mM N-Acetylcysteine (Sigma-Aldrich), 10 mM nicotinamide (Sigma-
Aldrich), 50 ng/mL human recombinant EGF (Peprotech), 500 nM A83-01 (Tocris), 3 mM 
SB202190 (Cayman Chemicals) and 10 nM prostaglandin E2 (Cayman Chemicals). 
Human wild-type colon organoid medium is identical to CRC medium, except that 50% 
Wnt3a-conditioned medium is added. Human NSCLC and normal airway organoid 
medium is composed of Ad-DF+++, 10% Noggin-conditioned medium, 10% R-
spondin1-conditioned medium, 1x B27 supplement, 1.25 mM N-Acetylcystein, 10 mM 
nicotinamide, 25 ng/mL human recombinant FGF-7 (Peprotech), 100 ng/mL human 
recombinant FGF-10 (Peprotech), 500 nM A83-01, 1 mM SB202190, 5 mM Y-27632. 
R-spondin1-conditioned medium was produced from 293T-HA-RspoI-Fc producer cell 
lines (obtained from C. Kuo, Stanford), Wnt3a-conditioned medium from L-Wnt3a cells 
and Noggin-conditioned medium from HEK293-mNoggin-Fc cell lines (both kind gift from 
J. den Hertog, Utrecht). In the first two weeks of organoid culture, 1x Primocin (Invivogen) 
was added to prevent microbial contamination. Organoids were passaged approximately 
every week by incubating in TrypLE Express (GIBCO) for 5-10 min at 37 C to dissociate 
organoids to single cells and replating in fresh Geltrex. After passaging, 10 mM Y-27632 
was added to CRC medium for the first 2-3 days. Organoids were cryopreserved in 10% 
FCS/DMSO or Recovery Cell Culture Freezing Medium (ThermoFisher) as master and 
working biobanks. Organoids < passage 30 were used in experiments. To rule out 
overgrowth by healthy lung organoids for NSCLC organoids derived from intrapulmonal 
lesions, hematoxylin and eosin stained sections of tumor organoids (see 
Immunohistochemistry) were evaluated by a pathologist to determine tumor status of 
organoids. To prevent overgrowth by healthy lung organoids, for patient NSCLC-3, p53 
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mutant organoids were selected by culturing in the presence of 5 mM Nutlin-3 (Cayman 
Chemicals). Organoids were regularly checked for mycoplasma contamination using the 
MycoAlert Mycoplasma Detection Kit (Lonza).  
 
Peripheral blood lymphocytes  
The peripheral blood mononuclear cells (PBMC) fraction was isolated from peripheral 
blood by Ficoll-Paque density gradient separation and cryopreserved until later use. 


Organoid line authentication  
DNA was isolated from master and working biobanks of organoids and patient-matched 
peripheral blood using a DNEasy kit (QIAGEN). Samples were genotyped using a 
Taqman-based SNParray targeting 26 SNPs (Hartwig Medical Foundation, Amsterdam). 
An identity score was calculated as described by (Tanabe et al., 1999) and (Liang-Chu et 
al., 2015). When comparing two samples, for each locus where both samples had 
called alleles, the number of distinct alleles in each individual sample, as well as the 
number of shared alleles was computed. These were summed across all loci and an 
identity score was computed defined as  

2x the number of shared alleles 
 

total distinct alleles sample 1 + total distinct alleles sample 2  

A threshold of 0.9 of the summed identity score was defined as a cut-off and organoid 
lines that did not match to autologous blood were discarded.  
Two samples (NSCLC-3 and NSCLC-5), showed identity scores < 0.9 in comparison 
with autologous blood, but showed exclusively heterozygous to homozygous changes in 
the tumor, suggesting loss of heterozygosity due to copy number aberrations. We 
authenticated these lines by performing HLA-typing by PCR (Sanquin, Amsterdam) or 
based on whole genome sequencing data by Optitype (Szolek et al., 2014).  
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Methods details


Organoid – lymphocyte co-culture  
Culture media for PBMC was composed of RPMI 1640 (GIBCO), supplemented with 2 
mM Ultraglutamine I, 1:100 penicillin/streptomycin and 10% male human AB serum 
(Sigma-Aldrich) (‘‘T cell medium’’). One day before co-culture, PBMC were thawed in 
pre-warmed (37 C) T cell medium (human serum was replaced with FCS during thawing) 
and incubated for 15 min with 25 U/mL benzonase (Merck). After washing, cells were 
resuspended at 2-3*106 cells/mL in T cell medium supplemented with 150 U/mL IL-2 
and cultured overnight at 37 C. Prior to co-culture, tumor organoids were stimulated 
overnight with 200 ng/mL human recombinant IFNg (Peprotech). 96-well U-bottom 
plates were coated with 5 mg/mL anti-CD28 (clone CD28.2, eBioscience) and kept 
overnight at 4 C.  
The next day, tumor organoids were dissociated to single cells with TrypLE Express and 
resuspended in T cell medium. Anti-CD28- coated plates were washed twice with PBS 
and PBMC were seeded at a density of 105 cells/well and stimulated with single cell-
dissociated organoids at a 20:1 effector:target ratio. Co-cultures were performed in the 
presence of 150 U/mL IL-2 and 20 mg/mL anti-PD-1-blocking antibody (kindly donated 
by Merus, Utrecht). Half of the medium, including IL-2 and anti-PD-1, was refreshed two 
to three times per week. Every week, PBMC were collected, counted, and replated at 
105 cells/well, and re-stimulated with fresh tumor organoids. 


Flow cytometry  
For evaluation of MHC-I and PD-L1 expression by tumor organoids, organoids were 
dissociated to single cells using TrypLE Express, with or without overnight pre-incubation 
with 200 ng/mL IFNg. Tumor cells were washed in FACS buffer (PBS + 5 mM EDTA + 
1% bovine serum antigen) and stained with mouse anti-human HLA-A,B,C-PE (BD 
Bioscience) or anti-CD274-APC (eBioscience) anti- bodies, or isotype controls (PE 
mouse IgG1, kappa (BD) and APC mouse IgG1 kappa (eBioscience)) for 30 min at 4 C. 
Cells were washed twice with FACS buffer and DAPI was added to exclude dead cells 
prior to recording at a Becton Dickinson Fortessa or LSRII flow cytometer.  
For evaluation of tumor reactivity, 105 PBMC were restimulated with tumor organoids at a 
2:1 effector: target ratio and seeded in anti-CD28-coated plates in the presence of 20 
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mg/mL anti-PD-1 and co-cultured for 5 hr. Mouse anti-human CD107a-PE antibodies 
(BD) were added at the start of co-culture. Golgi-Plug (1:1000, BD) and Golgi-Stop 
(1:1500, BD) was added after 1 hr and co-culture continued for an additional 4 hr. Cells 
were washed twice in FACS buffer and stained with the following antibodies: anti-CD3-
PerCP-Cy5.5 (BD), anti-CD4-FITC (BD), anti-CD8-BV421 (BD), and near-IR viability dye 
(Life technologies) for 30 min at 4 C. Cells were washed twice in FACS buffer, fixed, and 
stained for intracellular IFNg (anti-IFNg-APC, BD) using the Cytofix/Cytoperm kit (BD), 
according to manufacturer’s instructions. PBMC stimulated with 50 ng/mL phorbol 12-
myristate 13-acetate (PMA, Sigma- Aldrich) and 1 mg/mL ionomycin (Sigma-Aldrich) 
served as positive controls and PBMC cultured without tumor stimulation as negative 
controls. In some experiments, PBMC and tumor cells were co-cultured for 24 hr before 
staining with anti-CD3- PerCP-Cy5.5, anti-CD4-FITC, anti-CD8-PB, anti-CD137-APC 
(BD) and near-IR viability dye.  

Rapid expansion of unselected T cells or tumor-reactive sublines 

T cells from patient CRC-12, NSCLC-1 and NSCLC-3 were co-cultured for two weeks 
with autologous tumor organoids and expanded for two weeks in the presence of 
irradiated (40 Gy, Gamma Cell-40) pooled PBMC from three healthy donors (1:200 T 
cell:feeder ratio), 3000 U/mL IL-2 and 30 ng/mL anti-human CD3 (OKT-3, eBioscience). 
After 5-7 days, medium, including IL-2, was refreshed every 2-3 days. For expansion of 
tumor-reactive sublines, T cells were sorted on the basis of CD137 expression 24 hours 
after stimulation with tumor organoids, using a CD137 Microbead Kit (Miltenyi) following 
manufacturer’s instructions and expanded as described above.  

Organoid killing assays  
To determine the sensitivity of tumor organoids to T cell-mediated killing, flat-bottom non-
tissue culture-treated plates were coated with 5 mg/mL anti-CD28 and kept at 4 C 
overnight prior to co-culture. Organoids were stimulated with 200 ng/mL IFNg for 24h 
prior to co-culture. The next day, organoids were isolated from Geltrex by density 
gradient separation. Part of the organoids were dissociated to single cells and counted 
using a hemocytometer. This was used to infer the number of tumor cells per tumor 
organoid to allow co-culture of organoids and T cells at a 5:1 effector:target ratio. Next, 
tumor organoids were resuspended in T cell medium. T cells were collected after two 
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weeks of co-culture with tumor organoids and resuspended in T cell medium. Anti-
CD28-coated plates were washed twice with PBS and organoids were seeded in 
triplicate without T cells or with 5*105 autologous T cells obtained by two weeks of 
organoid co-culture. To block MHC class I and II, organoids were pre-incubated for 30 
min with 50 mg/mL pan-MHC-I blocking antibody W6/32, or pan-MHC-II blocking 
antibody Tü39 (blocking antibody remained present throughout the co-culture). To 
facilitate visualization, organoids were in some cases stained with 1 mM of CellTrace 
Yellow (Invitrogen) and T cells with 100 nM CellTrace FarRed (Invitrogen) in PBS for 20 
min at 37 C followed by blocking with human serum and washing in PBS. At the start of 
co-culture, a green-fluorescent caspase 3/7 probe that binds DNA upon cleavage by 
caspase 3/7 (referred to as ‘‘caspase 3/7 probe’’) (Biotium) was added at 1:2000 
dilution to visualize cells undergoing apoptosis.  
After 3 days of co-culture, organoids and PBMC were collected and dissociated into 
single cells with TrypLE Express, combined with regular resuspension and vortexing. 
Care was taken to limit the reaction until the moment organoids were fully dissociated. 
7.46 mm AccuCount blank counting beads (Spherotech) were added to each well, cells 
were washed in FACS buffer and stained with anti-CD3-AF700 (Invitrogen) and anti-
CD326-PE-Cy7 (Biolegend) for 30 min at 4 C. Organoids or T cells labeled with 
CellTrace dyes were not stained with antibodies. Cells were washed twice and stained 
with DAPI to mark dead cells prior to flow cytometric recording. 


Immunohistochemistry  
Organoids were recovered from Geltrex by density gradient separation (centrifugation at 
300 g, 5 min, 4 C in cold basal organoid culture medium) when they reached an 
approximate diameter of 100 mm, fixed in 4% paraformaldehyde for 30 min at room 
temperature or overnight at 4 C, pelleted, and embedded in paraffin blocks. In some 
cases, organoids were isolated from Geltrex using 10 mg/mL dispase type II (Sigma) or 
Cell Recovery Solution (Corning). Immunohistochemistry of samples was performed on a 
BenchMark Ultra autostainer (Ventana Medical Systems). Briefly, paraffin sections were 
cut at 3 mm, heated at 75C for 28 min and deparaffinized in the instrument with EZ prep 
solution (Ventana Medical Systems). Heat-induced antigen retrieval was carried out using 
Cell Conditioning 1 (CC1, Ventana Medical Systems) for 32 min at 95C. P53 was 
detected using clone DO-7 (1:7000 dilution, 32 min at 37C, Agilent Technologies), and 
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MHC-I using clone HCA2 (1:5000 dilution, 32 min at 37C, Nordic Mubio) and clone 
HC10 (1:20000 dilution, 32 min at 37C, Nordic Mubio). For HCA2 signal amplification 
was applied using the Optiview Amplification Kit (4 min, Ventana Medical Systems). 
Bound antibody was detected using the OptiView DAB Detection Kit (Ventana Medical 
Systems). Slides were counterstained with Hematoxylin and Bluing Reagent (Ventana 
Medical Systems). For assessment of mismatch repair status, immunohistochemistry 
was performed according to standard protocols for the Ventana automated 
immunostainer. (MLH1, clone M1, Roche; MSH2, clone G219-1129, Roche; MSH6, 
clone EP49, Abcam; PMS2, clone EP51, Agilent Technologies).  

Whole exome DNA sequencing  
At least 200 ng of genomic DNA was extracted from CRC organoids and patient-
matched PBMC using a DNEasy kit (QIAGEN). After exome capture (Integrated DNA 
Technologies probe set), whole-exome sequencing was performed on an Illumina HiSeq 
DNA analyzer using 100 bp paired-end reads.  

T cell recognition assays of Geltrex  
Tumor or healthy organoids were isolated from Geltrex using 10 mg/mL dispase type II 
(Sigma) and cultured in organoid medium for three days with 10 mM Y-27632 (Cayman 
Chemicals) in 6-well plates. In some cases, two days later, 100 mL/well Geltrex was 
added to organoids. After three days, organoids were used in tumor recognition assays 
as described under flow cytometry. Monocytes were sorted on the basis of CD14 on a 
MoFlo Astrios flow cytometer and cultured in GMP DC medium (CellGenix) with 800 U/
mL GM-CSF and 400 U/mL IL-4 (CellGenix). Five days after differentiation, DCs were 
matured with GM-CSF, IL-4, IL-6 (1 ng/mL), IL-1b (1 ng/mL), TNFa (1 ng/mL) and PGE1 
(0.5 mg/mL). DCs were seeded at 2*104 cells/well and loaded with Geltrex or 40 Gy 
dissociated and irradiated tumor or healthy organoid cells (2*104 cells/well). Two days 
later, 1*105 T cells were added to each well and cultured for 24h. T cells were assayed 
for CD137 expression as described under flow cytometry.  

42

2



Generation of tumor-reactive T cells by coculture 
of peripheral blood lymphocytes and tumor organoids

Quantification and statistical analysis  

Whole exome DNA sequencing data  
Reads were aligned to a reference genome (GRCh38). Somatic single nucleotide 
variations and indels were called using Somatic Sniper (Larson et al., 2012) and 
SomaticIndelDetector (GATK; McKenna et al., 2010), respectively. Variants were 
annotated using snpEff (Cingolani et al., 2012), version 4.3. Extra-exonic and 
synonymous variants were removed from further analyses. Mutational load was defined 
as the number of non-synonymous mutations per tumor exome. The occurrence of 
mutations in genes recurrently mutated in hypermutated CRC was based on the top 15 
most frequently recurring significantly mutated genes according to TCGA 2012.  

Live imaging  
During organoid killing assays, cells were co-cultured for 3 days and imaged using a 
charge coupled device (CCD) camera equipped with a Zeiss AxioCam MRm camera 
fitted to a Zeiss Axio Observer Z1 inverted microscope. Tile scans were performed every 
20 to 30 min followed by tile stitching after recording using Zen software. Videos were 
generated from the stitched tiles or regions of interest after background subtraction using 
ImageJ software version 1.50i (Schneider et al., 2012).  

Flow cytometry  
Flow cytometry data were analyzed using FlowJo version 10.  

Statistical analysis  
Data were analyzed using GraphPad Prism version 7. Group sizes and definition of error 
bars is indicated in figure legends. In indicated bar graphs, background is subtracted 
from signal and negative values set to zero. Statistical analysis was performed using a 
two-tailed Student’s t test. p values < 0.05 were considered significant; significance 
values are indicated as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).  

Data and software availability 
Whole-exome DNA sequencing data are available in Table S1.  
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SUPPLEMENTARY MATERIAL 

Figure S1. Hematoxylin and Eosin Stainings of Tumor Organoids and Original Mismatch Repair 
Deficient Colorectal Cancers, Related to Figure 1  
 

Excised tumor pieces or tumor organoids derived thereof were fixed, paraffin-embedded and stained with 
hematoxylin and eosin. Inserts show higher magnification images of boxed area. Scale bar, 50 mm.
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Figure S2. MHC-I Expression of Mismatch Repair Deficient Colorectal Cancer Organoids and Original 
Tumors, Related to Figure 1 

 

(A) Cell surface MHC-I expression of mismatch repair deficient colorectal cancer organoids as determined by 
flow cytometry. Organoids were stimulated with 200 ng/mL IFNg for 24 hr or left unstimulated. Histograms 
indicate fluorescence intensity of anti-HLA-A,B,C-PE or isotype control antibodies. 
(B) Excised tumor pieces were fixed and paraffin-embedded, and sequential slides were stained with HCA2 
and HC10 antibodies against MHC-I. Representative staining of MHC-I proficient (CRC-6M) and deficient 
(CRC-4) tumors. CRC-4 shows positive MHC-I staining in stroma but absence of signal in the tumor mass. 
CRC-6M contains MHC-I positive tumor cells grouped in islands. Scale bar, 100 mm.
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Figure S3. Hematoxylin and Eosin Stainings of Tumor Organoids and Original Non-small-cell Lung 
Cancers, Related to Figure 3 
 

Excised tumor pieces or tumor organoids derived thereof were fixed, paraffin-embedded and stained with 
hematoxylin and eosin. Inserts show higher magnification images of boxed area. Scale bar, 50 mm.
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Figure S4. CD4+ Reactivity against Geltrex, Related to Figure 5 

 

Quantification of CD137+ CD4+ T cells after stimulation of T cells with organoids cultured under standard 
conditions (with Geltrex), cultured for 3 days without Geltrex, or cultured for 3 days without Geltrex with Geltrex 
re-introduced 1 day before T cell challenge. T cells were obtained by two week co-culture with autologous 
tumor organoids and where indicated (lower case e) further expanded using a rapid expansion protocol (Dudley 
et al., 2003), in some cases preceded by CD137-based enrichment of tumor-reactive cells (indicated by upper 
case E). Error bars indicate SEM of at least 2 biological replicates.
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Figure S5. Time Course Imaging of NSCLC-3 Organoids Targeted by Tumor-Reactive T Cells, Related 
to Figure 6 

 

Microphotograph images of NSCLC-3 organoids at indicated time points of culture with or without T cells in the 
presence of a green-fluorescent caspase 3/7 probe. Where indicated, MHC-I and MHC-II were blocked with 
W6/32 and Tü39 antibodies, respectively. T cells are obtained by two weeks of co-culture with autologous 
tumor organoids followed by rapid expansion (indicated by upper case e). 
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Supplementary Table 1 and Supplementary Videos 1-6 are available in the online version 
of this manuscript 

Table S1. Whole exome sequencing of colorectal cancer organoids, related to Figure 1. 
DNA isolated from mismatch repair deficient colorectal cancer organoids and matched PBMCs was analyzed 
by whole exome sequencing.  

Video S1. NSCLC-3 tumor organoids co-cultured with autologous tumor-reactive T cells, related to 
Figure 6. 
Time-lapse bright-field and fluorescence microscopy of NSCLC-3 tumor organoids exposed to autologous T 
cells obtained by two weeks of co-culture with autologous tumor organoids followed by rapid expansion. Note 
the destruction of tumor organoids by surrounding T cells and appearance of apoptotic cells visualized by a 
green-fluorescent caspase 3/7 probe. Video duration: 3 days. 

Video S2. NSCLC-3 tumor organoids cultured without T cells, related to Figure 6. 
Time-lapse bright-field and fluorescence microscopy of NSCLC-3 tumor organoids cultured without T cells in 
the presence of a green-fluorescent caspase 3/7 probe. Note proliferation of tumor cells that spread out onto 
the plate toward the end of the assay. Video duration: 3 days. 

Video S3. NSCLC-3 tumor organoids cultured with autologous tumor-reactive T cells in the presence of 
MHC-I and MHC-II blocking antibodies, related to Figure 6.   
Time-lapse bright-field and fluorescence microscopy of NSCLC-3 tumor organoids exposed to autologous T 
cells, in the presence of a green-fluorescent caspase 3/7 probe. T cells were obtained by two weeks of co-
culture with autologous tumor organoids followed by rapid expansion. MHC-I and MHC-II were blocked with 
W6/32 and Tü39 antibodies, respectively. Note absence of killing and continued proliferation of tumor cells. 
Video duration: 3 days. 

Video S4. NSCLC-3 healthy lung organoids co-cultured with autologous tumor-reactive T cells, related 
to Figure 6. 
Time-lapse bright-field and fluorescence microscopy of NSCLC-3 healthy lung organoids exposed to 
autologous T cells, in the presence of a green-fluorescent caspase 3/7 probe. T cells were obtained by two 
weeks of co-culture with autologous tumor organoids followed by rapid expansion. Note that organoids are 
unaffected by presence of T cells. Video duration: 3 days. 

Video S5. NSCLC-3 healthy lung organoids cultured without T cells, related to Figure 6. 
Time-lapse bright-field and fluorescence microscopy of NSCLC-3 healthy lung organoids cultured without T 
cells, in the presence of a green-fluorescent caspase 3/7 probe. Video duration: 3 days. 

Video S6. NSCLC-3 healthy lung organoids cultured with autologous tumor-reactive T cells in the 
presence of MHC-I and MHC-II blocking antibodies, related to Figure 6.   
Time-lapse bright-field and fluorescence microscopy of NSCLC-3 healthy lung organoids exposed to 
autologous T cells, in the presence of a green-fluorescent caspase 3/7 probe. T cells were obtained by two 
weeks of co-culture with autologous tumor organoids followed by rapid expansion. MHC-I and MHC-II were 
blocked with W6/32 and Tü39 antibodies, respectively. Video duration: 3 days.
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ABSTRACT


T cells are key players in cancer immunotherapy, but strategies to expand tumor-reactive 
cells and study their interactions with tumor cells at the level of an individual patient are 
limited. Here we describe the generation and functional assessment of tumor-reactive T 
cells based on cocultures of tumor organoids and autologous peripheral blood 
lymphocytes. The procedure consists of an initial coculture of 2 weeks, in which tumor-
reactive T cells are first expanded in the presence of (IFNγ-stimulated) autologous tumor 
cells. Subsequently, T cells are evaluated for their capacity to carry out effector functions 
(IFNγ secretion and degranulation) after recognition of tumor cells, and their capacity to 
kill tumor organoids. This strategy is unique in its use of peripheral blood as a source of 
tumor-reactive T cells in an antigen- agnostic manner. In 2 weeks, tumor-reactive CD8+ 
T-cell populations can be obtained from ~33–50% of samples from patients with non-
small-cell lung cancer (NSCLC) and microsatellite-instable colorectal cancer (CRC). This 
enables the establishment of ex vivo test systems for T-cell-based immunotherapy at the 
level of the individual patient. 
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INTRODUCTION


T-cell-directed therapies, such as immune-checkpoint inhibition and adoptive T-cell 
transfer, have transformed the treatment landscape for solid tumors. Nevertheless, 
clinical efficacy is variable both between and within tumor types and the mechanisms 
that tumors use to escape elimination by the immune system are diverse1–4 . Preclinical 
models that incorporate both endogenous T cells and tumor cells are scarce, especially 
for epithelial cancers. Moreover, the expansion of tumor-infiltrating lymphocytes (TILs) has 
been more challenging for epithelial tumors compared with melanoma5 .  
  We have recently developed a coculture system of tumor organoids and peripheral 
blood lymphocytes6 . Tumor-reactive T cells can be efficiently expanded from peripheral 
blood and evaluated for tumor reactivity and tumoricidal capacity. Here, we extend and 
describe the procedure for establishment of this coculture system (Fig. 1). 

Applications of the protocol 
  
We anticipate that this protocol will be primarily applied as an investigational tool in three 
different settings: (i) as a tool to evaluate the efficacy of investigational drugs in the 
immuno-oncology space; (ii) for translational studies for specific patients of interest, for 
example, an exceptional responder within a clinical trial; or (iii) to identify or validate 
mechanisms of resistance in a physiologically relevant setting. As an example, samples 
could be obtained from patients who initially respond to immune-checkpoint inhibition but 
then progress7 . Hypotheses for potential resistance mechanisms of those patients that 
are generated based on more descriptive datasets (for example, tumor DNA sequencing) 
may be validated using tumor organoids derived from pre- and post- therapy samples.  
  In addition to these research applications, this method offers a potential strategy for the 
generation of T-cell products for adoptive T-cell transfer. The clinical success of TIL 
therapy in melanoma has not been matched in other tumor types and there is a need for 
strategies that bypass the challenges of TIL therapy for epithelial cancers. 

Comparison with other approaches  
 
Several other strategies to generate tumor-reactive T-cell products have been developed. 
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First, expansion of TILs has been used for many years to generate T-cell products for 
adoptive T-cell transfer8 . This strategy has been successfully applied for the treatment of 
metastatic melanoma, but clinical experience in other tumor types has remained limited 
(reviewed in ref. 9 ). Advantages of using TILs as a source of tumor-reactive T cells are 
the straightforward protocol and relatively short time required to generate a cell product. 
Moreover, although it has recently become clear that a substantial fraction of TILs do not 
show tumor specificity10,11, T cells that are present at the tumor site will nevertheless be 
enriched for tumor-specific cells relative to peripheral blood. In addition, strategies for the 
more-selective expansion of tumor-reactive T cells from TILs could be conceived, either 
by pre-selecting T-cell populations enriched for tumor reactivity12–14 or by stimulation with 
tumor cells (for example, organoids). However, there are also limitations to this 
technology: the absolute number of TILs may be too low in sparsely infiltrated tumors, 
which is particularly problematic when a tumor biopsy (rather than a surgical resection) is 
the only available material. In addition, how circulating tumor-reactive T cells and TILs 
compare with respect to fitness and T-cell receptor repertoire and whether the most 
tumor-expressed (neo-)antigens have already induced a tumor-resident T-cell population 
remained unclear.  
    As a second strategy, neo-antigen-specific T cells have been generated by activating 
circulating T cells with antigen-presenting cells (APCs) that present (a) neo-antigen(s) of 
interest. Such strategies can be successful, especially when a pre-selected population 
of T cells (for example, PD1+) is used15. Neo-antigens that are loaded onto APCs can be 
predicted on the basis of the exome- and RNA- sequencing data of the tumor16. 
Although prediction pipelines continue to improve, they are, at present, imperfect 
(especially for less-common HLA haplotypes) and there is a risk of missing relevant 
antigens17. Alternatively, mini-genes encoding potential neo-antigens can be introduced 
into APCs and used to screen T cells, including healthy donor T cells, for reactivity15,18. 
This bypasses the need for antigen prediction but is a laborious approach, certainly in 
tumor types with a high mutational load, such as mismatch-repair-deficient tumors. 
Instead, the use of tumor cells as a substrate for selection of tumor-reactive T cells is 
antigen-agnostic and can result in the establishment of a polyclonal tumor-reactive T-cell 
population19. Although the turnaround time of sequencing and antigen prediction may be 
similar to the time required to establish organoids, the cost of sequencing and the need 
for bioinformatic analysis can be a disadvantage. Importantly, the use of tumor organoids 

63

3



Tumor organoids-T cells coculture systems

does not only enable the expansion of tumor-reactive T cells, but also the analysis of the 
activity of the resulting T cells against matched tumor cells.  
   Other approaches that coculture organoids or organotypic cultures with allogeneic or 
autologous lymphocytes have been described20–23. These approaches typically make 
use of immune cells isolated from tumor fragments and are a very valuable tool to study 
immune cells from their native environment, in particular in their interaction with cells that 
are difficult to culture, such as macrophages. However, expansion of T cells and/or 
tumor cells is usually limited, and cryopreservation is not always possible, which limits 
their use for approaches that require high numbers of T cells or repeated experiments.  
 
Limitations  
 
Tumor and healthy organoids can be established from both needle biopsies and surgical 
resections. The success rate depends on tumor type, amount of starting material (for 
example, resection versus biopsy) and treatment history. Typically, organoid culture from 
resections of treatment-naive primary tumors is more successful than from biopsies from 
heavily pre-treated metastases. For example, the success rate of establishing organoids 
from resection specimens of untreated primary CRC is ~90%; whereas the success rate 
when using a biopsy of a metastasis ranges from ~70% for CRC to ~35% for NSCLC24–

27.The time required to establish a frozen biobank of at least 1 × 106 organoids takes on 
average 30–80 d for CRC or NSCLC samples, respectively (Fig. 1b,c). Because of this 
variability, the feasibility and cost-effectiveness of an organoid-based approach for both 
research purposes and adoptive T-cell transfer is expected to differ between tumor types 
and patient populations, and should be carefully evaluated.  
   The evaluation of CD4+ T-cell reactivity is complicated by the potential for recognition of 
non-tumor epitopes present in the culture system (for example, Geltrex-derived 
epitopes)6 . The current protocol describes an adaptation to our previous method that 
serves to prevent the development of such undesired T-cell responses. Further 
evaluation is required to determine the frequency with which true tumor-specific CD4+ T-
cell responses can be induced using this optimized strategy. 
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EXPERIMENTAL DESIGN

 
Overview 

 
The following step-by-step procedure describes how to generate CD8+ T cells that 
recognize and kill autologous tumor organoids (Fig. 1a). In the first part, we describe how 
to perform cocultures of peripheral blood lymphocytes and tumor cells, as well as 
methods to assess the reactivity of the resulting T-cell populations against tumor cells at 
the end of the procedure. In the second part, we focus on methods to test whether the 
obtained T-cell populations are able to kill the tumor organoids.  
 
Coculture and reactivity assay  
 
Before starting T cell–organoid cocultures, human peripheral blood mononuclear cells 
(PBMCs) are isolated from blood, and tumor organoids are generated and cultured as 
described previously24,27,28 and in Steps 1–31 of this protocol. Tumor organoids are 
isolated from Geltrex (the basement membrane matrix) to avoid the presence of non-
human protein material in the cultures. PBMCs are then stimulated weekly with 
dissociated autologous tumor organoids for a total time of 2 weeks. Tumor organoids are 
pre-stimulated with IFNγ to maximize antigen presentation. Cocultures are performed in 
the presence of anti-PD1 to counteract the induction of PD-L1 by IFNγ, IL-2 to support T-
cell proliferation and plate-bound anti-CD28 antibodies to provide co-stimulation. T-cell 
reactivity is assessed by evaluating CD107a and IFNγ expression or CD137 expression 
in the presence or absence of tumor organoids. 

Killing assay 

 
Here we describe how to test whether the T-cell populations obtained after 2 weeks of 
coculture are able to kill autologous tumor organoids. Tumor organoids are cocultured for 
72 h in the presence or absence of T cells, with the addition of anti-PD1 antibody, plate-
bound anti-CD28 antibody, Y-27632 hydrochloride (to prevent anoikis) and a caspase 
dye (NucView488). Killing can be assessed by livecell imaging or a flow-cytometry-based 
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quantification that enables the analysis of the number of live tumor cells at the end of the 
experiment.  
 
Controls  
 
Evaluation of tumor reactivity is based on the quantification of different markers in the 
presence or absence of tumor organoids. As further controls to understand whether any 
observed reactivity is specific to the matched tumor cells, the following additional 
controls should be considered when material is available: (i) autologous healthy tissue 
organoids, to assess reactivity driven by any artifacts of organoid culture (prepared as 
described in Box 1), (ii) coculture with single-cell tumor digests, to test whether reactivity 
is also seen against tumor cells that have not been cultured in vitro, and (iii) coculture 
with single-cell digests of healthy tissue, to test for the specificity of the T cells for the 
tumor compared to healthy tissue. The killing assay is based on the quantification of the 
number of live tumor cells when organoids are cultured alone or in the presence of 
reactive T cells (for example, at a 5:1 T-cell:tumor cell ratio). The addition of T cells may 
lead to non-specific tumor cell death, for example, owing to competition for nutrients. For 
this reason, we think that the addition of a condition in which tumor cells and T cells are 
cocultured in the presence of MHC-blocking antibodies is essential. 
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PROTOCOL


Materials


Reagents 

• B27 supplement without vitamin A (Gibco, cat. no. C12587-010) 
• B27 supplement (Gibco, cat. no. 17504-044) 
• N-Acetylcysteine (Sigma-Aldrich, cat. no. A9165-5G) 
• Nicotinamide (Sigma-Aldrich, cat. no. N0636) 
• Human recombinant EGF (Peprotech, cat. no. AF-100-15) 
• A83-01 (Tocris, cat. no. 2939) 
• SB202190 (Cayman Chemicals, cat. no. 10010399) 
• Prostaglandin E2 (Cayman Cehmicals, cat. no. 14010-1) 
• Y-27632 dihydrochloride (Sigma-Aldrich, cat. no. Y-0503) 
• Human recombinant FGF-7 (Peprotech, cat. no. 100-19) 
• Human recombinant FGF-10 (Peprotech, cat. no. 100-26) 
• R-spondin 1-conditioned medium produced by R-spondin 1 producing cell line (available from 

the C. Kuo laboratory; instructions for preparation in Box 1 of refs. 28, 29, 30) 
• Noggin-conditioned medium produced by Noggin producing cell line (available from the H. 

Clevers laboratory; instructions for preparation in Box 2) 
• Wnt-3a-conditioned medium produced by L-Wnt-3a producing cell line (available from the H. 

Clevers laboratory; instructions for preparation Box 1 of refs. 29, 30) 
• Geltrex LDEV-free reduced growth factor basement membrane (Gibco, cat. no. A1413202) 
• PBS tablets (Gibco, cat. no. 18912-014) 
• EDTA buffer, 0.5 M, disodium salt (Lonza, cat. no. 51234) 
• FBS (Sigma-Aldrich, cat. no. F7524) 
• Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, cat. no. 34943) 
• Bovine serum albumin fraction V (Sigma-Aldrich, cat. no. 10735078001) 
• Dispase type II (Sigma-Aldrich, cat. no. D4693) 
• Advanced DMEM-F12 (Gibco, cat. no. 12634-028) 
• Penicillin/streptomycin (Gibco, cat. no. 15070063) 
• Ultraglutamine type I (Lonza, cat. no. BE17-605E) 
• HEPES (Gibco, cat. no. 15630-056) 
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• TrypLE Express (Gibco, cat. no. 12604-013) 
• Trypsin-EDTA 0.05% (Gibco, cat. No. 25300054) 
• Collagenase II (Sigma, cat. No. C6885) 
• Hyaluronidase type IV-S (Sigma, cat. no. H4272) 
• RPMI 1640 (Gibco, cat. no. 11875093) 
• Human serum, from human male AB plasma (Sigma-Aldrich, cat. no. H3667) 
• Benzonase (Merck, cat. no. 70746-3) 
• Human recombinant interferon gamma (Peprotech, cat. no. 300-02) 
• GolgiSTOP (Monensin) (BD, cat. no. 554724) 
• GolgiPLUG (Brefeldin A) (BD, cat. no. 555029) 
• Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, cat. no. 19-144) 
• Ionomycin (Sigma-Aldrich, cat. no. I9657) 
• Mouse anti-human CD28 (eBioscience, CD28.2, cat. no. 16-0289-81, RRID:AB_468926) 
• Interleukin-2 (Proleukin, Novartis) 
• Anti-human PD1 / nivolumab (Merus / Selleckchem, cat. no. A2002, RRID:AB_2810223) 
• Mouse anti-human CD107a (PE-conjugated) (BD, clone H4A3, cat. no. 555801, 

RRID:AB_396135) 
• Mouse anti-human CD3 (PerCP-Cy5.5-conjugated) (eBioscience, clone SK7, cat. no. 

332771, RRID:AB_1907379) 
• Mouse anti-human CD4 (FITC-conjugated) (BD, clone RPA-T4, cat. no. 555346, 

RRID:AB_395751) 
• Mouse anti-human CD8 (BV421-conjugated) (BD, clone RPA-T8, cat. no. 562429, 

RRID:AB_11153676) 
• Mouse anti-human IFNγ (APC-conjugated) (BD, clone B27, cat. no. 554702, 

RRID:AB_398580) 
• Mouse anti-human CD137 (APC-conjugated) (BD, clone 4B4-1, cat. no. 550890, 

RRID:AB_398477) 
• Mouse anti-human HLA-ABC (MHC-I blocking antibody) (ThermoFisher, clone W6/32, cat. 

no. MA1-19027, RRID:AB_1076699) 
• Mouse anti-human HLA-DR/DP/DQ (sodium azide free) (MHC-II blocking antibody) (BD, clone 

Tü39, cat. no. 555556, RRID:AB_395938) 
• Mouse anti-human CD3 (Alexa Fluor 700-conjugated) (Invitrogen, cat. No. CD0329, 

RRID:AB_1470210) 
• Mouse anti-human CD326 (EpCAM) (PE/Cy7-conjugated) (Biolegend, cat. No. 324222, 

RRID:AB_2561506) 
• Live/dead fixable near-IR dead cell stain kit (Invitrogen, cat. no. L10119) 
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• Fixation/Permeabilization solution kit (BD, cat. no. 554714) 
• Anti-mouse Ig, κ/negative control compensation particles set (BD, cat. no. 552843) 
• Ammonium chloride (Sigma-Aldrich, cat. no. A9434) 
• Sodium bicarbonate (Sigma-Aldrich, cat. no. S5761) 
• Primocin (Invivogen, cat. no. PML-40-60) 
• Lympholyte H (Tebu-bio, cat. no. CL5020) 
• CellTrace Yellow Cell Proliferation Kit (Invitrogen, cat. No. C34567) 
• CellTrace Far Red Cell Proliferation Kit (Invitrogen, cat. No. C34564) 
• NucView488 Caspase-3 assay kit (Biotium, cat. No. 30029) 
• AccuCount blank particles (7.0-7.9 µm) (Spherotech, cat. No. ACBP-70-10) 
• Trypan Blue Solution (ThermoFisher, cat. no. 15250061) 
• DAPI 
• NaH2PO4 (Sigma-Aldrich, cat. no. S5011) 
• KH2PO4 (Sigma-Aldrich, cat. no. P5655) 
• NaCl (Sigma-Aldrich, cat. no. S7653) 
• KCl (Sigma-Aldrich, cat. no. P9333) 
• D-sorbitol (Sigma-Aldrich, cat. no. S1876) 
• Sucrose (Sigma-Aldrich, cat. no. S7903) 
• DL-dithiotreitol (Sigma-Aldrich, cat. no. D0632) 
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Equipment


• Falcon tubes, 15 mL (Sarstedt, cat. no. 62.554.502) 
• Falcon tubes, 50 mL (Sarstedt, cat. no. 62.547.254) 
• Plates, 6 well (Greiner, cat. no. 657165) 
• Plates, 96 well, U-bottom (Greiner, cat. no. 650180) 
• Plates, 24 well (Greiner, cat. no. 662160) 
• Plates, 96 well, Flat bottom, Non-Tissue Culture Treated (Falcon, cat. no. 351172)	  
• Parafilm (Bemis, cat. no. PM-992) 
• Hemocytometer (Labor Optik, cat. no. 1910000) 
• Nunc Cryovials (ThermoFisher, cat. no. 375418) 
• No 21 sterile carbon steel surgical scalpel blade (Swann-Morton,  cat. no. 0207) 
• Microlance needles 20G x 1 1/2”, yellow  (BD, cat. no. 301300) 
• Culture dish, 100 x 20 mm (Greiner, cat. no. 664160) 
• Flow cytometer (BD, Fortessa 1) 
• -80 °C freezer (Panasonic, MOF-C8V1-PE) 
• Mr Frosty freezing container (ThermoFisher, 5100-0036) 
• Light microscope (Zeiss, Axiovert 25) 
• 0.2 µm filter unit (Whatman, cat. no. 10462200) 
• Syringe, 50 mL (Braun, cat. no. 8728844F-06) 
• Water bath (37 °C) 
• CO2 incubator (5% CO2, 37 °C) 
• Centrifuge for 15- and 50-mL Falcon tubes and culture plates 
• Biosafety cabinet 
• Widefield microscope, recording PhaseContrast in combination with fluorescence and 

equipped with an AutoFocus system (Definite Focus – DF2), suitable for live cells 
• ZeissZen Pro  
• FĲI  
• U-100 sterile insulin syringes (BD Micro-Fine, cat. no. 324891) 
• Combitips advanced 5 mL (Eppendorf, cat. no. 0030089669) 
• Combitips advanced 0.5 mL (Eppendorf, cat. no. 0030089634) 
• Multipette E3x (Eppendorf, cat. no. 4987000029) 
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Reagent setup

 
Human material We have good experience with the use of cryopreserved human PBMC, stored 
at -80 °C. Tumor tissue can be obtained via surgical resection or a biopsy. The biopsy tissue can 
be stored in Ad-DF+++ with 1X Primocin at 4 °C for no longer than 24 hours prior to starting the 
procedure. 
! CAUTION Informed consent must be obtained for the use of human material. Ethical approval 
must be obtained by and studies must conform to relevant institutional and national authorities. 
! CAUTION It is strongly advised to authenticate human tissue (PBMC, organoid lines) using STR 
profiling or SNParrays and regularly test for contamination with Mycoplasma. 
Ad-DF+++ Supplement Advanced-DMEM/F12 with 1% (vol/vol) penicillin/streptomycin, 1% (vol/
vol) HEPES, and 1% (vol/vol) Ultraglutamine I. Store at 4 °C for up to 6 months. 
Collagenase type II: Dissolve 150 mg collagenase type II in 10 mL PBS + 0.2% (wt/vol) BSA for a 
15 mg/mL stock. Store in 1 mL aliquots at -20 °C for up to 1 year. 
Hyaluronidase Type IV-S: Dissolve 30 mg hyaluronidase type IV-S in 3 mL distilled water to get a 
10 mg/mL stock. Store in 1 mL aliquots at -20 °C for up to 1 year. 
Wnt3a-conditioned medium Production of Wnt3a-conditioned medium has been described in 
Box 1 of refs. 29,30. Wnt3a-conditioned medium can be stored at 4 °C for up to 6 months. 
R-spondin 1-conditioned medium Production of R-spondin 1-conditioned medium has been 
described in Box 1 of refs. 28,29,30. R-spondin 1-conditioned medium can be stored at -20 °C 
for up to 6 months or at 4 °C for up to 2 weeks. 
Noggin-conditioned medium Production of Noggin-conditioned medium is described in Box 2. 
Noggin-conditioned medium can be stored in 50 mL aliquots at -20 °C for up to 6 months and for 
up to 2 weeks at 4 °C. 
N-Acetylcysteine: dissolve 40.79 g into 500 mL PBS to have a 500 mM stock solution. Store at 
-20 °C for up to 1 year. 
Nicotinamide: Dissolve 61.6 g into 500 mL PBS to have a 1 M stock solution. Store at -20 °C for 
up to 1 year. 
Human recombinant EGF: Dissolve 1 mg into 2 mL 0.1% (wt/vol) BSA/PBS to have a 500 µg/mL 
stock solution. Store at -20°C for up to 1 year. Do not refreeze; aliquots of 20 µL are 
recommended. 
A83-01: Dissolve 1.25 µg into 50 mL DMSO to have a 500 µM stock solution. Store at -20 °C for 
up to 1 year. 
SB202190: Dissolve 25 mg into 7.546 mL DMSO to have a 10 mM stock solution. Store at -20 
°C for up to 1 year. 
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Prostaglandine E2: Dissolve 1 mg into 28.36 mL to have a 100 µM stock solution. Store at -20 
°C for up to 1 year. 
Y-27632 dihydrochloride: Dissolve 32 mg into 10 mL DMSO to have a 10 mM stock solution. 
Store at -20 °C for up to 1 year. 
Human recombinant FGF-7: Dissolve 0.1 mg into 2 mL 0.1% (wt/vol) BSA/PBS to have a 50 µg/
mL stock solution. Store at -20 °C for up to 1 year. Do not refreeze; aliquots of 100 µL are 
recommended. 
Human recombinant FGF-10: Dissolve 0.2 mg into 2 mL 0.1% (wt/vol) BSA/PBS to have a 100 
µg/mL stock solution. Store at -20 °C for up to 1 year. Do not refreeze; aliquots of 100 µL are 
recommended. 
Colorectal cancer organoid culture medium To prepare the medium, combine 5 mL Noggin-
conditioned medium,  10 mL R-spondin 1-conditioned medium,  1 mL B27 minus vitamin A, 500 
µL Nicotinamide (1 M in PBS), 125 µL N-Acetylcysteïne (500 mM in PBS), 5 µL EGF (500 µg/mL 
in PBS + 0.1% (wt/vol) BSA), 5 µL PGE2 (100 µM in PBS), 50 µL A83-01 (500 µM in DMSO), and 
15 µL SB202190 (10 mM in DMSO). Add 5 µL Y-27632 (10 mM in DMSO) only for the first 3 days 
after thawing and passaging. Fill up to 50 mL with Ad-DF+++. Store at 4 °C for up to 2 weeks. 
Colon organoid culture medium Same as colorectal cancer organoid medium, with an additional 
25 mL of Wnt-3a-conditioned medium. Store at 4 °C for up to 2 weeks. 
Non-small cell lung cancer and healthy airway epithelial medium To prepare the medium, 
combine 5 mL Noggin-conditioned medium, 5 mL R-spondin 1-conditioned medium,  1 mL B27, 
500 µL Nicotinamide (1 M in PBS), 125 µL N-Acetylcysteine (500 mM in PBS), 6.25 µL FGF-7 (50 
µg/mL in PBS + 0.1% (wt/vol) BSA), 12.5 µL FGF-10 (100 µg/mL in PBS + 0.1% (wt/vol) BSA), 50 
µL A83-01 (500 µM in DMSO),  5 µL SB202190 (10 mM in DMSO), and 25 µL Y-27632 (10 mM 
in DMSO).  Fill up to 50 mL with Ad-DF+++. Store at 4 °C for up to 2 weeks. 
T cell culture medium Supplement RPMI 1640 with 1% (vol/vol) penicillin/streptomycin, 1% (vol/
vol) Ultraglutamine I, and 10% (vol/vol) human serum. Store at 4 °C for up to 1 month. 
T cell thawing medium Supplement RPMI 1640 with 1% (vol/vol) penicillin/streptomycin, 1% (vol/
vol) Ultraglutamine I, and 10% (vol/vol) FBS. Store at 4 °C for up to 1 month. 
FACS buffer Supplement 500 mL PBS with 5 mL EDTA (0.5 M) and 5 mg BSA. Store at 4 °C for 
up to 6 months. 
Freezing medium Combine 45 mL FBS and 5 mL DMSO. Store at 4 °C for up to 6 months. 
Non-small cell lung cancer digestion buffer Combine 1 mL collagenase type II (15 mg/mL in 
PBS + 0.2% (wt/vol) BSA), 500 µL dispase type II (10 mg/mL in ddH2O), 20 µL Primocin, 10 µL 
Y-27632 (10 mM in DMSO) and 8.5 mL PBS. Use directly after preparation. 
Colorectal cancer digestion buffer Combine 1 mL collagenase type II (15 mg/mL in PBS + 0.2% 
(wt/vol) BSA), 10 µL hyaluronidase type IV (10 mg/mL in ddH2O), 20 µL Primocin, 10 µL Y-27632 
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(10 mM in DMSO) and 8.5 mL PBS. Use directly after preparation. 
Red blood cell lysis buffer Add 8.26 g ammonium chloride, 1 g sodium bicarbonate and 200 µL 
EDTA (0.5 M) to 1 L of ddH2O. Stir for 30 minutes. Pass through 0.2 µm filter to sterilize. Store at 4 
°C for up to 6 months. 
NaH2PO4 Dissolve 28.39 g NaH2PO4 in 200 mL distilled water for a 1 M stock. Store at room 
temperature for up to 1 year. 
KH2PO4 Dissolve 27.22 g KH2PO4 in 200 mL distilled water for a 1 M stock. Store at room 
temperature for up to 1 year. 
NaCl Dissolve 58.44 g NaCl in 200 mL distilled water for a 5 M stock. Store at room temperature 
for up to 1 year. 
KCl Dissolve 14.91 g KCl in 200 mL distilled water for a 1 M stock. Store at room temperature for 
up to 1 year. 
D-sorbitol Dissolve 36.44 g D-sorbitol in in 200 mL distilled water for a 1 M stock. Store at room 
temperature for up to 1 year. 
Sucrose Dissolve 68.46 g sucrose in 200 mL distilled water for a 1 M stock. Store at room 
temperature for up to 1 year. 
DL-dithiotreitol Dissolve 1.54 g DL-dithiotreitol in 10 mL distilled water for a 1 M stock. Store at 
room temperature for up to 1 year. 
Complete chelation solution Prepare 200 mL complete chelation solution by combining 1.12 mL 
of 1 M Na2HPO4 (for final concentration 5.6 mM), 1.6 mL of 1 M KH2PO4 (for final concentration 
8.0 mM), 23.86 mL of 5 M NaCl (for final concentration 96.2 mM), 320 µL of 1 M KCl (for final 
concentration 1.6 mM), 6.68 mL of 1 M sucrose (for final concentration 43.4 mM) and 10.98 mL 
of 1 M D-sorbitol (for final concentration 54.9 mM) and 153.44 mL cold distilled water. Adjust to 
pH 7.0-7.3. Add 100 µL of 1 M DL-dithiothreitol (for final concentration 0.5 mM). Filter through 
0.22 µm filter to sterilize. Store at 4 °C for maximum 1 day. 
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Box 1 | Establishment of healthy colon or airway organoids25,26  ● Timing 2–3 h 


 
Procedure 

1. Store tissue in Ad-DF+++ with 1× primocin at 4 °C for no longer than 24 h.  
2. Remove the muscle layer and fat with forceps and razor blades.  
3. Cut the tissue into small pieces.  
4. Wash three times with CCS. Let the pieces sink to the bottom under normal 

gravity.  
5. Add EDTA to a final concentration of 10 mM (200 µL of 0.5 M solution to 10 mL of 

CCS). 
6. Incubate 45 min at 4 °C in a rotating wheel and shake vigorously to liberate crypts. 

The solution turns cloudy when crypts are liberated. If crypts are not liberated, 
replace EDTA–CCS with fresh solution and repeat step 6.  

7. Allow tissue fragments to settle. Transfer the supernatant containing the crypts to a 
new tube and pipette up and down ten times.  

8. Spin down the crypts (100g, for 5 min at 4 °C). Continue with Step 7 of the main 
protocol and culture similarly to tumor organoids. Use colon organoid medium for 
healthy colon organoids and NSCLC organoid medium for healthy airway 
organoids.
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Box 2 | Production of Noggin-conditioned medium ● Timing 10 d  

Additional materials required  

● DMEM (Gibco, cat. no. 41966). Store at 4 °C for up to 1 year.  
● Geneticin (G418 sulfate, 50 mg/mL) (Gibco, cat. no. 10131035). Store at −20 °C in 500-µL 

aliquots for up to 1 year.  
● HEK293-mNoggin-Fc cells (can be obtained from the laboratory of H. Clevers, Utrecht, The 

Netherlands). Store at −80 °C for up to 1 year or in liquid nitrogen, indefinitely.  
● HEK293 culture medium: supplement DMEM with 1% (vol/vol) penicillin–streptomycin, 1% 

(vol/vol) ultraglutamine I and 10% (vol/vol) FBS. Store at 4 °C for up to 1 month. 
● Selection medium: supplement 50 mL of HEK293 culture medium with 500 µL of 50 mg/mL 

geneticin (final concentration: 500 µg/mL). Store at 4 °C for up to 1 month.  

Procedure 

1. Preheat HEK293 growing medium to 37 °C.  
2. Thaw a vial of HEK293-mNoggin-Fc cells in a 37 °C waterbath until a small clump 

of ice remains.  
3. Transfer the cells to a 15-mL Falcon tube and add up to 10 mL of preheated 

HEK293 growing medium. 
4. Centrifuge (300g, for 5 min at RT) and discard the supernatant. 
5. Resuspend the cell pellet in 50 mL of selection medium and transfer to a T-175 

culture flask. 
6. Culture cells until confluency with the T-175 flask in a flat position. 
7. Aspirate the medium and wash flask with 20 mL of PBS.  
8. Collect cells by trypsinizing for up to 5 min with 5 mL of TrypLE Express at 37 °C.  
9. Transfer cells to a 50-mL Falcon tube and add up 50 mL of PBS.  
10. Centrifuge (300g, for 5 min at RT) and discard the supernatant. 
11. Resuspend cells in HEK293 growing medium and split into 6× T-175 flasks. Culture five 

flasks in 50 mL of HEK293 growing medium and one flask in 50 mL of selection medium.  

12. When cells reach confluency, replace medium with 50 mL of Ad-DF+++.  
 

(Continue next page)
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(From previous page) 

13. Collect the conditioned medium after 1 week and centrifuge (300g, for 5 min at 
RT) to pellet cells.  

14. Collect the supernatant and filter through a 0.2-µm filter unit.  
15. Store the supernatant in aliquots of 50 mL at −20 °C. Conditioned medium can be 

stored for up to 6 months at −20 °C and for up to 2 weeks at 4 °C.  
16. Use the cells cultured in the single flask with selection medium to repeat the 

procedure, or freeze the cells in small aliquots for later use. CRITICAL STEP Cells 
can be used for up to 12 passages to collect conditioned medium.
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Box 3 | Preparation of compensation controls ● Timing 30 min  

For compensation, cells (option A) or compensation beads (option B) can be used. If 
cells are used, ensure that the relevant antigen is expressed. If necessary, stimulate 
cells to increase antigen expression. Compensation beads can only be used for 
antibody-based stains and not for dyes. A combination of compensation beads (for 
antibody-based stains) and cells (for dyes) is acceptable. 

Procedure


(A) Preparation of compensation controls using cells 

i. Prepare single-cell suspension of cells of interest and plate in a 96-well plate. The 

number of wells needed is equal to the number of different fluorochromes used in 
the staining panel plus one. CRITICAL STEP Work on ice from this step on and 
keep fluorochromes protected from light.  

ii. Prepare stain dilutions for every fluorochrome used in the staining panel separately, 
at the same dilution as used in the staining panel.  

iii. Wash cells in FACS buffer. Spin down at 330g, for 5 min at 4 °C and discard the 
supernatant.  

iv. Add 20 µL of staining solution to separate wells for each stain. Leave one well 
unstained. For example, if the staining panel consists of anti-CD4–FITC and anti-
CD8–BV421, stain one well with anti-CD4-FITC alone, one well with anti-CD8–
BV421 alone and leave one well unstained. Mix well, without causing air bubbles.  

v. Incubate for 30 min at 4 °C in the dark.  
vi. Wash cells twice in FACS buffer. Spin down at 330g, for 5 min at 4 °C and discard 

the supernatant. 
vii.  Resuspend cells in 20–100 µL of FACS buffer and set up compensation on a 

suitable flow cytometer.  
? TROUBLESHOOTING 
 
(Continue next page) 
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(From previous page) 
 
(B) Preparation of compensation controls using compensation beads 

i. Vortex beads for 5 s.  
ii. Mix one to three drops of negative and positive compensation beads. 
iii. Pipette 20 µL of the beads mixture into as many wells as the number of antibody–

fluorochrome conjugates that is used in the staining panel.  
iv. Add 2 µL of antibody–fluorochrome conjugate per well. Use a different well for 

each different fluorochrome.  
CRITICAL STEP Work on ice from this step on and keep fluorochromes protected 
from light.  

v. Mix well by resuspending.  
vi. Incubate for 5–60 min (at 4 °C in the dark).  
vii. Set up compensation on a suitable flow cytometer. 

? TROUBLESHOOTING
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PROCEDURE


Establishment of tumor organoid culture from biopsy or resection material24,25,26  ● 
Timing 2-3 h 
 
1. Dissect tissue with razor blade or needles on Petri dish to cubes of 1-2 mm3. 
2. Transfer tissue fragments to 15 mL Falcon tube and wash once in PBS.  Centrifuge 

at 200g, for 5 minutes, at RT. 
3. Discard supernatant and incubate tissue fragments for 15-60’ at 37 °C in 10 mL 

colorectal or non-small cell lung cancer digestion buffer. Resuspend 10-15 times 
every 10 minutes and check the status of the digestion by evaluating using a 
microscope whether the tissue has dissociated into single cells.  
∆ CRITICAL STEP The total incubation time can vary depending on specimen size 
and tumor type: generally it can range from 15 to 30 minutes for biopsies, and from 
45 to 60 minutes for resections. 

4. Block the reaction by adding 2 mL of FBS when the tissue has dissociated so that 
>70% are single cells, or after 30 minutes for biopsies or 60 minutes for resections. 

5. Pellet cells by centrifugation at 300g, 5’, RT. 
6. If the pellet is red, lyse erythrocytes by incubating for 5’ in 5 mL red blood cell lysis 

buffer at room temperature. After lysis, fill up the 15 mL Falcon tube with PBS.  
∆ CRITICAL STEP This is not necessary if the pellet is not red. 

7. Wash once more in PBS, centrifuge at 300g, 5’, RT and discard the supernatant. 
8. Count cells using a hemocytometer or automated cell counter. 
9. Resuspend the pellet of cells in ice-cold complete organoid medium (roughly 1.5-3 * 

104 cells/10 μL medium), and add 2 times the same volume of Geltrex. 
∆ CRITICAL STEP Geltrex needs to be kept ice cold at all times.  

10. Plate digest/Geltrex drops in a 6-well culture plate (roughly 20 μL per drop). 
11. Place the plate upside-down in a 37 °C incubator for 30 minutes, to let the Geltrex 

solidify.  
12. Place plate in upright position and add complete organoid medium, supplemented 

with 1x Primocin. 
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∆ CRITICAL STEP Add Primocin to all medium until a frozen biobank is stored (step 
20). 

13. Replace medium with complete organoid medium twice per week. 
 

Passaging organoids ● Timing 1 h 
 
∆ CRITICAL STEP Organoids can be passaged once every 1-2 weeks at a 1:2-1:6 split 
ratio. Split organoids when confluent or when their diameter exceeds 300 µm. 

14. Remove complete organoid medium. 
15. Resuspend organoid/Geltrex drops in pre-warmed TrypLE Express (1 mL/well). 
16. Incubate at 37 °C for 5-15 minutes, resuspending with a p1000 pipette every 5 

minutes.  
∆ CRITICAL STEP Avoid overtrypsinization. Check under microscope when 
organoids are dissociated into single cells: a mix of 70% single cells and 30% 
clusters of 7-10 cells is ideal. 

17. Transfer TrypLE mix into a 15 mL Falcon tube. 
18. Inhibit TrypLE by diluting 5-10 fold with cold Ad-DF+++.  
19. Spin 300g, 5’ and remove supernatant.  
20. Repeat step 9-13. 

 
Freezing organoids ● Timing 30 minutes 
 
∆ CRITICAL STEP Organoids are typically frozen after expansion to >5*105 organoids, 
which typically requires 5-11 weeks of culture with 2-4 passages (Fig. 1b-c). 
∆ CRITICAL STEP Not all cells need to be frozen. If you so wish, retain some cells, 
these are ready for use in step 44. 
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21. Remove complete organoid medium and resuspend in ice cold Ad-DF+++ (1 mL 
Ad-DF+++ per well) 
∆ CRITICAL STEP Freezing (and thawing) steps are most efficient if organoids are 
frozen 3-5 days after passaging. 

22. Transfer the suspension into a 15 mL Falcon tube and fill up tube with Ad-DF+++.  
23. Spin 300g, 5’, 4 °C. 
24. Resuspend the pellet in ice cold 10% (vol/vol) DMSO/FCS. Use 1 mL of freezing 

medium per 5*104 organoids. 
25. Add 1 mL of the freezing mix per cryovial and quickly place the cryovials into a 

freezing container (e.g. Mr Frosty). Store at -80 °C overnight.  
∆ CRITICAL STEP Keep freezing medium ice cold during freezing and place the 
freezing container into a -80 °C freezer without delay. 

26. Transfer cryovials to liquid nitrogen for long-term storage. 
□ PAUSE POINT Cells can be stored in liquid nitrogen indefinitely. 

 
Thawing organoids ● Timing 1 hour 

27. Pre-heat 10 mL Ad-DF+++ at 37 °C. 
28. Quickly thaw cryovials containing organoids in a 37 °C water bath. 

∆ CRITICAL STEP Do not completely thaw the frozen cells: a small clump of ice 
should remain when the vial is removed from the water bath.  

29. Quickly transfer the content of the vial into a 15 mL Falcon tube and add 10 mL pre-
warmed Ad-DF+++ in a dropwise manner. 

30. Spin 300g, 5’, room temperature. Remove supernatant. 
31. Plate as described in steps 9-13. 
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Isolation of human peripheral blood mononuclear cells from blood ● Timing 2 h 

32. Prepare 0.1% (wt/vol) BSA in PBS (PBSA). Pass through 0.2 µm filter to sterilize. 
33. Dispense blood into 50 mL Falcon tubes (15 mL per tube).  
34. Add equal volume of 0.1% PBSA to each tube. 
35. Transfer to 50 mL tubes containing 15 mL Lympholyte H. Lock the two tubes in a 

horizontal position and very carefully tilt the tubes so that a slow flow of blood starts 
and forms a layer on top of the Ficoll. 

36. Spin 15’, 1200g, no break, no acceleration, room temperature.  
37. There will be a bottom layer of red blood cells, followed by a thin layer of PBMC and 

then a layer of plasma. Remove plasma to reach the PBMC. 
∆ CRITICAL STEP Minimize movement of tubes to maintain separation of the layers. 

38. Collect PBMC in a separate tube by carefully pipetting up the cells from the layer. 
39. Wash 2x with 0.1% PBSA (between washes spin at 1,000 g, 7’, RT and discard the 

supernatant). 
40. Wash once with PBSA followed by a spin at 200g, 7’, RT to remove platelets. 

Discard supernatant. 
41. If necessary, remove erythrocytes by incubating for 5 min in red blood cell lysis buffer 

at 37 °C. Wash again with PBSA and centrifuge (200g, 7’, RT). 
42. Count cells using hemocytometer or automated cell counter. 
43. Cryopreserve cells for later use (as described in step 81A). 
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Organoid isolation for co-culture of tumor cells and peripheral blood mononuclear 
cells (day -2) ● Timing 30 min 

44. Aspirate medium from 6-well plate with organoids (containing 1-5*104 organoids per 
well, from step 12). Use one well for every 2 * 106 PBMC to be used for co-culture 
in step 71. 

45. Add 1 mL/well of pre-heated (37 °C) dispase (2 mg/mL in PBS). 
∆ CRITICAL STEP Dispase treatment allows isolation of organoids from Geltrex. This 
step is essential to prevent recognition of Geltrex-derived epitopes by CD4+ T cells.  

46. Resuspend organoids by gently pipetting up and down with a P1000 pipette. 
47. Incubate for 15’ at 37 °C. 
48. Transfer organoid suspension to a 15 mL Falcon tube. 
49. Add 100 µL EDTA (0.5 M) for every 1 mL of dispase used and fill up tube up till 10 

mL with PBS. 
50. Pellet organoids (300g, 5’, RT) and aspirate supernatant. 
51. Resuspend organoids in complete organoid culture medium and plate 2-4 mL/well 

of a tissue culture-treated 6-well plate. Use 2 mL for every well used in step 44. 
∆ CRITICAL STEP Add 10 µM Y-27632 dihydrochloride to prevent cell death due to 
detachment from Geltrex. 

52. Culture organoids for 24h at 37 °C. 

Co-culture preparation (day -1) Timing 1 h 

53. Add 200 ng/mL IFNγ to organoids to enhance antigen presentation. 
54. Coat tissue culture-treated 96-well U-bottom plate with 5 µg/mL anti-CD28 in PBS 

(50 µL/well). Wrap plate in parafilm and incubate for 24 h at 4 °C. Anti-CD28 
provides co-stimulatory signals during co-culture. 

55. Quickly thaw cryopreserved PBMC at 37 °C. 
56. Transfer PBMC to 15 mL Falcon tube and add up to 15 mL pre-heated (37 °C) T cell 

thawing medium in a drop-wise manner. 
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∆ CRITICAL STEP Cell loss during thawing can be up to 50%. Pre-heating of 
medium is essential for good recovery upon thawing. 

57. Pellet cells (200g, 12’, RT, intermediate deceleration). 
58. Remove supernatant and incubate for 15’ at 37 °C in 5 mL T cell thawing medium 

with 1:1,000 benzonase.  
∆ CRITICAL STEP Benzonase prevents cell clumping due to DNA released by dying 
cells. This is particularly important when thawing PBMC. 

59. Fill up tube with T cell thawing medium and pellet cells (200g, 12’, RT, intermediate 
deceleration).  Discard supernatant. 

60. Resuspend cells at 2 * 106/mL in T cell culture medium and add 150 u/mL of IL-2 
and incubate overnight. To prevent adhesion of myeloid cells to the culture dish, 
leave cells in a 15 mL Falcon tube with a slightly opened lid wrapped in parafilm to 
allow gas exchange. Do not add >4 mL/tube to ensure sufficient oxygenation. 

 
 
Co-culture (day 0) ● Timing 14 d


61. Collect medium containing organoids in suspension that have been incubated with 
IFNγ overnight and spin down (300g, 5’, RT). Remove supernatant.  

62. Resuspend pellet in 1 mL/well TrypLE and combine with remaining cells that have 
adhered to the culture plate. 

63. Incubate for 5-15’ at 37 °C. Resuspend every few minutes and check using a 
microscope if organoids or big clusters of cells are still present. Stop when they have 
dissociated into single cells. 
∆ CRITICAL STEP Take care to prevent overtrypsinization. Some small cell clusters 
are acceptable. 
? TROUBLESHOOTING 

64. Transfer dissociated organoids to 15 mL Falcon tube and fill up with PBS.  
65. Pellet dissociated organoids (300g, 5’, RT). 
66. Remove supernatant and resuspend pellet in 1 mL T cell culture medium. 
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67. Count cells using a hemocytometer. 
∆ CRITICAL STEP Resuspend well before taking a count sample to prevent 
dissociated organoids from sinking to the bottom of the tube. 

68. Resuspend dissociated organoids at 5 * 104 cells/mL in T cell culture medium. 
69. Resuspend PBMC from step 60 and count using hemocytometer or automated cell 

counter. 
70. Wash PBMC in PBS (500g, 5’, RT). 
71. Resuspend PBMC at 1 * 106 cells/mL in T cell culture medium, supplemented with 

300 U/mL IL-2 (2x concentrated) and 40 µg/ml anti-PD1 (2x concentrated). 
72. Mix equal volume of dissociated organoids and PBMC for a PBMC:tumor cell ratio of 

20:1. 
73. Wash anti-CD28-coated plate 2x with PBS. Do not leave plate dry. 
74. Plate 200 µL dissociated organoid / PBMC suspension per well and incubate at 37 

°C. 
75. Refresh or split co-culture every 2-3 days. If medium does not turn yellow after 2-3 

days, follow option A. If medium turns yellow, follow option B. 

• (A) Refreshing co-culture 
i. Gently remove 100 µL of culture medium per well. 
ii. Add 100 µL T cell culture medium, supplemented with 300 U/mL IL-2 (2x 

concentrated) and 40 µg/ml anti-PD1 (2x concentrated). 
• (B) Splitting co-culture 

i. Split cells 1:1 by resuspending cells and transferring 50% of volume to a new 
well. Note that there is no need to separate tumor cells from T cells at this stage. 

ii. Add 100 µL T cell culture medium, supplemented with 300 U/mL IL-2 (2x 
concentrated) and 40 µg/ml anti-PD1 (2x concentrated). 
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Re-stimulation with tumor cells (day 7) 


76. After 5 days of co-culture, repeat steps 44-52. 
77. After 6 days of co-culture, repeat steps 53-54. 
78. After 7 days of co-culture, resuspend co-cultured PBMC and transfer to 15 mL 

Falcon tube. Note that there is no need to separate tumor cells from PBMC at this 
stage; resuspension is sufficient to enrich for PBMC over tumor cells, since most 
tumor cells either adhered to the plastic, or have died during co-culture. 

79. Repeat steps 61-75. 
80. After 14 days of co-culture, collect PBMC and proceed with downstream assays. 

Note that after 2 weeks of co-culture, T cells should represent 90% of the total 
PBMC population (Fig. 1d). 
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Downstream assays

81. After co-culture, cells can be cryopreserved (option A), evaluated for tumor reactivity 
using IFNγ and CD107a as read-outs (option B), evaluated for tumor reactivity using 
CD137 as a read-out (option C), or can be used in tumor killing assays (option D). 
Typically, reactivity is assessed before cryopreservation, initially based on IFNγ and 
CD107a and if desired, confirmed using CD137 as a read-out.  
 

• (A) Cryopreservation of co-cultured T cells ● Timing 30 min 

(i) Count T cells using hemocytometer or automated cell counter. 
(ii) Pellet T cells (500 g, 5’, 4 °C). 
(iii) Resuspend at 5-10 * 106/mL in ice cold freezing medium. 
(iv) Quickly transfer 1 mL/vial to cryovials. 
(v) Freeze immediately in Mr Frosty or comparable freezing container at -80 °C. 

□  PAUSE POINT Cells can be stored at -80 °C for 1 month. For long-term 
storage, transfer cells to liquid nitrogen. 
 

• (B) Tumor reactivity assay using IFNγ and CD107a as a read-out ●  Timing 4 d, 
24h required for reactivity assay 

(i) Two days before reactivity assay: repeat steps 44-52. If required for 
experimental design, prepare healthy tissue organoids as a control as 
described in Box 1 and processed as described above for tumour organoids. 

(ii) One day before reactivity assay: repeat steps 53-54. If required for 
experimental design, prepare healthy tissue organoids as a control as 
described in Box 1 and processed as described above for tumour organoids. 

(iii) Proceed with reactivity assay.  
Repeat steps 61-67. 
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(iv) Resuspend dissociated organoids at 1 * 106 cells/mL in T cell culture 
medium. 

(v) Count T cells using hemocytometer or automated cell counter. 
(vi) Pellet T cells (500 g, 5’, 4 °C). 
(vii) Resuspend T cells at 2 * 106 cells/mL in T cell culture medium. 
(viii) Prepare 3X anti-CD107a-PE/anti-PD1 master mix by adding 1:50 anti-

CD107a-PE and 60 µg/mL anti-PD1 to T cell culture medium. 
CD107a expression at the cell surface is transient due to recycling of 
cytotoxic granules and therefore the antibody is added throughout the co-
culture. 
∆ CRITICAL STEP Keep anti-CD107a-APC protected from light. 

(ix) Prepare 3X PMA/Ionomycin solution by adding 150 ng/mL PMA and 3 µg/mL 
ionomycin to T cell culture medium. 

(x) If using MHC-blocked organoids as controls, incubate dissociated organoids 
with 150 µg/mL of mouse anti-human HLA-ABC, clone W6/32, to block 
MHC-I and/or 30 µg/mL of mouse anti-human HLA-DR/DP/DQ, clone Tü39, 
to block MHC-II for 30’ at 37 °C. 

(xi) Wash anti-CD28-coated (step 54) tissue culture-treated 96-well U-bottom 
plate 2x with PBS. 
∆ CRITICAL STEP Do not leave plate dry for >5 minutes. 
We chose to use anti-CD28-coated plates also during the tumor reactivity 
assay to maintain co-stimulatory signals. If this is not desired, use a non-
coated plate.  

(xii) Plate 50 µL (= 1 * 105) T cells per well, and add 50 µL of anti-CD107a-APC/
anti-PD1 master mix per well. 

(xiii) Add 50 µL (= 5 * 104) tumor cells (test condition), 50 µL of T cell culture 
medium (negative control), or 50 µL of PMA/Ionomycin solution (positive 
control). Additional controls can include dissociated healthy organoids, tumor 
cells incubated with MHC-I/II blocking antibodies, from step (x), or single cell 
digests of tumor or healthy tissue (for preparation, follow steps 1-8). 

(xiv) Mix well and spin (200g, 1’, RT) to loosely pellet cells. 
(xv) Incubate for 1 h at 37 °C. 
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(xvi) Prepare 4x GolgiStop/GolgiPlug solution by adding 1:375 GolgiStop (BD) and 
1:250 GolgiPlug (BD) to T cell culture medium. 

(xvii) Add 50 µL GolgiStop/GolgiPlug to each well. 
(xviii) Mix well and spin (200g, 1’, RT) to loosely pellet cells. 
(xix) Incubate for 4 h at 37 °C. 
(xx) Pellet cells (330g, 5’, 4 °C) and remove supernatant. 

∆ CRITICAL STEP Work on ice from this step on and keep fluorochromes 
protected from light. 

(xxi) Wash cells in 200 µL/well FACS buffer. Centrifuge at 330g, 5’, 4 °C and 
remove supernatant. 

(xxii) Prepare cell surface staining solution with 1:20 anti-CD3-PerCP-Cy5.5, 1:20 
anti-CD4-FITC, 1:200 anti-CD8-BV421 and 1:2,000 near-IR viability dye in 
FACS buffer. 

(xxiii) Add 20 uL of the solution of step (xxii) to each well. For preparation of 
compensation controls, see Box 3.  

(xxiv) Mix well without causing air bubbles. 
(xxv) Incubate for 30’ at 4 °C, protected from light. 
(xxvi) Wash 2x with 200 µL FACS buffer (after each wash spin down cells at 330g, 

5’, 4 °C and then remove supernatant). 
(xxvii) Fix cells in 80 µL Fix/Perm buffer (BD) on ice. Mix immediately. 
(xxviii) Incubate for 20’ at 4 °C, protected from light. 

□ PAUSE POINT After fixation, cells can be stored for 24h. Wash cells 1x with 
200 µL FACS buffer to remove fixative and store in 20-100 µL FACS buffer. If 
desired, continue with the following steps the following day. 

(xxix) Wash 2x with 200 µL Perm/Wash buffer (Fixation/Permeabilization kit, BD) 
(after each wash, spin down cells at 500g, 5’, 4 °C and remove supernatant). 

(xxx) Prepare intracellular staining solution with 1:40 anti-IFNγ-APC in Perm/Wash 
buffer (Fixation/Permeabilization kit, BD). 

(xxxi) Add 20 uL of the solution made in step (xxx) to each well.  
(xxxii) Mix well without causing air bubbles. 
(xxxiii) Incubate for 30’ at 4 °C, protected from light. 
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(xxxiv) Wash 2x with 200 µL Perm/Wash buffer (after each wash spin down at 500g, 
5’, 4 °C and discard supernatant). 

(xxxv) Resuspend cells in 50 -100 µL FACS buffer and record on a suitable flow 
cytometer.  
□ PAUSE POINT It is possible to store the samples in 50-100 µL FACS buffer 
overnight at 4 °C in the dark and continue with the recording the morning 
after.  
Examples of flow cytometry plots are shown in Figure 2a. 
? TROUBLESHOOTING 




Fig. 2. Examples of flow cytometry plots showing tumor reactivity of CD8+ T cells. 


After 2 weeks of coculture, T cells were restimulated with tumor organoids as described in Step 81B or 81C of 
this protocol.  
a,b, Intracellular IFNγ and cell surface CD107a (a) or CD137 (b) are used as a read-out of reactivity. Gating 
strategy is shown. FSC-A, forward scatter–area; SSC-A, side scatter–area; SSC-H, side scatter–height.
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• (C) Tumor reactivity assay using CD137 as a read-out ● Timing 4 d, including 24h 
for reactivity assay 

(i) Two days before reactivity assay: repeat steps 44-52. If required for experimental 
design, prepare healthy tissue organoids as a control as described in Box 1 and 
processed as described above for tumour organoids. 

(ii) One day before reactivity assay: repeat steps 53-54. If required for experimental 
design, prepare healthy tissue organoids as a control as described in Box 1 and 
using the same steps as used for tumor organoids. 

(iii) Proceed with reactivity assay by repeating steps 61-67. 
(iv) Resuspend dissociated organoids at 5 * 105 cells/mL in T cell culture medium. 
(v) Count T cells using hemocytometer or automated cell counter. 
(vi) Pellet T cells (500 g, 5’, 4 °C) and discard supernatant. 
(vii) Resuspend T cells at 1 * 106 cells/mL in T cell culture medium. Add 40 µg/mL 

anti-PD1 (2X final concentration). 
(viii) Prepare 2X PMA/Ionomycin solution by adding 100 ng/mL PMA and 2 µg/mL 

ionomycin to T cell culture medium. 
(ix) If using MHC-blocked organoids as controls, incubate dissociated organoids with 

150 µg/mL of mouse anti-human HLA-ABC, clone W6/32, to block MHC-I and/or 
30 µg/mL of mouse anti-human HLA-DR/DP/DQ, clone Tü39, to block MHC-II for 
30’ at 37 °C. 

(x) Wash anti-CD28-coated (step 54) tissue culture-treated 96-well U-bottom plate 
2x with PBS. 
∆ CRITICAL STEP Do not leave plate dry for >5 minutes. 
We chose to use anti-CD28-coated plates also during the tumor reactivity assay 
to maintain co-stimulatory signals. If this is not desired, use a non-coated plate. 

(xi) Plate 100 µL (= 1 * 105) T cells per well, and add 100 µL (=5 * 104 ) tumor cells 
(test condition), 100 µL of T cell culture medium (negative control), or 100 µL of 
PMA/Ionomycin solution (positive control). Additional controls can include healthy 
organoids, organoids incubated with MHC-I/II blocking antibodies, or single cell 
digests of tumor or healthy tissue (for preparation, follow steps 1-8). 

(xii) Mix well and spin (200g, 1’, RT) to loosely pellet cells. 
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(xiii) Incubate for 24 h at 37 °C. 
(xiv) Pellet cells (330g, 5’, 4 °C) and remove supernatant. 

∆ CRITICAL STEP Work on ice from this step on and keep fluorochromes 
protected from light. Wash cells in 200 µL/well FACS buffer (330g, 5’, 4 °C). 

(xv) Prepare cell surface staining solution with 1:20 anti-CD3-PerCP-Cy5.5, 1:20 anti-
CD4-FITC, 1:200 anti-CD8-BV421, 1:2,000 near-IR viability dye and 1:30 anti-
CD137-APC in FACS buffer. 

(xvi) Add 20 uL of the solution of step (xv) to each well. For preparation of 
compensation controls, see Box 3.  

(xvii) Mix well without causing air bubbles. 
(xviii) Incubate for 30’ at 4 °C, protected from light. 
(xix) Wash 2x with 200 µL FACS buffer (after each wash, spin at 330g, 5’, 4 °C and 

discard supernatant). 
(xx) Resuspend cells in 50 -100 µL FACS buffer and record on a suitable flow 

cytometer. Examples of flow cytometry plots are shown in Figure 2b. 
? TROUBLESHOOTING 
□ PAUSE POINT Cells can be rested for up to 4 hours before recording on a flow 
cytometer if kept at 4 °C, protected from light. 
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• (D) Tumor organoid killing assay * TIMING 5 d


(xxi) Organoid isolation (day -2). Aspirate medium from 6-well plate with organoids.  
∆ CRITICAL STEP Two wells of a 6-well plate (1-5*104 organoids per well) is 
sufficient to perform the experiment. 

(xxii) Add 1 mL/well of pre-heated (37 °C) dispase (2 mg/mL in PBS). 
(xxiii) Resuspend organoids by gently pipetting up and down with a P1000 pipette 
(xxiv) Incubate for 5-15’ at 37 °C. 

∆ CRITICAL STEP Take care to prevent over incubation with dispase II. Dispase 
can lead to dissociation of organoids into single cells for a small fraction of 
organoid lines. Monitor organoids closely, and when detachment of single cells is 
observed, stop the reaction and continue with the following step. 

(xxv) Transfer organoid suspension to a 15 mL Falcon tube. 
(xxvi) Add 100 µL EDTA (0.5 M) for every 1 mL of dispase used and fill up tube up till 

10 mL with PBS. 
Pellet organoids (300g, 5’, RT) and aspirate supernatant. 

(xxvii) Resuspend organoids in complete organoid culture medium and plate 2-4 mL/
well of a tissue culture-treated 6-well plate. Use 2 mL for every well used in step 
(i). 
∆ CRITICAL STEP Add 10 µM Y-27632 dihydrochloride to prevent cell death due 
to detachment from Geltrex. 

(xxviii) Culture organoids for 24h at 37 °C. 
 

(xxix) Co-culture preparation (day -1). Add 200 ng/mL IFNγ to organoids to enhance 
antigen presentation. 

(xxx) Coat a non-tissue culture-treated 96-well flat-bottom plate with 5 µg/mL anti-
CD28 in PBS (50 µL/well). Wrap plate in parafilm and incubate for 24 h at 4 °C. 
Anti-CD28 provides co-stimulatory signals during co-culture. 
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Fig. 3. Killing experiment overview.  
a, Experimental setup.  
b, Flow-cytometry-based quantification of the amount of alive tumor organoids.  
c, Live-cell imaging setup and processing. 
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(xxxi) Killing assay (day 0). Collect organoids from the 6-well plate. Most organoids will 
either be in suspension or are loosely attached to the culture plate, and can be 
collected by resuspending the solution several times. Transfer the suspension of 
organoids and medium into a 15 mL tube. Split the total volume into two aliquots: 
1/11 of the total volume will be used for dissociation into single cells and 
counting; 10/11 of the total volume will be used as fully formed organoids for the 
experiment. 
? TROUBLESHOOTING 

(xxxii) Pellet the 1/11 aliquot (300g, 5’, RT). Resuspend the pellet in 500 uL TrypLE. 
Incubate 5-15’ minutes at 37 °C. Resuspend every few minutes and check if 
organoids have dissociated. Stop when they have dissociated into single cells. 
∆ CRITICAL STEP Take care to prevent overtrypsinization. Some small cell 
clusters are acceptable. 

(xxxiii) Count cells using a hemocytometer. 
∆ CRITICAL STEP Resuspend well before taking a count sample to prevent 
dissociated organoids from sinking to the bottom of the tube. 

(xxxiv) The 10/11 aliquot will contain 10 times the number of cells that was counted in 
the 1/11 aliquot, but in the form of organoids (“single cell equivalents”) 

(xxxv) Wash organoids in PBS (300g, 5’, RT) to remove IFNγ (added in step 81D(x)) from 
the medium.  

(xxxvi) If desired, label organoids with fluorescent dyes by resuspending organoids in 1 
mL 1:1,000 CellTrace FarRed or 1:10,000 CellTrace Yellow (in PBS). If T cells are 
also labelled with a fluorescent dye, make sure to use different dyes for T cells 
and organoids. Mix immediately.  Incubate 20’ at 37 °C, dark. Resuspend well 
every 5-10’.  Block the labelling with 10 mL 10% (vol/vol) FBS/PBS (5’, RT).  Wash 
twice with 10 mL PBS (300g, 5’, RT).   
∆ CRITICAL STEP Organoids can be distinguished from T cells by labelling with 
fluorescent dyes as an alternative to staining with fluorescent antibodies. This may 
be preferred if separation by flow cytometry is difficult after staining with 
antibodies. 
∆ CRITICAL STEP Before starting staining, take aside an aliquot of organoids to 
be used as unstained control during compensation (see Box 3). 
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∆ CRITICAL STEP Before continuing, take aside an aliquot of organoids to be 
used as single stained control during compensation (see Box 3). 

(xxxvii) Resuspend organoids at 105 single cell equivalents/mL in T cell culture medium. 
Add: 
anti-PD1 at 40 µg/mL concentration (2X final concentration); Y-27632 
dihydrochloride at 20 µM concentration (2X final concentration); and 1:1,000 
NucView488 caspase 3/7 dye (2X final concentration) 

(xxxviii)Block MHC molecules on tumor organoids by taking aside three aliquots and 
incubating for 30’ at 37 °C with the following: in the first, 50 µg/mL of mouse anti-
human HLA-ABC, clone W6/32, to block MHC-I; in the second 10 µg/mL of 
mouse anti-human HLA-DR/DP/DQ, clone Tü39, to block MHC-II; and in the third  
50 µg/mL of mouse anti-human HLA-ABC, clone W6/32, and 10 µg/mL of 
mouse anti-human HLA-DR/DP/DQ, clone Tü39, to block both MHC-I and MHC-
II. Resuspend all three aliquots well every 5-10’.  

(xxxix) Resuspend T cells and count using hemocytometer or automated cell counter. 
(xl) Pellet T cells (300g, 5’, RT) 
(xli) If required, label T cells with fluorescent dyes by resuspending T cells in 1 mL 

1:10,000 CellTrace FarRed or 1:100,000 CellTrace Yellow (in PBS). If organoids 
are also labelled with a fluorescent dye, make sure to use different dyes for T cells 
and organoids.. Mix immediately.  Incubate 20’at 37 °C, dark. Resuspend well 
every 5-10’. Block the labelling with 10 mL 10% (vol/vol) FBS/PBS (5’, RT). Wash 
twice with 10 mL PBS (300g, 5’, RT) 
∆ CRITICAL STEP Before starting, take aside an aliquot of T cells to be used as 
unstained control during compensation (see Box 3). 
∆ CRITICAL STEP Before continuing to the next step, take aside an aliquot of T 
cells to be used as single stained control during compensation (see Box 3). 

(xlii) Resuspend T cells at 5 * 105 cells/mL in T cell culture medium.  
This results in a 5:1 T cell:tumor cell ratio. Other ratios can be used to measure 
dose dependent effects. 

(xliii) Block MHC molecules on T cells by taking aside three aliquots and incubating the 
first with 50 ug/mL of of mouse anti-human HLA-ABC, clone W6/32, to block 
MHC-I for 30’ at 37 °C; the second with 10 ug/mL of of mouse anti-human HLA-
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DR/DP/DQ, clone Tü39, to block MHC-II for 30’ at 37 °C; and the third with 50 
ug/mL of mouse anti-human HLA-ABC, clone W6/32, and 10 µg/mL of mouse 
anti-human HLA-DR/DP/DQ, clone Tü39, to block both MHC-I and MHC-II for 30’ 
at 37 °C. Resuspend all three aliquots well every 5-10’. 

(xliv) Wash the anti-CD28-coated plate twice with 200 µL PBS per well. Do not leave 
the wells dry.  
We chose to use anti-CD28-coated plates also during the tumor killing assay to 
maintain co-stimulatory signals. If this is not desired, use a non-coated plate. 

(xlv) Plate each of the following in triplicate: 

•  

Organoids alone: 100 µL (= 1 * 104) tumor organoids + 100 µL T cell 
culture medium per well; 
Organoids + T cells: 100 µL (= 1 * 104) tumor organoids + 100 µL (= 5 * 
104) T cells per well; 
Organoids + T cells + MHC-I block: 100 µL (= 1 * 104) MHC-I blocked 
organoids + 100 µL (= 5 * 104) MHC-I blocked T cells per well;  
Organoids + T cells + MHC-II block: 100 µL (= 1 * 104) MHC-II blocked 
organoids + 100 µL (= 5 * 104) MHC-II blocked T cells per well;  
Organoids + T cells + MHC-I/II block: 100 µL (= 1 * 104) MHC-I/II blocked 
Organoids + 100 (= 5 * 104) µL MHC-I/II blocked T cells per well;  
Unstained and single stained controls for compensation setup: 100 µL (= 1 
* 104) of unstained or single stained organoids + 100 µL T cell culture 
medium per well. 

•

(xlvi) Take picture with regular microscope and incubate 72 h at 37 °C or proceed to 
next step with live cell imaging. 

(xlvii) This and the following steps provide specific instructions for live cell imaging using 
ZeissPro imaging software. These can be taken as guidance for use with 
alternative software. General steps are indicated. First insert the plate in the 
appropriate location at the microscope. Remove lid, place the protection cover on 
top, and attach the CO2 cover. 
∆ CRITICAL STEP Keep the plate in the dark during the setup of the experiment   
∆ CRITICAL STEP A widefield microscope, allowing recording of phase contrast in 

98

3



Tumor organoids-T cells coculture systems

combination with fluorescence, suitable for live cells, and equipped with 
AutoFocus system is necessary for this step.  

(xlviii) For any software used, set magnification to 10X 
(xlix) For any software used, calibrate plate and optimize exposure time.  When using 

ZeissPro,  load ZeissZenPro program, acquisition mode. Check all the following 
parameters:  
∆ CRITICAL STEP Ensure there will be enough storage space on the hard drive.  

• Camera: HDCam full 10X 

• Carrier setup: 96 wells plate 

• Calibration: 7-points method. Follow the instructions provided by the 
software. 

• Focus strategy: absolute fixed. Check “use z-position from tiles set up” 

• Tiles: create a 3x3 tile for each scene you want to record, fix the z position 
for each position 

• Setup exposure time for bright-field and fluorochromes: ensure to maximize 
the signal without reaching saturation levels 

• For any software used: set time series to desired frequency (30 minutes)  

• Enable autosave to a specified folder 

• Start experiment and record for 72 hours.  
 

(l) Killing quantification (day 3).  Take endpoint pictures using regular microscope or 
finish live imaging.  

(li) Wash cells twice with 200 µL PBS per well to remove serum from the medium. 
(lii) Resuspend and transfer cell suspension into a 96-well U-bottom plate. Spin 

500g, 5’, RT. Decant supernatant. 
(liii) During the spinning of the U-bottom plate, add 150 µL TrypLE per well to the 

empty 96-well flat-bottom plate, to be sure to detach any remaining cells from the 
bottom of the plate. Incubate 5’ at 37 °C.  

(liv) Combine TrypLE from flat-bottom plate with U-bottom plate to dissociate both the 
organoids that were in suspension and those that attached to the plate.  
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(lv) Incubate 5’-15’ at 37 °C. Resuspend well every 5’. 
∆ CRITICAL STEP Carefully check very often under the microscope whether 
organoids have dissociated into single cells. When dissociated, immediately 
proceed to step (xxxvii). 
? TROUBLESHOOTING 

(lvi) After cells are dissociated, inhibit TrypLE with 50 µL FBS per well. In this case, 
FBS is used to inhibit TrypLE because the volume in the well is too low to 
sufficiently dilute and wash out TrypLE. 

(lvii) Add 5 µL per well of counting beads. 
∆ CRITICAL STEP Ensure the number of beads per well is the same. If available, 
use a repetitive automated pipette.  

(lviii) Pellet the cells (500g, 5’, RT).  Discard supernatant. 
(lix) Wash the cells twice with 200 µL PBS per well (after each wash spin at 500g, 5’, 

RT and then discard supernatant). 
(lx) If cells have been stained with CellTrace dyes, skip this step and proceed directly 

to step 82D(xlii).  Otherwise add 20 µL of staining mix containing 1:20 anti-CD3-
AF700 and 1:200 anti-EpCAM-PE-Cy7 to each well.  Incubate 30’, 4 °C, dark. 
Wash the plate twice with 200 µL FACS buffer per well. 

(lxi) Resuspend each well in 50 µL FACS buffer. 
(lxii) Add DAPI (1:50) prior to recording on flow cytometer. 
(lxiii) Prepare compensation controls as described in Box 3 
(lxiv) Record on flow cytometer. 

∆ CRITICAL STEP It is very important to resuspend cells right before recording to 
prevent cells from settling on the bottom of the tube.  

(lxv) Calculate the amount of alive tumor cells per bead per well. An example of the 
gating strategy using antibodies or CellTrace dyes is shown in Fig. 4 and Suppl. 
Fig. 1, respectively. 
? TROUBLESHOOTING 
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Fig. 4. Quantification of the tumor organoid killing assay.  
 
a, Examples of flow cytometry plots showing tumor cells after a 72-h incubation with or without previously 
obtained autologous T-cell populations, in the presence or absence of MHC-I-blocking antibodies. The number 
of live tumor cells, defined as EpCAM+, DAPI− and NucView488−, is evaluated. Gating strategy is shown.  
b, The absolute count of events in the alive cells gate is divided by the number of events in the counting beads 
gate (red box in a).  
c, Bar graph of the number of live cells, normalized to counting beads
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(lxvi) Optional: processing of live imaging data. Open the file with Zeiss ZenPro, 
processing mode. It will be a large file that has two dimensions: scenes (the well 
or condition) and time points (if one image was taken every 30 minutes for 72 
hours, there will be 144 different time points).  
∆ CRITICAL STEP Here, specific instructions are provided for ZeissPro imaging 
software. These can be taken as guidance for use with alternative software. 

(lxvii) Use the function “split scenes” of the program to split scenes: instead of a large 
unique file, it will create several files (one per scene).  
∆ CRITICAL STEP It is an important step to reduce the size of the file to be able 
to work with the recorded data.  

(lxviii) Create region of interest. If not all tiles are needed, it is possible to further reduce 
the size of each scene by creating a smaller area of interest. If using Zeiss ZenPro, 
use the function “create image subset”. Check the following parameters: All 
channels, to extract data on all the different channels used for the experiment; 
Extract all time points (unless you want to focus on a particular time frame; in that 
case, select time of interest); and rectangular region.  Select and apply spatial 
rectangular region of interest. 
∆ CRITICAL STEP It is possible to perform this step in batch, for all scenes at the 
same time.  To do this select batch analysis on the program, and select all the 
different files of interest. 

(lxix) Stitch tiles by using the function “Stitch” to fuse the 3x3 tiles in a unique file. 
Check “fuse tiles” and unselect the automatic function.  In the “Channel to stitch” 
field select “bright field” because it is the channel that contains most of the data, 
making the stitch function more accurate. Choose to stitch multiple dimensions: 
c-dimension (channel) = reference, to stitch all the different channels in 
accordance with the bright field; and t-dimension (time) = reference, it is easier if a 
time point in the middle of experiment is selected (organoids may have moved in 
the field since the beginning of the experiment).  Check and apply “create a new 
output”. 
∆ CRITICAL STEP If you do not select a new output it will overwrite the original 
data.  
∆ CRITICAL STEP It is possible to perform this step in batch, for all scenes at the 
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same time.  To do this, select batch analysis on the program, and select all the 
different files of interest. 

(lxx) If you need to remove background, for example if for some of the fluorochromes 
the background signal is too intense, use background removal function for that 
channel (function available also in other programs, such as FiJi or Imaris). An 
example of the processing of live imaging data is shown in Fig. 5. 
? TROUBLESHOOTING 




Fig. 5. Example of processing of live-cell imaging data.  

a,b, After tiles have been fused with the stitching function of ZenPro (a), an image subset containing the region 
of interest is created (b).  
c,d, Background is then removed from each channel (c) and a merged composite picture is created (d). Red, 
mCherry-labeled tumor organoids; green, NucView488 Caspase 3/7 dye. In this example, T cells are 
surrounding mCherry+ tumor organoids, associated with tumor organoid dissociation, release of debris and 
NucView488+ apoptotic cells. Scale bar, 100 µm. 
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TROUBLESHOOTING


Troubleshooting advice can be found in Table 1 (next page). 

TIMING


• Steps 1-26: generation of frozen biobank of tumor organoids: variable, average 5 
(CRC) to 10 weeks (NSCLC), Fig. 1b-c. 

• Steps 32-43, isolation of human PBMC from peripheral blood: 2 hours. 
• Steps 44-80, co-culture of tumor cells and peripheral blood mononuclear cells: 16 

days. Assays are best started on Mondays or Wednesdays for optimal timing of 
medium refreshing. 

• Step 81A, cryopreservation of cultured T cells: 30 minutes. 
• Step 81B, tumor reactivity assay using IFNγ and CD107a as a read-out: 4 days. This 

consists of 2 days for isolation of organoids from Geltrex, followed by 24 hours for 
reactivity assay, staining, and flow cytometry.  

• Step 81C, tumor reactivity assay using CD137 as a read-out: 4 days. This consists of 
2 days for isolation of organoids from Geltrex, followed by 24 hours for reactivity assay, 
staining, and flow cytometry. 

• Step 81D, tumor organoid killing assay: 5 days. This consists of 2 days for isolation of 
organoids from Geltrex, followed by 3 days co-culture, and flow cytometry on the fifth 
day.
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Table 1. Troubleshooting guidance


105

Step Problem Possible reason Solution

63,  
81D(xxxvi)

Organoids do  
not dissociate  
into single cells

Human serum is inhibiting the 
reaction

Wash the plate two more 
times with 200 µL of PBS 
per well

TrypLE is not effective in 
reducing organoids  
into single cells

Remove TrypLE and use 
Trypsin/EDTA 0.05% instead

Trypsin/EDTA 0.05% is not 
effective in reducing organoids 
into single cells

Use mechanical methods: 
pass organoid suspension 
through a 29G needle, 
pipetting 5-7 times with 
gentle pressure

Tumor organoids were too 
large at the end of the 
experiment

Start with smaller organoids

81B(xxxv), 
81C(xx)

Few cells 
recorded Cell loss during washing steps

Plate more cells, prevent air 
bubbles during staining, or 
use V-bottom plates

81B(xxxv), 
81C(xx)

Low-intensity 
signal

Laser settings on flow 
cytometer suboptimal

Optimize laser settings on 
flow cytometer

Decrease in fluorescence
Protect from light and keep 
on ice during staining 
procedure

81D(xii)
Organoids have 
attached to 
culture plate

The degree of attachment 
differs between samples

Use dispase to collect 
attached organoids (step 
45-50)
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Step Problem Possible reason Solution

81D(xlvi)

Too few cells 
recorded 

Organoids may suffer from 
absence of Geltrex during the 
experiment, and only a few of 
them may survive

Plate more cells (maintain T 
cell: tumor cell ratio)

Poor separation 
between CD3 
positive and  
EpCAM positive 
cells

Difficult dissociation into single 
cells: long exposure to TrypLE 
or Trypsin can affect 
expression of surface markers

Label organoids and/or T 
cells with dyes before 
starting experiment (see 
optional step 81D(xvii) and 
81D(xxii))Low expression of surface 

markers

81D(li)
High background 
despite performing 
background 
removal

Background intensity is not 
even over time

Background needs to be 
subtracted at each time point 
individually.

Box 2,  
A(vii)

No positive signal 
for dead cell dye No dead cells in sample

Kill 50% of cells prior to 
staining by incubating at 95 
°C for 45s

Box 2,  
A(vii)

No positive signal 
for antibody-
fluorochrome 
conjugate

Antigen not expressed on cells 
used for compensation

Use compensation beads for 
compensation

Box 2,  
B(vi) No positive signal

Compensation beads used for 
non-antibody-coupled 
fluorochromes

Use cells for compensation
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ANTICIPATED RESULTS


This protocol describes an efficient method to generate tumor-reactive T cells from 
peripheral blood for a patient (population) of interest. After 2 weeks of coculture, we 
observed an ~90% enrichment of CD3+ cells in the PBMC population (Fig. 1d). 
Furthermore, we observe induction of tumor-reactive CD8+ T cells in 33–50% of cases6 . 
The proportion of CD8+ T cells that are tumor reactive can vary substantially between 
samples, ranging from 1 to 40% (ref. 6 ). Given the high variability and the proportion of 
reactive cells, methods to enrich for tumor-reactive cells can be considered (for example, 
FACS-based sorting of the reactive population).  
    Note that the loss of MHC class I expression can be frequent in some tumor types (for 
example, up to 50% in microsatellite-instable CRC) and that omission of MHC-I-deficient 
samples may help to increase the proportion of successful cases. The evaluation of 
CD4+ T-cell reactivity is limited by the potential for recognition of foreign epitopes that are 
present during culture, in particular Geltrex- derived epitopes. The current protocol 
describes an adaptation to our previously described method that serves to prevent such 
reactivity. The frequency with which tumor-specific CD4+ T-cell reactivity can be 
observed using the current strategy still needs to be evaluated more thoroughly.  
   Cocultures can be initiated with as little as 10 mL of blood (containing 2–10 × 106 T 
cells). To avoid sampling bias, it is recommended to start cocultures with at least 1 × 106 
PBMCs. T-cell expansion during coculture can range from 3- to 20- fold. After coculture, 
T cells can be used for downstream assays as described in this protocol, or further 
expanded using protocols established for TIL expansion31.  
   In T-cell–organoid killing assays, variable levels of cytotoxicity can be observed, but 
typically range between 20 and 80%. Changes in target:effector ratio can substantially 
alter the extent of tumor killing observed. Non-specific cell death of up to 20% can be 
seen (depending on the target:effector ratio) and, to control for this, MHC blocking 
antibodies are strongly recommended.
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ABSTRACT


Although immunotherapy has made great impact on the prognosis of advanced cancer 
patients, there still is a large fraction of patients who do not respond. To stratify patients 
between potential responders and non-responders, several biomarkers, such as tumor 
mutational load, the proficiency of the antigen presenting machinery or the expression 
levels of immune checkpoints, have been investigated. Nevertheless, the predictive 
capacity of these markers remains limited. We recently showed that co-culture of 
autologous tumor organoids and peripheral blood lymphocytes (PBMC) allows the 
generation of tumor reactive T cells for the individual patient. In this work, we 
hypothesized that the co-culture platform may be used as a new prediction method for 
immunotherapy responses. In a cohort of 12 different patients we identify a 100% 
correlation between the generation of tumor reactive T cells and the response to anti-
PDL-1 blocking therapy. We then show the ability of the platform to detect the effect of 
anti-PDL-1 blocking antibodies. Furthermore, our data indicate that via the coculture 
platform we can monitor response to immunotherapy over time. Although limited by the 
small sample size, these fundings validate the physiological value of the platform. 
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INTRODUCTION


The widespread use of immunotherapy has made great impact on the prognosis of 
advanced cancer patients (Sharma et al., 2015). Blocking antibodies against immune 
checkpoints are now  used for treatment of advanced melanoma, non small cell lung 
cancer  (NSCLC), mismatch repair deficient colorectal cancer (dMMR-CRC), head and 
neck squamous cell carcinoma, renal cell carcinoma, gastric cancer, hepatocellular 
cancer and cervical cancer (Meric-Bernstam et al., 2020). Response to immune 
checkpoints blockade varies greatly among individuals, with response rates of 11-43% 
for monotherapy, and of 58% when anti-CTLA4 and anti-PD-1/PDL-1 inhibitors are 
combined (Larkin et al., 2015; Garon et al., 2015; Borghaei et al., 2015; Le et al., 2015; 
Le et al., 2017; Overman et al., 2017; Overman et al., 2018; Shadendorf et al., 2015; 
Robert et al., 2015). Despite these encouraging data, there still is a large fraction of 
patients who do not respond, highlighting the need of developing strategies to identify 
patients with higher chances of response ultimately to both avoid side effects and limit 
the costs of an ineffective treatment.  
   Several biomarkers have been investigated in an attempt to stratify patients between 
potential responders and non-responders. For example, tumor foreignness can be 
determined via genomic approaches (Alexandrov et al., 2013). However, although a 
correlation between nonsynonymous mutational burden and clinical benefit from anti-
CTLA-4 and anti-PD-1/PDL-1 therapies in melanoma, NSCLC and CRC has been 
shown (Le et al., 2015; Rizvi et al., 2015; Snyder et al., 2014; Van Allen et al., 2015; Gubin 
et al., 2015; Osipov et al., 2019), the predictive capacity of mutational load as a 
biomarker for immunotherapy response remains unfortunately limited. The complexity of 
this approach is illustrated by the fact that non-responders can be found in the high 
mutational load group, as well as responders in the low mutational group (Rizvi et al., 
2015; Van Allen et al., 2015; Gubin et al., 2015). Other biomarkers focus on the 
Identification of a priori immune evasion mechanisms to select the non-responders 
population. Obvious candidates, such as the proficiency of the antigen processing and 
presentation machinery or the expression levels of CTLA-4 or PDL-1, have been widely 
investigated as potential biomarkers for (non-)response (Davis et al., 2019; Restifo et al., 
1996; Paulson et al., 2018). Numerous studies linked mutations in Beta-2 microglobulin 
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(B2m) or human leukocyte antigen (HLA) molecules to evasion mechanisms; other 
studies associated tumors with high expression levels of surface PDL-1 molecules with 
better response. Unfortunately, the predictive capacity of these markers remains limited 
(Leone et al., 2013; Rooney et al., 2015; Shukla et al., 2015; Dierssen et al., 2007; Van 
Allen et al., 2015; Herbst et al., 2014). 
   The complexity that characterizes the study of biomarkers for immunotherapy response 
can, at least partially, be explained by the intricate interaction between tumor cells and 
their microenvironment. Dissecting the interplay between cancer, stromal, endothelial 
and immune cells is key to understand how a specific tumor reacts to a specific therapy. 
Platforms to allow the analysis of such an extended interaction, on the level of individual 
patients are currently lacking. However, our autologous tumor organoids - Peripheral 
Blood Lymphocytes (PBMC) coculture system has, for the first time, allowed the analysis 
of interactions between cancer cells and different immune cells. We believe this model 
may contribute to individualized immunotherapy  for epithelial cancers (Dijkstra et al., 
2018; Cattaneo et al., 2020).  
   Here, we hypothesized that such a platform may be used as a new prediction method 
for immunotherapy response. We therefore investigated how data obtained from this 
autologous coculture platform correlates with clinical outcome of patients treated with 
immunotherapy. 
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RESULTS 

To test whether the coculture platform would be suitable as a prediction tool for 
immunotherapy responses, we first selected a cohort of 8 patients treated with 
immunotherapy for whom pre-treatment tumor biopsies or resection material and blood 
specimens were available (Fig. 1A). Tumor organoids cultures were established for each 
patient according to our previously described method  (Cattaneo et al., 2020; Dijkstra et 
al., 2020). Next, we screened for surface expression of MHC class I and class II (MHC-I 
and MHC-II) after stimulation with interferon-gamma (IFNg). With the exception of one 
patient (ITO-068, not used for follow up experiments), all tumor organoids expressed 
MHC-I and/or MHC-II upon stimulation with IFNg (Fig. 1B).  
   We then proceed by coculturing patient derived PBMC with the autologous MHC 
proficient tumor organoids (Cattaneo et al., 2020; Dijkstra et al., 2018). At the end of the 
coculture, tumor cells recognition by CD8+ or CD4+ T cells was evaluated by staining for 
IFNg (Fig. 1C). Tumor recognition was detected for all responders; conversely, no tumor 
reactivity was detected for those patients who did not respond to immunotherapy (Fig. 
1D). 

Figure 1. Coculture of tumor organoids and PBMC derived from pre-immunotherapy specimens shows 
correlation with clinical responses. (next page) 

(A) Description of the 8 cancer patients cohort used in the experiments.  
(B) Cell-surface MHC class I and MHC class II expression as determined by flow cytometry. Organoids were 
stimulated with 200 ng/mL IFNg for 24 hr (grey) or were left unstimulated (white). Top: Bar graphs indicate 
median fluorescence intensity (MFI) of anti-HLA-A, -B, and -C-PE minus MFI of isotype control. Bottom: Bar 
graphs indicate median fluorescence intensity (MFI) of anti-HLA-DR, -DQ, -DP- FITC minus MFI of isotype 
control. Tumor organoids with MFI < 100 above isotype control (dashed line) were classified as MHC class I or 
MHC class II deficient. Error bars represent SEM of at least two independent experiments. 
(C) Representative flow cytometry plots of PBMC at the end of the 2 weeks coculture with autologous tumor 
organoids. Top: gating strategy. Bottom: Tumor recognition was assessed by measuring IFNg expression of 
CD8+ or CD4+ T cells after re-stimulation of week 2-PBMC with autologous tumor organoids, compared to 
unstimulated week2-PBMC. A reactive and a non-reactive example is depicted.  
(D) Quantification of organoid-induced IFNg production of CD8+ (left) and CD4+ (right) T cells obtained after 2-
week co-culture with autologous tumor organoids. The background (spontaneous IFNg production) is 
subtracted from the signal. Error bars represent SEM of at least two biological replicates. Coculture results for 
patient not responding to immunotherapy are shown in grey; coculture results for patients responding to 
immunotherapy are shown in purple. 
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  Next, to expand the cohort, we randomly selected 6 additional patients treated with 
immunotherapy for whom blood and tumor specimens were collected at various 
timepoints during treatment (Fig. 2A). After coculturing patient-derived PBMC with 
autologous MHC proficient tumor organoids (Fig. 2B), tumor recognition by T cells was 
evaluated for both responders and non-responders (Fig. 2C). 
    Collectively, out of 14 patients treated with immunotherapy, we were able to analyze 
12 MHC proficient tumors. In this limited set of patients, we show a 100% correlation 
between the ability to generate tumor reactive T cells via the coculture system and 
responses to immunotherapy (Fig. 1 and 2). 

Figure 2. Coculture of tumor organoids and PBMC derived from specimens collected at different 
timepoints during immunotherapy shows correlation with clinical responses. (next page)  

(A) Characterization of the additional set of patients treated with immunotherapy.  
(B) Cell-surface MHC class I and MHC class II expression as determined by flow cytometry. Organoids were 
stimulated with 200 ng/mL IFNg for 24 hr (grey) or were left unstimulated (white). Left: Bar graphs indicate 
median fluorescence intensity (MFI) of anti-HLA-A, -B, and -C-PE minus MFI of isotype control. Right: Bar 
graphs indicate median fluorescence intensity (MFI) of anti-HLA-DR, -DQ, -DP- FITC minus MFI of isotype 
control. Tumor organoids with MFI < 100 above isotype control (dashed line) were classified as MHC class I or 
MHC class II deficient. Error bars represent SEM of at least two independent experiments. 
(C) Quantification of organoid-induced IFNg production of CD8+ (left) and CD4+ (right) T cells obtained by 2-
week co-culture with autologous tumor organoids. The background (spontaneous IFNg production) is 
subtracted from the signal. Error bars represent SEM of at least two biological replicates. Coculture results for 
patient not responding to immunotherapy are shown in grey; coculture results for patients responding to 
immunotherapy are shown in purple. 
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  Since IFNg exposure has been described not only to upregulate the antigen 
presentation machinery, but also the expression of PDL-1 on the surface of tumor cells 
(Dijkstra et al., 2018), our co-cultures have always been performed in the presence of 
anti-PDL-1 blocking antibody. We then decided to investigate whether the coculture 
platform would allow to study the effect of anti-PD-1/PDL-1 blocking antibodies on the 
interaction between tumor and immune cells. For this purpose, we tried to induce tumor 
reactive T cells in the presence or absence of anti-PDL-1 blocking antibodies. In all three 
cases tested (Fig. 3 A), we detected a major difference in the tumor response pattern: 
co-culturing patient-derived PBMC and autologous tumor organoids in the absence of 
anti-PDL-1 failed to generate tumor reactive CD8+ and CD4+ T cells (Fig. 3 B-C). This 
data suggests that the co-culture platform is suitable for the analysis of anti-PDL-1 
mediated responses.   
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Figure 3. The coculture platform allows the analysis of anti-PDL-1-mediated responses  
 
(A) Characterization of the patients used for the experiments. 
(B) Representative flow cytometry plots of CD4+ T cells at the end of two week coculture with autologous tumor 
organoids, in the presence or absence of anti-PDL-1 blocking antibody. 
(C) Quantification of organoid-induced IFNg production of CD4+ or CD8+ T cells obtained by 2-week coculture 
with autologous tumor organoid, in the presence (purple) or not (white) of anti-PDL-1 blocking antibodies. The 
background (spontaneous IFNg production) is subtracted from the signal. Error bars represent SEM of at least 
two biological replicates. 
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  Next, we used our co-culture platform to monitor the response to immunotherapy over 
time. For a MSI-CRC patient who initially responded to nivolumab, we isolated PBMC 
before and after 8 months of treatment. We also generated organoids from two separate 
lesions, pre-treatment (Lesion 1) and at progression (Lesion 2) (Fig. 4 A-B). We then co-
cultured both pre- and on- treatment PBMC with either Lesion 1- or Lesion 2-derived 
organoids, and evaluated CD8+ T cell-mediated tumor reactivity. Co-culturing of both 
pre- and on- treatment PBMC with lesion 1 tumor organoids enabled us to generate a 
massive tumor specific T cell response: ~30% of the induced CD8+ T cells secreted 
IFNg (Fig. 3 C-D), mimicking the pattern of good response seen in the clinic (Fig. 3 A-B). 
However, co-culture of the same PBMCs with lesion 2 (which was progressive)-derived 
tumor organoids, failed to generate a tumor reactive T cell population (Fig. 3 C-D). 
Collectively, this data shows the potential of the platform to not only correlate with the 
clinical outcome, but also to monitor treatment response over time.
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Figure 4. The coculture platform allows to monitor responses to immunotherapy over time during 
treatment. 

(A) Computer tomography scans over an 8-month period of the peritoneal metastasis lesion and the primary 
tumor of patient ITO-111, treated with nivolumab  
(B) Line graph representing the clinical response of patient ITO-111 diagnosed with MSI-CRC to nivolumab. Y 
axis: lesions measured in mm3. Lesion 1 is shown in purple. Lesion 2 is shown in grey. X axis: time after start 
of nivolumab treatment (months). Star symbol represents the moment of sample collection for lesion 1 (purple), 
lesion 2 (grey), pre-treatment blood (blue) and on-treatment blood (orange). 
(C) Representative flow cytometry plots of CD8+ T cells, derived form pre-treatment (blue) or on-treatment 
(orange) PBMC, at the end of two week coculture with autologous tumor organoids, derived from either lesion 
1 or lesion 2.  
(D) Quantification of organoid-induced IFNg production of CD8* T cells obtained by 2-week coculture of pre-
treatment (left and blue) and on-treatment (right and orange) PBMC with lesion 1 (purple) or lesion 2 (grey) 
derived tumor organoids. The background (spontaneous IFNg production) is subtracted from the signal. Error 
bars represent SEM of at least two biological replicates. 
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DISCUSSION 

In this study we explored the potential of our coculture platform as a tool to predict and 
monitor immunotherapy responses. We demonstrated that, after 2 weeks co-culture of 
PBMC with autologous tumor organoids, the presence (or absence) of tumor reactive T 
cell populations strongly correlated with clinical responses to anti-PDL-1 blocking 
therapy. Although our findings were obtained in a small set of only 12 patients, we 
believe they may serve as a starting point for confirmatory studies in a larger group of 
patients. Another interesting finding was the ability of the platform to detect the effect of 
anti-PDL-1 blocking antibodies in the interaction between tumor cells and PBMC. 
Furthermore, we showed that co-culturing tumor organoids and PBMC offers the 
potential to monitor responses over time, opening the road to the opportunity to identify 
and investigate resistance mechanisms that may occur upon treatment and to test 
potential strategies to overcome resistance.  
   However, although we obtained very interesting results, there are several intrinsic 
limitations to our approach. First, the number of patients in which we tested the 
predictive value of the co-culture platform was small and needs to be expanded to be 
able to determine its true predictive value. Secondly, in the setting of personalized 
medicine, establishment and culture of tumor organoids from each individual patient can 
be a real challenge. The establishment success rate varies greatly between different 
tumor types: it is around 50-70% for colorectal cancer organoids, it drops to only 17% 
for NSCLC organoids, and it is even lower for other tumor types, such as breast or 
gastric cancer. Furthermore, other difficulties may occur when working with tumor 
organoids, such as the contamination from autologous healthy (non-tumoral) cells in the 
culture. Thirdly, when thinking of a large scale clinical test, time becomes a critical 
parameter. Unfortunately, starting from a surgical specimen, an average of 50-70 days 
are required for the establishment of a patient specific tumor organoids biobank. 
    Taken together, our findings showed significant challenges that prohibit the present 
use of this model system as a predictive tool for the success of immunotherapy. We 
currently position our platform therefore more as a research tool. 
    Nevertheless, the results we show here highlight the potential of the co-culture 
platform to better understand the development of resistance to immunotherapy. We 
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foresee applications of the co-culture system as a physiological test platform to identify 
novel mechanism of (non-) response, to develop novel strategies to overcome 
resistance, and to select combination therapies for better success of current 
immunotherapies.
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METHODS


Human subjects 
  
The study (NL48824.031.14) was approved by the Medical Ethical Committee of the 
Netherlands Cancer Institute – Antoni van Leeuwenhoek hospital and written informed 
consent was obtained from all patients. Peripheral blood and tumor tissue were obtained 
from patients with a confirmed diagnosis of colorectal or non-small cell lung cancer. 
Mismatch repair deficiency was confirmed by immunohistochemical staining for the 
mismatch repair proteins MSH2, MSH6, MLH1 and PMS2 in routine assessment by a 
pathologist (see Immunohistochemistry).  

 
Organoid culture 

  

Tumor tissue was obtained either by 18G core needle biopsy or by surgical resection. 
Tumor tissue was processed for organoid culture within 24 hr. CRC organoids were 
established essentially as described in van de Wetering et al., 2015. NSCLC organoids 
were cultured using similar methods; a detailed protocol is accessible at bioRxiv (Sachs 
et al., 2018). Briefly, tumor tissue derived from needle biopsies was mechanically 
dissociated into small tumor pieces using needles and embedded in Geltrex (Geltrex 
LDEV-free reduced growth factor basement membrane extract, GIBCO). Tumor tissue 
derived from surgical resections was cut into small pieces and enzymatically digested 
using 1.5 mg/mL collagenase II (Sigma-Aldrich), 10 mg/mL hyaluronidase type IV 
(Sigma-Aldrich) and 10 mM Y-27632 (Sigma-Aldrich) before embedding in Geltrex. After 
Geltrex solidification for 20 min at 37 C, cells were overlaid with human CRC or non-
small cell lung cancer (NSCLC) organoid medium (van de Wetering et al., 2015; Sachs et 
al., 2018). Human CRC organoids medium is composed of Ad-DF+++ (Advanced 
DMEM/F12 (GIBCO) supplemented with 2 mM Ultra- glutamine I (Lonza), 10 mM HEPES 
(GIBCO), and 100/100 U/ml Pencillin/Streptomycin (GIBCO)), 10% Noggin-conditioned 
medium, 20% R-spondin1-conditioned medium, 1x B27 supplement without vitamin A 
(GIBCO), 1.25 mM N-Acetylcysteine (Sigma-Aldrich), 10 mM nicotinamide (Sigma-
Aldrich), 50 ng/mL human recombinant EGF (Peprotech), 500 nM A83-01 (Tocris), 3 mM 
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SB202190 (Cayman Chemicals) and 10 nM prostaglandin E2 (Cayman Chemicals). 
Human wild-type colon organoid medium is identical to CRC medium, except that 50% 
Wnt3a-conditioned medium is added. Human NSCLC and normal airway organoid 
medium is composed of Ad-DF+++, 10% Noggin-conditioned medium, 10% R-
spondin1-conditioned medium, 1x B27 supplement, 1.25 mM N-Acetylcystein, 10 mM 
nicotinamide, 25 ng/mL human recombinant FGF-7 (Peprotech), 100 ng/mL human 
recombinant FGF-10 (Peprotech), 500 nM A83-01, 1 mM SB202190, 5 mM Y-27632. 
R-spondin1-conditioned medium was produced from 293T-HA-RspoI-Fc producer cell 
lines (obtained from C. Kuo, Stanford), Wnt3a-conditioned medium from L-Wnt3a cells 
and Noggin-conditioned medium from HEK293-mNoggin-Fc cell lines (both kind gift from 
J. den Hertog, Utrecht). In the first two weeks of organoid culture, 1x Primocin (Invivogen) 
was added to prevent microbial contamination. Organoids were passaged approximately 
every week by incubating in TrypLE Express (GIBCO) for 5-10 min at 37 C to dissociate 
organoids to single cells and replating in fresh Geltrex. After passaging, 10 mM Y-27632 
was added to CRC medium for the first 2-3 days. Organoids were cryopreserved in 10% 
FCS/DMSO or Recovery Cell Culture Freezing Medium (ThermoFisher) as master and 
working biobanks. Organoids < passage 30 were used in experiments. To rule out 
overgrowth by healthy lung organoids for NSCLC organoids derived from intrapulmonal 
lesions, hematoxylin and eosin stained sections of tumor organoids (see 
Immunohistochemistry) were evaluated by a pathologist to determine tumor status of 
organoids. To prevent overgrowth by healthy lung organoids, for patient NSCLC-3, p53 
mutant organoids were selected by culturing in the presence of 5 mM Nutlin-3 (Cayman 
Chemicals). Organoids were regularly checked for mycoplasma contamination using the 
MycoAlert Mycoplasma Detection Kit (Lonza). 


 

Peripheral blood lymphocytes  
 

The peripheral blood mononuclear cells (PBMC) fraction was isolated from peripheral 
blood by Ficoll-Paque density gradient separation and cryopreserved until later use.  
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Organoid line authentication  
 

DNA was isolated from master and working biobanks of organoids and patient-matched 
peripheral blood using a DNEasy kit (QIAGEN). Samples were genotyped using a 
Taqman-based SNParray targeting 26 SNPs (Hartwig Medical Foundation, Amsterdam). 
An identity score was calculated as described by (Tanabe et al., 1999) and (Liang-Chu et 
al., 2015). When comparing two samples, for each locus where both samples had 
called alleles, the number of distinct alleles in each individual sample, as well as the 
number of shared alleles was computed. These were summed across all loci and an 
identity score was computed defined as  

2x the number of shared alleles 
 

total distinct alleles sample 1 + total distinct alleles sample 2  

A threshold of 0.9 of the summed identity score was defined as a cut-off and organoid 
lines that did not match to autologous blood were discarded.  
If samples showed identity scores < 0.9 in comparison with autologous blood, but 
showed exclusively heterozygous to homozygous changes in the tumor, suggesting loss 
of heterozygosity due to copy number aberrations. We authenticated these lines by 
performing HLA-typing by PCR (Sanquin, Amsterdam) or based on whole genome 
sequencing data by Optitype (Szolek et al., 2014). 

 
Flow cytometry  
 

For evaluation of MHC-I and MHC-II expression by tumor organoids, organoids were 
dissociated to single cells using TrypLE Express, with or without overnight pre-incubation 
with 200 ng/mL IFNg. Tumor cells were washed in FACS buffer (PBS + 5 mM EDTA + 
1% bovine serum antigen) and stained with mouse anti-human HLA-A,B,C-PE (BD 
Bioscience) or anti-HLA-DP,DQ,DR-FITC (eBioscience) anti- bodies, or isotype controls 
(PE mouse IgG1, kappa (BD) and FITC mouse IgG1 kappa (eBioscience)) for 30 min at 4 
C. Cells were washed twice with FACS buffer and DAPI was added to exclude dead 
cells prior to recording at a Becton Dickinson Fortessa or LSRII flow cytometer.  
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Organoid and T cell co-culture 


Peripheral blood lymphocytes (PBL) and tumor organoids were generated and co-
cultured as previously described (Dijkstra et al., 2018; Cattaneo et al., 2020). Briefly, PBLs 
were isolated from peripheral blood using Ficoll–Paque and cryopreserved for later use. 
Culture media for PBMC was composed of RPMI 1640 (GIBCO), supplemented with 2 
mM Ultraglutamine I, 1:100 penicillin/streptomycin and 10% male human AB serum 
(Sigma-Aldrich; cat. no. H3667) (‘‘T cell medium’’). One day before co-culture, PBMC 
were thawed in pre-warmed (37°C) T cell medium (human serum was replaced with FCS 
during thawing) and incubated for 15 min with 25 U/mL benzonase (Merck; cat. no. 
70746-3) at 37 C. After washing, cells were resuspended at 2-3 x 106 cells/mL in T cell 
medium supplemented with 150 U/mL IL-2 and cultured overnight at 37°C . 48 hours 
prior to co-culture, tumor organoids were isolated from Geltrex by incubation with 2 mg/
mL dispase II and cultured in CRC medium. Prior to co-culture, tumor organoids (isolated 
from Geltrex) were stimulated for 24 hours with 200 ng/mL human recombinant IFNg 
(Peprotech; cat. no. 300-02). 96-well U-bottom plates were coated with 5 μg/mL anti-
CD28 (clone CD28.2, eBioscience; cat. no. 16-0289-81) and kept overnight at 4 °C . 
The next day, tumor organoids were dissociated to single cells with TrypLE Express and 
resuspended in T cell medium. Anti-CD28-coated plates were washed twice with PBS 
and PBMC were seeded at a density of 105 cells/well and stimulated with single cell 
dissociated organoids at a 20:1 effector:target ratio. Co-cultures were performed in the 
presence of 150 U/mL IL-2 and, when needed, 20 μ/mL anti-PD-1-blocking antibody 
(kindly donated by Merus, Utrecht; cat. no. 5C4). Half of the medium, including IL-2 and 
anti-PD-1, was refreshed two to three times per week. Every week, PBMC were 
collected, counted, and replated at 105  cells/well, and re-stimulated with fresh tumor 
organoids, for a total of 2 weeks co-culture.  
 

Tumor recognition assay


For evaluation of tumor reactivity, 105 PBMC were restimulated with tumor organoids 
(isolated from Geltrex and stimulated with IFNg, as described before) at a 2:1 
effector:target ratio and seeded in anti-CD28-coated plates in the presence, when 
needed, of 20 μ/mL anti-PD-1 and co-cultured for 5 hr for IFNg evaluation. Golgi-Plug 
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(1:1000, BD; cat. no. 555029) and Golgi-Stop (1:1500, BD, cat. no. 554724) was 
added after 1 hr and co-culture continued for an additional 4 hr. Cells were washed 
twice in FACS buffer and stained with the following antibodies: anti-CD3-PerCP-Cy5.5 
(BD; cat. no. 332771), anti-CD4-FITC (BD; cat. no. 555346), anti-CD8-BV421 (BD; cat. 
no. 562429), and near-IR viability dye (Life technologies) for 30 min at 4°C in the dark. 
Cells were washed twice in FACS buffer, fixed using the Cytofix/Cytoperm kit (BD, 
according to manufacturer’s instructions), and stained for intracellular IFNg (anti-IFNg-
APC, BD; cat. no. 554702). PBMC stimulated with 50 ng/mL phorbol 12-myristate 13-
acetate (PMA, Sigma-Aldrich; cat. no. 19-144) and 1 mg/mL ionomycin (Sigma-Aldrich; 
cat. no. I9657) served as positive controls and PBMC cultured without tumor stimulation 
as negative controls. Cells were then washed twice with FACS buffer and recorded at a 
Becton Dickinson Fortessa or LSRII flow cytometer.
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ABSTRACT


Targeted therapies, chemotherapy, and immunotherapy are used to treat patients with 
mismatch repair-deficient (dMMR)/microsatellite instability-high (MSI-H) colorectal cancer 
(CRC). The clinical effectiveness of targeted therapies and chemotherapy is limited by 
primary or secondary resistance, as well as by drug toxicities, and about half of 
immunotherapy patients are refractory to immune checkpoint inhibitors. Loss of Werner 
syndrome ATP-dependent helicase (WRN) is a synthetic-lethality in dMMR/MSI-H cells. 
To inform the development of WRN as a therapeutic target, we performed WRN 
knockout or knockdown in over 60 heterogeneous dMMR CRC preclinical models, 
demonstrating that WRN dependency is an almost universal feature, and a robust marker 
for patient selection. Furthermore, models of primary and acquired resistance to 
clinically-relevant targeted therapy, chemotherapy, and immune checkpoint blockade 
retain WRN dependency. These data show the potential of therapeutically targeting WRN 
in most dMMR/MSI-H CRC patients, and support the development of WRN as a 
therapeutic option for patients with dMMR/MSI-H cancers refractory to current treatment 
strategies. 
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INTRODUCTION


DNA mismatch repair (MMR) is an evolutionarily conserved process that recognizes and 
repairs spontaneously mis-incorporated bases during DNA replication. Microsatellite 
instability (MSI) is caused by impaired MMR and is a ubiquitous feature in cancer, 
observed in >20 different tumor types and frequently present in colon, ovarian, 
endometrial, and gastric cancer, with hundreds of thousands of estimated MSI cancer 
diagnoses worldwide each year. Lynch syndrome is caused by inherited MMR defects 1. 
Approximately 10 - 15% of sporadic CRC display dMMR/MSI, with important prognostic 
and therapeutic implications for patients 2.  
   Molecularly targeted therapies and chemotherapy agents are used to treat patients 
with dMMR CRC. Tumor evolution and resistance are major causes of treatment failure 
and mortality in CRC patients 3,4. For instance, activating KRAS mutations lead to primary 
and secondary resistance to epidermal growth factor receptor (EGFR)-targeted therapies 
5,6. Combination therapies based on vertical suppression of the EGFR - mitogen-
activated protein kinase (MAPK) pathway are effective in BRAF-mutated CRC tumors 
7,8,9,10, but again resistance occurs in preclinical models and the clinical setting 11,12,13. 
Rearrangements in ROS1, ALK, or NTRK are also enriched in dMMR tumors 14,15 and 
lead to hypersensitivity to matched kinase inhibitors 16. Resistance to these matched 
targeted agents can emerge due to NTRK1 mutations or by genomic alterations that 
converge to activate the MAPK pathway 17,18,19. Immunotherapy with checkpoint 
inhibitors to PD-1 and PD-L1 are effective against dMMR CRC tumors due to their high 
mutational burden and increased numbers of neoantigens 20,21,22. While response rates 
to checkpoint inhibitors are high and durable for many dMMR CRC patients, around half 
have primary resistance and are refractory to treatment 22,23,24,25, and secondary 
resistance is a problem 21,26,27. Thus, while advances in precision medicine have led to 
improved treatment options for dMMR/MSI-H CRC patients, a range of mechanisms can 
confer resistance and there remains an unmet clinical need for new therapeutic options 
for patients that are refractory to currently available therapies.    
    We and others recently identified Werner helicase (WRN) as a synthetic-lethal target in 
dMMR/MSI-H cancers, with a large proportion of sensitivities in CRC cancer cell lines 
28,29,30,31. WRN is a member of the RecQ family of DNA helicases and has important but 
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poorly understood roles in maintaining genome stability, DNA repair, replication, 
transcription, and telomere maintenance (32,33). WRN is selectively essential for dMMR/
MSI-H cell viability both in vitro and in vivo, and WRN knockout in dMMR/MSI-H cells 
induces double-stranded DNA breaks and widespread genome instability, promoting 
apoptosis 32,33. A previously unappreciated genetic feature of dMMR/MSI-H cancer cells, 
DNA (TA)n-dinucleotide repeat expansions, have recently been reported to cause the 
selective vulnerability to WRN depletion 34. Given these promising results, translational 
efforts are needed to comprehensively evaluate the efficacy of WRN inactivation and the 
performance of dMMR/MSI status as a biomarker of response for patient stratification. In 
this context, targeting WRN potentially represents an effective option as first-line 
treatment in monotherapy or combinatorial regimens. Additionally, WRN dependency has 
not been evaluated in advanced or therapy-refractory tumors, such as in the context of 
primary and acquired resistance to targeted agents, chemotherapy, and/or 
immunotherapy.  
   In the present study, we determined the spectrum of WRN dependency in a broad 
collection of dMMR/MSI-H CRC models, including those derived from patients refractory 
to targeted agents and chemotherapy, or that displayed limited benefit from immune 
checkpoint inhibitors. We demonstrate that WRN dependency is widespread in a 
heterogeneous collection of dMMR models, supporting the use of MSI status for patient 
stratification. Additionally, we provide evidence that WRN synthetic-lethality is retained in 
diverse models of primary and acquired resistance to targeted therapy, chemotherapy, 
and checkpoint inhibitor therapy, expanding the cohort of patients potentially benefiting 
from WRN-targeted therapies.  
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RESULTS


 
WRN dependency in heterogeneous dMMR CRC preclinical models.  

WRN helicase is a promising candidate drug target for dMMR cancers. A limited number 
of CRC cell lines have been used to evaluate WRN inhibition efficacy, and an in- depth 
evaluation of WRN dependency in a diverse set of preclinical models is missing. To 
assess the robustness of the WRN-dMMR association, we assembled the largest 
collection of dMMR CRC preclinical models to date, including 60 unique models (each 
from a different individual) derived from primary tumors and metastatic lesions, and 
comprised of both cancer cell lines and newly-generated patient-derived 3D organoid 
cultures (Fig. 1A and Supplementary Table S1). This collection reflects the genetic/
molecular diversity observed in dMMR/MSI-H CRC patients (Supplementary Fig. S1A). 
Pathogenic missense mutations in KRAS occurred in 35% (n = 21) of models, while 
BRAF V600E mutations were present in 33% (n=20). Cell lines with oncogenic driver 
gene fusions in the NTRK gene (n = 2), as well as ALK and RSPO3 genes (n = 1 of 
each), were represented 35,36.  
     Of the 60 dMMR CRC models, we curated published WRN dependency data for 22 
cell lines previously measured by genome-wide CRISPR-Cas9 screens or siRNA-
mediated WRN knockdown 28,29,37. Profiles of WRN dependency were generated by 
CRISPR- Cas9 and/or RNA interference for an additional 38 dMMR CRC preclinical 
models not included in previous studies, including models derived from metastatic 
lesions (Fig. 1A). Cell lines (n = 29) were tested by RNA interference (Fig. 1B), while 
patient-derived organoids (n = 5) were tested by either CRISPR-Cas9-based dropout 
screening or viability and co-competition assays (Supplementary Fig. S1B-D). Five 
additional difficult-to-transfect cell lines and models displaying an intermediate response 
by RNA interference were confirmed to be sensitive using CRISPR-Cas9-based 
clonogenic assays (Fig. 1C). Strikingly, altogether 92% (55 of 60) of dMMR/MSI CRC 
models were dependent on WRN for viability, irrespective of the presence of different 
cancer driver mutations or gene rearrangements (Fig. 1A). As expected, MMR-proficient 
models were not affected by WRN knockout (Supplementary Fig. S1B). Interestingly, five 
outlier dMMR models were not dependent on WRN, retaining >75% viability following 
depletion (Fig. 1B). We independently confirmed the lack of WRN dependency in these 
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models by CRISPR-Cas9 clonogenic assays and efficient WRN downregulation and 
knockout by Western Blot (Fig. 1D and Supplementary Fig. S1E- F). Moreover, in WRN-
independent MSI-H cells, less than 10% of metaphases are affected by double-strand 
breaks (DSBs) after WRN knockout, similar to what is detected in MSS cells 
(Supplementary Fig. S1G-H).  
     Integration of multiple mutation, gene, and protein expression datasets for the models 
confirmed that all had one or more alterations in a gene encoding a protein involved in 
MMR (Fig. 1E). WRN dependency was not associated with mutational burden (p = 0.88; 
Student's t-test). Interestingly, we observed a statistically significant enrichment for MSH2 
(p = 0.0048 or 0.0357 excluding cell lines with missing data; Fisher's exact test) and 
MLH1 (p = 0.0096 or 0.0625) alterations in WRN-dependent versus independent cell 
models. We re- assessed MSI status by PCR and independently evaluated MLH1, 
MSH2, and MSH6 protein expression by Western Blot for WRN independent lines 
(Supplementary Fig. S2A). All the models were confirmed MSI-H except GEO, which 
was classified as MSI-low, explaining WRN independence and the absence of alterations 
in canonical MMR pathway genes in this model. An analogous analysis in an 
independent set of cancer models from non-CRC dMMR/MSI-H-predominant tissue 
lineages confirmed an enrichment for MSH2 alterations (p- value = 0.0391) in WRN 
dependent models, but not MLH1 (Supplementary Fig. S2B). We then performed PCR-
based and WGS sequencing coverage analysis to assess MSI cell lines for expanded 
TA-repeats, a recently identified feature of MSI cells contributing to WRN synthetic-
lethality (33). WGS sequencing data were available for a subset of cell lines. We 
confirmed the presence of expanded TA-repeats in MSI WRN-dependent cell lines 
compared to MSS cells, as evidenced by a failure to PCR amplify some broken repeat 
regions and reduced WGS sequencing coverage across broken repeats (p-value < 
0.001) (Supplementary Fig. S2C-D). Strikingly, MSI-H WRN-independent cells were 
most similar to MSS cells, with little or no evidence of expanded TA-repeats with either 
analysis. The expanded TA-repeat phenotype was variable in cell lines within the MSI 
subgroups, but nonetheless our results suggest that repeat length is not altered, or at 
least not to the same extent, in WRN-independent MSI-H cell lines.  
    Overall, employing a heterogeneous collection of dMMR/MSI-H CRC models, 
including a large cohort of previously untested models, our results indicate that inhibiting 
WRN has a nearly universal synthetic-lethal effect, strongly supporting WRN as a target 
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and dMMR as a therapeutic biomarker for patient selection. There exists however a rare 
subset of dMMR/MSI-H CRC, characterised by the absence of MLH1 and MSH2 
alterations and expanded TA-repeat phenotype, which are not dependent on WRN and 
would presumably be refractory to WRN targeted therapies.  
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Figure 1: Landscape of WRN dependency in dMMR CRC preclinical models. (previous page)  
 
A, Oncoprint representation of WRN dependency and oncogenic driver mutations in dMMR CRC models. For 
each model, WRN dependency status, type of model, tumor type, mutational burden, model type, publication 
status of WRN dependency data, and assay types are annotated. Missense mutations in KRAS and BRAF, and 
oncogenic rearrangements in NTRK1, ALK, and RSPO3 are indicated.  
B, WRN depletion assay in 29 dMMR CRC cell lines. Bars are normalized viability upon siRNA-mediated WRN 
depletion in WRN-dependent cell lines and WRN-independent cell lines, as indicated. Non-targeting siRNA or 
PLK1 siRNAs (blue bars) were used as negative and positive controls, respectively. Dots represent mean and 
SD of 3 independent experiments with 5 technical replicates each. SNU1040 was tested twice.  
C, WRN dependency in hard to transfect cell lines and models displaying an intermediate response by RNA 
interference evaluated by CRISPR-cas9-based clonogenic assays (14 days).  
D, Clonogenic assays of dMMR CRC models insensitive to WRN knockout. Clonogenic assays are 
representative of three independent experiments.  
E, Genomic and proteomic profile of MMR-pathway gene alterations in dMMR CRC cancer models. Coloured 
(red, blue, green, and light black) boxes indicate the presence of the alteration. Light grey boxes represent data 
unavailable.  

WRN inhibition is effective in dMMR CRC models of acquired resistance to 
targeted therapies and chemotherapy  

New treatment options for patients with advanced and treatment-refractory disease 
represents an unmet clinical need. Given the diverse genetic background of tumors 
dependent on WRN, we hypothesized that dMMR tumors with acquired resistance to 
targeted therapies and chemotherapy may retain WRN dependency. To investigate this, 
we began by using isogenic dMMR CRC cell models of acquired resistance to clinically-
relevant single agent or combination therapies (Fig. 2A) 11,18,38. Specifically, cells were 
made resistant in vitro to the anti-EGFR monoclonal antibody cetuximab, the combination 
of cetuximab and the BRAF inhibitor (BRAFi) dabrafenib (D+C), or the NTRK inhibitor 
entrectinib. We confirmed drug sensitivity of the parental cell lines and corresponding 
resistance of the derivative line (Supplementary Fig. S3A). Upon RNAi-mediated silencing 
of WRN, all models showed a marked reduction in fitness (Fig. 2B). To confirm these 
results, we independently performed CRISPR-Cas9 knockout of WRN and observed a 
marked reduction in cell fitness in all drug-sensitive and drug-resistant lines (Fig. 2C). 
Downregulation or knockout of the WRN protein was confirmed by Western blot 

(Supplementary Fig. S3B-C).  
   Triple therapy based on EGFR, BRAF, and MEK inhibitors recently demonstrated 
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efficacy in metastatic CRC patients with the BRAF V600E mutation (9). To validate WRN 
dependency in this setting, we selected drug-resistant BRAF-mutated VACO432 cells in 
the presence of dabrafenib and cetuximab (D+C) double therapy, and dabrafenib, 
trametinib, and cetuximab (D+C+T) triple therapy (Fig. 2A). The resulting resistant cells 
had a KRAS G13D mutation, which is a common mechanism of acquired resistance to 
this therapy regimen in CRC patients 10 (Supplementary Fig. S3D). Remarkably, cell lines 
resistant to double or triple therapy retained notable sensitivity to the loss of WRN (Fig. 
2B-C). Lastly, we used cell lines derived from a patient-derived xenograft (PDX) model 
generated from a CRC patient positive for LMNA-NTRK1 rearrangement, treated in vivo 
with entrectinib in a mouse-human co-clinical trial 18. An NTRK1 G595R mutation led to 
entrectinib resistance both in the patient and in the resistant cell line generated from the 
tumor that acquired resistance in vivo (Supplementary Fig. S3E-F). Again, both the 
entrectinib-sensitive and resistant cell lines showed a strong dependency on WRN (Fig. 
2D-F). WRN knockout in LMNA-NTRK1 cells led to numerous chromosomal 
abnormalities, including chromatid and chromosome breaks and rearrangements (Fig. 
2G-H and Supplementary Fig. S3G). 

Figure 2. WRN dependence in models of acquired resistance to targeted agents. (next page)  
 

A, Representation of in vitro dMMR CRC models of acquired resistance to EGFR, NTRK1, and BRAF- target 
therapies.  
B and D, Cell viability in models of acquired resistance upon transfection of WRN- targeting siRNAs. PLK1 
(siPLK1) siRNA were used as positive control. MMR-proficient (pMMR) cell line SW620 was included as a 
negative control. Data are the mean ± standard deviation (SD) of three independent experiments with five 
technical replicate each and were analyzed with two-tailed Student's t-test comparing siWRN to non-targeting 
control: ns, not significant; * p ≤0.05, ** p ≤0.01 and *** p ≤0.001.  
C and E, Normalized viability data in models of acquired resistance upon WRN knockout. Non-essential 
(sgNon) and PLK1 (sgPLK1) sgRNAs were used as negative and positive controls, respectively. The pMMR 
SW620 cell line was a negative control. Data are mean and SD of 3 independent experiments with 5 technical 
replicates each. Statistical significance was evaluated comparing WRN sgRNAs versus non-essential gene 
sgRNA (sgNon) performing a two-tailed Student's t-test: ns, not significant; P ≤0.05, ** P ≤0.01 and *** 
P≤0.001.  
F, WRN reduction verified by Western blot. siRNA non-targeting controls (siNTC), siRNA targeting WRN 
(siWRN). Tubulin is a loading control. Representative of two independent experiments.  
G, Quantification of metaphase chromatid breaks in IRCC1-XL-ENTR-R cells 96h after transduction with WRN 
sgRNA (n ≥ 20 randomly selected metaphases analyzed).  
H, Representative metaphase karyotype of IRCC-1-XL- ENT-R cells after 96h transduction with WRN-targeting 
sgRNA2. Red arrows indicate chromosome (chrb) and chromatid (chtb) breaks. 
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    We next evaluated WRN dependency in the setting of acquired resistance to standard 
of care chemotherapeutic agents. We treated the MSI CRC cell line HCT116 with 
increasing doses of oxaliplatin (two independent selections) until resistant cells emerged. 
We also generated MSI CRC SW48, RKO and LoVo cells resistant to irinotecan, 
oxaliplatin, or 5-FU (Fig. 3A-B and Supplementary Fig. S4A). Additionally, we established 
a cell line (IRCC-114-XL) from the PDX of a patient with a clinical history of Lynch 
syndrome, who relapsed after treatment with mFOLFOX (folinic acid, 5-fluorouracil, and 
oxaliplatin) for 6 months after surgery, displaying no objective response and rapid 
progression of disease (Fig. 3C-D). Notably, WRN knockout or depletion markedly 
reduced the viability of all twelve chemotherapy-resistant dMMR/MSI-H CRC sublines, 
and IRCC-114-XL cells (Fig. 3E-H, Supplementary Fig. S4B-D). WRN knockout in 
IRCC-114-XL cells promoted DSBs formation and marked chromosomal defects (Fig. 3I-
J and Supplementary Fig. S4E-G).  
  

 
Figure 3. WRN dependency in chemo-resistant dMMR/MSI-H CRC sublines and patient-derived 
model. (next page) 

A, dMMR CRC models of acquired resistance to chemotherapeutic agents.  
B, Proliferation assays of cell line models of acquired resistance to chemotherapies and parental counterparts. 
Data are average ± SD of three technical replicates and are representative of three independent experiments.  
C, The IRCC-114-XL cell line established from a PDX model of a Lynch syndrome patient treated with 
mFOLFOX for 6 months after surgery.  
D, Computed tomography (CT) scan of the IRCC-114 patient displaying drug resistance and early tumor 
progression after chemotherapy.  
E, F, G, Normalized viability of upon siRNA-mediated WRN depletion in HCT116 and SW48 chemotherapy-
resistant sublines and IRCC-114-XL cells. Non-targeting siRNA (siNT) and siPLK1 were used as negative and 
positive controls, respectively. Data are mean and SD of 3 independent experiments with 5 technical replicates 
each. Statistical significance was evaluated using a Student's t-test: ns, not significant; * P ≤0.05, ** P ≤0.01 
and *** P≤0.001  
H, Normalized viability for IRCC-114-XL cells upon WRN knockout. Non-essential (sgNon) and PLK1 (sgPLK1) 
sgRNAs were negative and positive controls, respectively. Data are mean and SD of 2 independent 
experiments with 5 technical replicates each. Statistical significance was calculated using a two-tailed 
Student's t- test: ns, not significant; P ≤0.05, ** P ≤0.01, and *** P≤0.001.  
I, Chromosome breaks in IRCC-114-XL cell line 96h after WRN depletion (≥20 metaphase spreads assayed).  
J, Representative images of IRCC-114-XL metaphases (left) and a pulverized metaphase (right) after 96h of 
transduction with a sgWRN. Red arrows indicate chromosome (chrb) and chromatid (chtb) breaks.  
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   Altogether, these results demonstrate that dMMR CRC cells resistant to clinically- 
relevant targeted therapies or chemotherapy retain a synthetic-lethal dependency on 
WRN, irrespective of the mutational background of the tumor and the therapeutic 
regimen to which resistance was acquired. 

Patient-Derived dMMR CRC Models Refractory to Immunotherapy are WRN 
Dependent 


We next used multiple patient-derived organoid models to investigate whether dMMR 
CRC tumors responding poorly to immunotherapy are dependent on WRN. First, we 
evaluated WRN dependency in the setting of resistance to T cell-mediated tumor cell 
killing using an autologous tumor organoid and peripheral blood lymphocyte co-culture 
system 39,40. We made use of a previously established organoid model from a dMMR 
CRC patient (CRC-12) together with matched tumor-reactive T cells generated by two 
weeks of co-culturing peripheral blood mononuclear cell (PBMCs) with tumor organoids 
39 (Fig. 4A left panel). CRC-12 cells were killed by autologous tumor-reactive T cells in a 
dose- dependent manner. Killing was rescued by the addition of a MHC class I blocking 
antibody, confirming an antigen-specific CD8+ T cell mediated response (Supplementary 
Fig. S5A). To generate a model of resistance, we in vitro selected a sub-population of 
CRC-12 organoids resistant to T cell killing (CRC-12-RES). In addition, as a positive 
control for resistance, we knocked out the B2M gene to create an isogenic CRC-12 line 
(CRC-12-B2M), and confirmed loss of MHC-I expression (Supplementary Fig. S5B). 
CD137 surface expression was used as a marker for T cell activation. Autologous CD8+ 
T cells were reactive to CRC-12 tumor organoids, whereas no CD8-mediated reactivity 
was detected in the presence of CRC-12-RES or CRC-12-B2M organoids; CD4+ T cell 
reactivity remained unaffected (Fig. 4B and Supplementary Fig. S5C-D). Accordingly, 
while CRC-12 parental organoids were killed by autologous tumor-reactive T cells, 
CRC-12-RES and CRC-12-B2M KO organoids were unaffected by the presence of the 
reactive population (Fig. 4C). Resistance in CRC-12-RES organoids was not due to the 
loss of MHC-I or IFNγ receptor (Supplementary Fig. S5B and E), and B2M mutations 
were absent. Next, we used these advanced models to investigate WRN dependency. 
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Strikingly, WRN knockout inhibited viability in the parental CRC-12 organoid, as well as 
CRC-12-RES, demonstrating that strong WRN dependency is retained in a model 
refractory to autologous T cell-mediated cytotoxicity (Fig. 4D).  
    To corroborate our findings, we investigated WRN dependency in two organoids 
derived from a sporadic dMMR CRC patient with variable clinical response to 
immunotherapy. CRC-14a and CRC-14b were derived from biopsies obtained from a 
peritoneal metastasis and primary tumor of a patient with a clinical treatment history of 
capecitabine, oxaliplatin, and bevacizumab, then treated with nivolumab monotherapy 
(Fig. 4A, right panel). The CRC-14a metastasis biopsy was taken before the start of the 
checkpoint blockade, and this lesion regressed on nivolumab, whereas the biopsy for 
CRC- 14b was taken from the primary tumor upon progression on nivolumab (Fig. 4E). 
To induce (or enrich for) a tumor reactive T cell population, both organoids were 
individually co-cultured with autologous PBMCs obtained before treatment with 
nivolumab 39,40. After 2 weeks of co-culture with CRC-14a (from the responsive 
metastatic lesion), we observed marked and selective CD8+ T cell reactivity against 
CRC-14a (but not CRC-14b) organoids (Fig. 4F). In contrast, when CRC-14b organoids 
(derived from the non-responding primary tumor) were used in the co-culture, no T cell 
reactivity was detected against any of the organoid lines. Of note, CD4+ T cell reactivity 
remained unaltered (Supplementary Fig. S5F). Interestingly, loss of MHC-I expression 
was found in CRC-14b, potentially explaining the failure to generate tumor reactive T 
cells from PBMCs, and lack of clinical response to nivolumab treatment (Supplementary 
Fig. S5G). B2M protein expression in CRC-14b was confirmed by flow cytometry 
(Supplementary Fig. S5H) and no frameshift or nonsense mutations were detected, 
suggestive of a B2M-independent resistance mechanism, although a non- synonymous 
variant of unknown significance (Y30C) was present. These results support CRC-14b as 
an ex vivo model to evaluate WRN dependency in an immune refractory setting. Viability 
assays after CRISPR-based knock-out of WRN in CRC-14b organoids revealed a strong 
dependency on the WRN helicase (Fig. 4G-H). Altogether, these data provide multiple 
lines of evidence that WRN dependency is retained in patient-derived dMMR CRC 
preclinical models of resistance to immunotherapy. 
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Figure 4. Patient-derived CRC dMMR organoid models refractory to immunotherapy are WRN 
dependent. (previous page)


A, dMMR CRC tumor organoid-T cell co-cultures from a sporadic dMMR primary tumor (left panel) or two 
lesions in a patient with a heterogeneous clinical response to nivolumab (right panel).  
B, CD137 expression of CD8+ T cells upon stimulation with different CRC-12-derived organoids lines. Values 
are background corrected, and bars represent mean and SEM of two independent experiments.  
C, Organoid killing after 3 days of T cell co-culture. Error bars represent SEM of at least two biological 
replicates.  
D, Viability in CRC-12 and CRC-12-RES upon WRN knockout. Non-essential (sgNon) and PLK1 (sgPLK1) 
sgRNAs were negative and positive controls, respectively. Data are the mean ± standard deviation (SD) of 
three independent experiments with 6 technical replicates each.  
E, Computer tomography scans over an 8-month period of the peritoneal metastasis lesion and the primary 
tumor of CRC-14 patient treated with nivolumab. Red and green arrow indicates a size increase and reduction, 
respectively.  
F, IFNγ expression of CD8+ T cells upon exposure to CRC-14a (responsive) or CRC-14b (non responsive) 
organoids. Stimulation with PMA/ionomycin is a positive control. Background IFN-γ-positive cells (in 
unstimulated condition) was subtracted from the signal. Data are the mean and SEM of at least 2 independent 
experiments.  
G, Viability of CRC-14b organoids upon WRN knockout. sgNon and sgPLK1 were used as negative and 
positive controls, respectively. Data are the mean ± standard deviation (SD) of four independent experiments 
(10 technical replicates each).  
H, Representative images of CRC-14b (10x magnification) 10 days after transduction with indicated sgRNAs.  
C, D, G: Significance was evaluated by two-tailed Student’s t test. ns, not significant; ** P ≤0.01 and *** 
P≤0.001. 
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DISCUSSION  

We have investigated the potential of therapeutically targeting WRN in preclinical models 
of dMMR CRC, including in the setting of resistance to targeted therapies, chemotherapy 
and immunotherapy. We used the largest collection of dMMR CRC preclinical models 
characterized to date, nearly tripling the number assessed for WRN dependency. Greater 
than 90% of models were WRN dependent, including models with diverse genetic 
backgrounds, molecular contexts, and oncogenic alterations, suggesting WRN 
dependency is an almost universal feature of dMMR/MSI CRC cells. This reinforces 
dMMR/MSI status as a robust biomarker for WRN synthetic-lethality and to stratify 
patients for the clinical development of WRN-targeted therapies. Notably, for the ~7% of 
dMMR CRC models that were WRN independent, functional expression of MSH2 and 
MLH1 was retained, suggesting that WRN dependency is influenced by the underlying 
MMR-pathway genes altered. Moreover, TA-repeats are differentially altered compared to 
MSI-H WRN dependent lines, suggesting that loss of MSH2 or MLH1 might be of 
particular importance to generate TA- dinucleotide repeat expansions reported to confer 
WRN addiction 34. This observation warrants confirmation in larger cohorts but, if 
validated, could provide mechanistic insight into the WRN-MSI synthetic lethal interaction 
and help refine patient selection strategies based on novel biomarkers of sensitivity.  
    Inhibition of WRN leads to genome instability in dMMR cells. This may be due to a 
catastrophic failure to process TA-dinucleotide expansions that accumulate in MSI cells 
34. This is distinctive from targeted agents which inhibit specific oncogenic alterations in 
cancer cells and immunotherapies which suppress immune evasion and tolerance. 
Consistent with an orthogonal therapeutic activity, WRN is a synthetic-lethality in 
preclinical models of resistance to molecular targeted therapies, including models 
addicted to a diverse set of oncogenic alterations and that acquire different genetic 
mutations to promote therapy escape. In addition, WRN is synthetic-lethal in patient-
derived models from dMMR CRC patients with limited clinical benefit from chemotherapy 
and PD-1 inhibitors, or resistant to autologous T-cell mediated cancer cell killing. 
Resistance to targeted therapies can occur through a range of mechanisms, including 
through reactivation of the targeted pathway, while for immunotherapies, several 
mechanisms of resistance are emerging including loss of antigen processing and 
presentation 41. Our finding suggests that WRN inhibitors could be effective as a second 
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or third-line monotherapy for dMMR patients. Indeed, WRN sensitivity was not correlated 
with mutational load in dMMR tumors, whereas low mutability in dMMR tumors is 
negatively associated with response to immune checkpoint blockade 25,42. Because of 
their independent modes of action, combining a checkpoint inhibitor, chemotherapy or a 
targeted therapy with a WRN inhibitor may suppress cross-resistance and promote 
tumor eradication. Moreover, WRN inhibition may also be synergic with immunotherapy 
as loss of DNA repair modulates the neoantigen landscape and increases mutational 
burden, leading to an enhanced immune response 43. DNA damage resulting from loss 
of WRN could likewise potentiate the effects of immunotherapy, similar to combining 
chemotherapeutics with immune-modulating agents 44. Investigations into the effects of 
WRN inhibition on immune recognition and surveillance to increase therapeutic efficacy 
for patients with dMMR CRC refractory to immunotherapy regimens are warranted. 
Collectively, our findings provide a rationale for the clinical development of WRN-targeted 
medicines in advanced CRC patients, and potentially in combination with existing 
therapies.  
    For our study, we exploited a tumor organoid T cell co-culture system as a preclinical 
tool to assess WRN dependence. We used for the first time an organoid co-culture 
system to model in vitro acquired resistance to T cell killing. Mechanisms driving 
resistance to immunotherapy and tumor reactive T-cells in these model are currently 
unverified, but loss of MHC-I expression in organoids derived from an anti-PD-1 resistant 
tumor points to a loss of antigenicity and immunogenicity due to immune selection 
pressure, favouring the growth of tumor cell clones with a non-immunogenic phenotype, 
similar to what has been described clinically 45.  
   WRN has a role in maintenance of genome stability and Werner syndrome is an 
autosomal recessive disorder associated with premature ageing caused by mutation in 
the WRN gene. Nonetheless, WRN mutations are compatible with human development 
well into the fourth decade of life, and disease-associated complications take decades 
to manifest, suggesting a therapeutic window of activity could be achieved using WRN-
targeted medicines in appropriately selected patients. WRN is the focus of ongoing drug 
discovery programs. Small molecule WRN helicase inhibitors have been reported 46,47, 
but their efficacy is impaired by lack of selectivity against dMMR cells, off-target effects, 
and cytotoxicity to normal cells 48. Our study provides new information to support the 
continued development of WRN-targeted medicines. Furthermore, as potent and 
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selective WRN drugs are developed, our findings will inform patient selection strategies 
and provide a strong rationale for their clinical development in patients with dMMR 
tumors not benefiting from current therapeutics alone.  
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METHODS 

 
Cell models 


A full description of cell models (cell lines and organoids) used in this study is provided in 
Supplementary Table 1. The majority of cell lines were curated from the Genomics of 
Drug Sensitivity 1000 cell line collection and are annotated in the Cell Model Passports 
database (https://cellmodelpassports.sanger.ac.uk/) (49), or are from previously reported 
collection 35,50. The LIM1215 parental cell line has been described previously (ADD REF: 
R. H. Whitehead, F. A. Macrae, D. J. St John, J. Ma, A colon cancer cell line (LIM1215) 
derived from a patient with inherited nonpolyposis colorectal cancer. J. Natl. Cancer Inst. 
74, 759– 765 (1985)) and was obtained together with LIM2405, LIM2412 and LIM2537 
from Prof. Robert Whitehead, Vanderbilt University, Nashville, with permission from the 
Ludwig Institute for Cancer Research, Zurich, Switzerland. LIM2550 and LIM2551 were 
obtained from CellBank Australia. Cell lines were maintained in their original culturing 
conditions according to supplier guidelines or as previously described 51. Cells were 
supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics (100 U/mL penicillin 
and 100 mg/mL streptomycin) and grown at 37 °C and 5% CO2 air incubator. Cells 
were routinely screened for the absence of mycoplasma contamination using the 
VenorGeM Classic kit (Minerva Biolabs). The identity of each cell line was checked 
before starting each experiment and after every genomic DNA extraction by PowerPlex16 
HS System (Promega), through Short Tandem Repeats (STR) at 16 different loci 
(D5S818, D13S317, D7S820, D16S539, D21S11, vWA, TH01, TPOX, CSF1PO, 
D18S51, D3S1358, D8S1179, FGA, Penta D, Penta E, and amelogenin). Amplicons 
from multiplex PCRs were separated by capillary electrophoresis (3730 DNA Analyzer, 
Applied Biosystems) and analyzed using GeneMapper v 3.7 software (Life Technologies). 
The MSI status of the cell lines and organoids in Fig. 1 was previously reported 35,39,52 
and/o r pub l i c l y ava i l ab le (Ce l l Mode l Passpor ts da tabase (h t tps : / /
cellmodelpassports.sanger.ac.uk/) 49. The PDX-derived cell line IRCC-114-XL was 
generated following previously described procedures 37 approved by the Italian Ministry 
of the Health and the Local Ethics Committee (Protocol n. 1014/2009 and 194/2010 of 
Grande Ospedale Metropolitano Niguarda, Milano, Italy) in accordance with generally 
accepted guidelines for the use of human material. Organoids were derived at the 
Sanger Institute by the Cell Model Network UK consortium (CMN-UK) as part of the 
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Human Cancer Model Initiative (HCMI), and genomic characteristics, such as 
microsatellite stability status, were downloaded from the Cell Model Passports website49.  
  Patient-derived organoids for immuno-oncology studies were derived at the 
Netherlands Cancer Institute as previously reported (Dĳkstra et al. 2018; Cattaneo et al. 
2020). Briefly, tumor tissue was mechanically dissociated and digested with 1.5 mg/mL 
of collagenase II (Sigma-Aldrich),10 μg/mL of hyaluronidase type IV (Sigma-Aldrich), and 
10 μM Y-27632 (Sigma-Aldrich). Cells were embedded in Geltrex (Geltrex LDEV-free 
reduced growth factor basement membrane extract, Gibco) and placed in a 37 °C 
incubator for 20 min. Human CRC organoids medium is composed of Ad-DF+++ 
(Advanced DMEM/F12 (GIBCO) supplemented with 2 mM Ultraglutamine I (Lonza), 10 
mM HEPES (GIBCO), and 100/100 U/mL Penicillin/Streptomycin (GIBCO), 10% Noggin-
conditioned medium, 20% R-spondin1- conditioned medium, 1x B27 supplement 
without vitamin A (GIBCO), 1.25 mM N- acetylcysteine (Sigma-Aldrich), 10 mM 
nicotinamide (Sigma-Aldrich), 50 ng/mL human recombinant EGF (Peprotech), 500 nM 
A83-01 (Tocris), 3 μM SB202190 (Cayman Chemicals) and 10 nM prostaglandin E2 
(Cayman Chemicals). Organoids were passaged every 1–2 weeks by incubating in 
TrypLE Express (Gibco) for 5–10 min followed by embedding in Geltrex. Organoids and 
cell lines were authenticated by SNP array and regularly tested for Mycoplasma using 
Mycoplasma PCR43 and the MycoAlert Mycoplasma Detection Kit (catalog no. 
LT07-318). In the first two weeks of organoid culture, 1x Primocin (Invivogen) was added 
to prevent microbial contamination. All the procedures performed with patient specimens 
were conducted under the approval of the institutions’ local Ethical Committee, after the 
written informed consent of the patients. The study (NL48824.031.14) was approved by 
the Medical Ethical Committee of the Netherlands Cancer Institute – Antoni van 
Leeuwenhoek hospital and written informed consent was obtained from all patients. 
Peripheral blood and tumor tissue were obtained from patients with a confirmed 
diagnosis of colorectal cancer.  

 
Generation of subline resistant to chemotherapy.  

Colorectal cancer cell lines SW48, LoVo, RKO and HCT116 were obtained from ATCC. 
SW48, LoVo and RKO drug-resistant sublines were derived from the resistant cancer cell 
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line (RCCL) collection (https://research.kent.ac.uk/industrial-biotechnology-centre/the- 
resistant-cancer-cell-line-rccl-collection/) 53 and established by continuous exposure to 
stepwise increasing drug concentrations as previously described 54. SW48, LoVo and 
RKO resistant sublines were adapted to growth in the presence of 5-fluorouracil (5-FU) 
(8, 1.5 and 3μM; 5f-R), irinotecan (8, 0.34 and 1.7 μM; ir-R), or oxaliplatin (5, 5 and 3.8 
μM; ox- R), respectively. SW48, LoVo and RKO cells were propagated in DMEM/F-12 
supplemented with 10 % FBS, 100 IU/mL penicillin and 100 μg/mL streptomycin at 
37°C. Similarly, HCT116 resistant sublines (HCT116 ox-R_A and B) were adapted to 
growth in the presence of 5 μM of oxaliplatin.  

Molecular characterization of WRN-independent dMMR cell lines 


The MSI status of WRN independent dMMR models (GEO, HCT15, HDC143, SNU175, 
and IRCC3HL) was re-assessed and confirmed with the MSI Analysis System kit 
(Promega). The analysis requires a multiplex amplification of seven markers, including five 
mononucleotide repeat markers (BAT-25, BAT-26, NR-21, NR-24, and MONO-27) and 
two pentanucleotide repeat markers (Penta C and Penta D). The products were analyzed 
by capillary electrophoresis in a single injection (3730 DNA Analyzer, ABI capillary 
electrophoresis system (Applied Biosystems). Results were analyzed using GeneMapper 
V5.0 software. Mutations in MMR-pathway genes were downloaded from The Cell 
Model Passport or Dependency Map (DepMap) websites. Mutations in IRCC3-HL and 
HDC143 cell lines were obtained by whole-exome sequencing data generated at the 
Candiolo Cancer Institute. Mutational burden of cancer cell lines was computed 
analyzing NGS data previously published (55–57) and available at the European Nucleotide 
Archive (ENA; accession codes PRJEB33045 and PRJEB33640). Genetic analysis was 
performed as described in the (55– 57). Mutations in VACO432 C+D+T cell model were 
detected though Sequenom analysis by using Myriapod Colon status kit (Diatech 
Pharmacogenetics, Italy). SNP were excluded except if predicted as damaging. For gene 
expression, we used RNAseq (RPKM) data previously generated (58). For GEO and 
HDC143 we used gene expression data obtained previously (35). Proteomics data were 
already available (59,60). To identify which MMR- pathway gene displayed altered gene or 
protein expression, we computed the Z-score by gene across all the cell lines in the 
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respective dataset and considered genes with Z-score or normalized values less than 
negative 2 to identify genes downregulated in a particular sample. WRN dependency 
was obtained mining essentiality data obtained from multiple sources: Project Score 
(https://score.depmap.sanger.ac.uk/) and Dependency Map (DepMap; https://
depmap.org/portal/) websites or additionally available datasets (61). Cell lines were 
considered WRN dependent if WRN essentiality reached threshold values of significance 
in at least one of the CRISPR (Sanger or DepMap Public 20Q2) or combined RNAi 
(Broad, Novartis, Marcotte) datasets. Statistical significance was computed by 
performing Fisher's exact comparison for the presence of cumulative alterations 
(mutation, gene expression, and protein expression) detected in WRN-dependent versus 
WRN- independent cell lines. For TA-dinucleotide repeat expansion analysis whole 
genome sequencing data for cancer cell lines were downloaded from SRA study 
SRP186687 (https://trace.ncbi.nlm.nih.gov/Traces/study/?acc=SRP186687). Fastq files 
were mapped to human genome reference GRCh38 using bwa-mem alignment 
algorithm 62 and then PCR duplicates were marked using MarkDuplicates tool (http://
broadinstitute.github.io/picard). The genomic coordinates of broken and unbroken 
regions were downloaded from Wietmarschen et al. Nature, 2020 (34), and then 
converted into the GRCh38 assembly version using the LiftOver tool (63). A total of 5362 
and 59926 broken and unbroken regions were analysed, respectively. For all WGS the 
fragments per base per million (FPBM) were calculated in each interval as reported in 
Wietmarschen et al. Nature, 2020 (34), and, lastly, the median values of broken and 
unbroken regions were estimated in each sample. PCR- based analysis of TA-repeats 
were performed as previously reported (34), using the same PCR primer sequences. 
Samples were denatured at 95 °C for 3 min and underwent 28 cycles of denaturation at 
95 °C for 30s, annealing/extension at 60 °C for 3 min, followed by an extension at 60 °C 
for 10 min. PCR products were separated on a 2% agarose gel and visualized by 
ethidium bromide staining.  

Immunohistochemistry 


Immunohistochemistry assessment of MMR status in patient-derived organoids derived 
at the Netherlands Cancer Institute was performed as follows. Formalin-fixed, paraffin- 
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embedded (FFPE) sections were obtained from both pretreatment biopsies and 
resection specimens. Baseline tumor biopsies were used to assess MMR status using 
IHC for MLH1, PMS2, MSH2 and MSH6 according to standard protocols for the 
Ventana automated immunostainer (MLH1 Ready-to-Use, M1, 6472966001, lot no. 
G07286, Roche; MSH2, Ready-to-Use, G219-1129, 5269270001, lot no. 1616008C, 
Roche; MSH6, 1/50 dilution, EP49, AC-0047, lot no. EN020910, Abcam; PMS2, 1/40 
dilution, EP51, M3647, lot no. 1012289, Agilent Technologies).  

Generation of Cas9 expressing cell lines 


Between 2-3 x 105 cells were transduced overnight with lentivirus containing Cas9 

(Addgene, 68343) in a T25 flask, in the presence of polybrene (8 μg/mL). Lentivirus- 
containing medium was refreshed the following day with complete medium. Tumoral 
organoids were dissociated into single cells and incubated overnight in suspension and 
complete media. The following day cells were seeded in matrigel and grown as 
organoids. Positively transduced cells were selected for with blasticidin (20 μg/mL, 
Thermo Fisher Scientific, A1113903) starting 48 hours after transduction. Cas9 activity 
was determined as described previously (64). Briefly, cells or organoids were transduced 
with Cas9 reporter virus (pKLV2-U6gRNA(gGFP)- PGKBFP2AGFP-W), as described 
above. The number of BFP+ and GFP-BFP double-positive cells were determined by 
flow cytometry on a BD LSR Fortessa instrument (BD), and data were subsequently 
analysed using FlowJo to determine the percentage of BFP+ cells. All cell lines and 
organoid lines displayed Cas9 activity over 75%.  

Organoid genome editing and genome-wide CRISPR-Cas9 screens 


The genome-wide sgRNA library transduction was adapted from a previous protocol 
recently reported to screen cancer cell lines 64. Briefly, tumor organoids were dissociated 
into single cells, and a total of 3.3x107 cells were transduced overnight, in suspension, 
with an appropriate volume of the lentiviral-packaged whole-genome sgRNA library to 
achieve 30% transduction efficiency (100x library coverage) and polybrene (8 μg/mL). 
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The following day, cells were seeded in matrigel and grown as organoids. After 48h 
organoids were selected with Puromycin (2 μg/mL). After 14 days, approximately 2x107 

cells were collected, pelleted and stored at −80 °C for DNA extraction. Genomic DNA 
was extracted using the Qiagen, Blood & Cell Culture DNA Maxi Kit, 13362, as per the 
manufacturer’s instructions. PCR amplification, Illumina sequencing (19-bp single-end 
sequencing with custom primers on the HiSeq2000 v.4 platform) and sgRNA counting 
were performed as described previously (64). To generate B2M knockout organoids lines, 
we used sgRNA targeting B2M (GGCCGAGATGTCTCGCTCCG), cloned into 
LentiCRISPR v2 plasmid and the virus was produced by standard method. To express 
luciferase in the organoids, we used pLenti CMV Puro LUC (w168-1) (Plasmid #17477; 
Addgene).  

CRISPR-Cas9 viability and co-competition assay 


Approximately 1.5-3 x 103 Cas9 expressing cells per well, of a 96-well plate were 

transduced overnight in the presence of polybrene (8 μg/mL) with lentiviral constructs 
containing sgRNAs against:  
a non-essential gene (CYP2A13, GTCACCGTGCGTGCCCCGG),  
an essential gene (PLK1, GCGGACGCGGACACCAAGG),  
and two sgRNAs against WRN (#1, GAGCATGAGTCTATCAGAT) and  
(#2, GTCCTGTGGAACATACCATG).  
Medium was refreshed for fresh complete medium the following day, and cells were 
treated with blasticidin (20 μg/mL) and puromycin (2 μg/mL, Thermo Fisher Scientific, 
A1113803) to select for Cas9 expressing cells carrying the sgRNAs. Cells were allowed 
to grow for approximately 7-10 days before cell viability was determined using the 
CellTiter-Glo 2.0 Assay (Promega, G9241). For the co-competition assay, organoids 
were transduced as above to achieve 50% of BFP-positive cells and seeded in six-well 
plates the day after to form organoids. A co-competition score was determined as the 
ratio of the percentage of BFP-positive (sgRNA trasduced) cells on day 14 compared to 
day 3, as measured by flow cytometry.  
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RNA interference-based sensitivity assay  

Approximately 1.5-3.5 x 103 cells per well, of a 96-well plate, were reverse transfected 
with ON-TARGETplus siRNA, to a final concentration of 20 nM, using RNAiMAX 
(Invitrogen) as per manufacturer instructions. Each experiment included transfection 
reagent only as mock control, a non-targeting pool as negative control (Dharmacon, 
D-001810-10-05), polo-like kinase 1 (PLK1) pool as positive control (Dharmacon, 
L-003290-00-0010), and the targeting pool against WRN (Dharmacon, 
L-010378-00-0005).  
siRNA sequences:  
Non-targeting Control Pool 
UGGUUUACAUGUCGACUAA 
UGGUUUACAUGUUGUGUGA 
UGGUUUACAUGUUUUCUGA 
UGGUUUACAUGUUUUCCUA 
PLK1 
GCACAUACCGCCUGAGUCU 
CCACCAAGGUUUUCGAUUG 
GCUCUUCAAUGACUCAACA 
UCUCAAGGCCUCCUAAUAG 
WRN  
GAUCCAUUGUGUAUAGUUA 
GCACCAAAGAGCAUUGUUA 
AUACGUAACUCCAGAAUAC 
GAGGGUUUCUAUCUUACUA 
Cells were grow for 5-7 days. Cell viability was assessed using the CellTiter-Glo 2.0 
Assay (Promega, G9241) as described below.  

Drug sensitivity assay 


Drug sensitivity assays were performed to confirm the resistance of each cell line. For 
each pair of cell lines of interest, approximately 1.5-2.5 x 103 cells per well of a 96-well 
plate were seeded and grown for both the drug-sensitive and drug-resistant lines. The 
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following day, a concentration range of the respective drug was added to the cells, in 
triplicate per concentration per line, and cells were allowed to grow for 7-10 days. Cell 
viability was assessed using the CellTiter-Glo 2.0 Assay (Promega, G9241).  

 
Cell viability assay 


Cell viability was determined using the CellTiter-Glo 2.0 Assay (Promega, G9241), as per 
manufacturer instructions. Briefly, 25 μL of Celltiter-Glo 2.0 reagent was added to each 
well of a 96 well plate and incubated for at least 20 minutes at room temperature in the 
dark. After incubation, the luminescent signal was read out using an Envision Multiplate 
Reader.  

Western blotting 


Western blotting was performed to confirm the absence of WRN in siRNA and CRISPR 
treated cells. For siRNA-based knockdown, approximately 0.5-1 x 106 cells were 
seeded in a 6-well plate in OptiMem and treated as described above. This assay 
included siRNA pools targeting WRN and a non-targeting pool as negative control. For 
CRISPR-based knockdown, approximately 1 x 106 cells were seeded in a 10cm cell 
culture dish and treated as described above. This assay included two sgRNAs against 
WRN and a negative control without virus. Protein was isolated 72-96h after seeding with 
100-150 uL RIPA buffer supplemented with proteinase and phosphatase inhibitors. 
Lysate concentration was determined using the BCA Assay. Per sample, 20-30 μg of 
lysate was loaded onto a 4-12 % Bis-Tris gel (Invitrogen) for SDS-PAGE followed by 
protein transfer from the gel onto a PVDF membrane. Membranes were blocked in 5% 
milk (in TBST) and incubated overnight with the appropriate antibodies. Blots were 
washed in TBST and incubated with secondary antibody for 1h at room temperature. 
Blots were washed in TBST before the signal was enhanced with Super Signal Dura and 
visualized. The following primary antibodies were used for immunoblot analysis: anti-
WRN antibody (Cell Signalling Technologies, 4666, 1:2000), and anti-β-tubulin (Sigma-
Aldrich, T4026: 1:5000) as loading control. Anti-Mouse IgG HRP-linked secondary 
antibody (GE Healthcare, #NA931) was used as a secondary antibody. Precision Plus 
Protein Standards (BioRad, 161-0373) was used as a molecular weight marker.  

164

5



WRN is a synthetic-lethal vulnerability in dMMR CRC 
refractory to target therapies, chemotherapy and immunotherapy

Karyotype analysis with human M-FISH (multiplex fluorescence in situ 
hybridisation) probes. 


WRN was knocked out using CRISPR-Cas9 as described above. Puromycin selection (2 
μg/mL) was initiated 48h after transduction, and cells were harvested for metaphases 
96h after transduction from control and WRN knockout cell lines followed a standard 
protocol with modifications. Briefly, cells growing in T150 flasks were treated with 
colcemid (KaryoMaxTM ColcemidTM Solution in PBS, 10 g/mL, ThermoFisher 
Scientific), to a final concentration of 0.1 g/mL for 1.5h. TrypLE Express Enzyme 
(ThermoFisher Scientific) was used to dissociate adherent cells to obtain a single cell 
suspension, which was pelleted down and resuspened in a hypotonic solution (0.56% 
KCl in H2O) for 12 -14 minutes and subsequently fixed with Carnoy’s fixative, 3:1 (v/v) 
methanol: acetic acid. FISH analysis was performed as previously reported (65). 
Metaphase slides were prepared and fixed in acetone (Sigma Aldrich) for 10 min 
followed by baking at 62°C for 30 min. Denaturation of metaphase spreads was carried 
out by immersing slides in an alkaline denaturation solution (0.5 M NaOH,1.0 M NaCl) for 
7 1⁄2 - 8 minutes followed by two subsequent washes in 1 M Tris-HCl (pH 7.4) and 
1×PBS, 4 min each. Slides were dehydrated in a 70%, 90% and 100% ethanol series. 
The probe mix (24 colour human M-FISH paint) was denatured at 65°C for 10 min 
before applying onto the denatured slide. Hybridisation was carried out at 37°C for two 
nights. Post hybridisation steps included a 30 min (approx.) wash in 2×SSC at 37°C, to 
remove coverslips, followed by a 5 min stringent wash in 0.5×SSC at 75°C, a 5 min 
rinse in 2×SSC containing (0.05% Tween-20 (VWR) and another 5 min rinse in 1×PBS, 
both at room temperature. Slides were finally mounted in Vectashield® VibranceTM 
Antifade Mounting medium with DAPI (4’, 6-diamidino-2-phenylindole), Vector 
Laboratories. Metaphases were imaged using Axiolmager D1 microscope equipped with 
appropriate narrow-band pass filters for DAPI, Aqua, FITC, Cy3, Texas Red and Cy5 
fluorescence. Digital images were captured using the SmartCapture software (Digital 
Scientific, UK) and 20 randomly selected metaphase cells were karyotyped and 
analysed with particular interest in chromatid and chromosome breaks including complex 
rearrangements based on Multiplex FISH and DAPI banding pattern using the SmartType 
Karyotyper (Digital Scientific, UK).  
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Organoid and T cell co-culture 


Peripheral blood mononuclear cells (PBMCs) and tumor organoids were generated and 
co-cultured as previously described (39,40). Briefly, PBMCs were isolated from 
peripheral blood using Ficoll–Paque and cryopreserved for later use. For patient 
CRC-14, blood was drawn before the first cycle of nivolumab. Culture media for PBMCs 
was composed of RPMI 1640 (GIBCO), supplemented with 2 mM Ultraglutamine I, 
1:100 penicillin/streptomycin and 10% male human AB serum (Sigma-Aldrich; cat. no. 
H3667) (‘‘T cell medium’’). One day before co-culture, PBMCs were thawed in pre-
warmed (37°C) T cell medium (human serum was replaced with FCS during thawing) 
and incubated for 15 min with 25 U/mL benzonase (Merck; cat. no. 70746-3) at 37C. 
After washing, cells were resuspended at 2-3 x 106 cells/mL in T cell medium 
supplemented with 150 U/mL IL-2 and cultured overnight at 37C. 48 hours prior to co-
culture, tumor organoids were isolated from Geltrex by incubation with 2 mg/mL dispase 
II and cultured in CRC medium. Prior to co-culture, tumor organoids (isolated from 
Geltrex) were stimulated for 24 hours with 200 ng/mL human recombinant IFNγ 
(Peprotech; cat. no. 300-02). 96-well U-bottom plates were coated with 5 μg/mL anti-
CD28 (clone CD28.2, eBioscience; cat. no. 16-0289-81) and kept overnight at 4C. The 
next day, tumor organoids were dissociated to single cells with TrypLE Express and 
resuspended in T cell medium. Anti-CD28-coated plates were washed twice with PBS 
and PBMC were seeded at a density of 105 cells/well and stimulated with single cell 
dissociated organoids at a 20:1 effector:target ratio. Co-cultures were performed in the 
presence of 150 U/mL IL-2 and 20 μg/mL anti-PD-1-blocking antibody (kindly donated 
by Merus, Utrecht; cat. no. 5C4). Half of the medium, including IL-2 and anti-PD-1, was 
refreshed two to three times per week. Every week, PBMCs were collected, counted, 
and replated at 105 cells/well, and re-stimulated with fresh tumor organoids, for a total of 
2 weeks co-culture.  

 
Tumor recognition assay, killing assay, and generation of organoids resistant to 
autologous reactive T cells  

For evaluation of tumor reactivity, 105 PBMCs were restimulated with tumor organoids 
(isolated from Geltrex and stimulated with IFNγ, as described before) at a 2:1 effector: 
target ratio and seeded in anti-CD28-coated plates in the presence of 20 μg/mL anti-
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PD-1 and co- cultured for 5 hours for IFNγ evaluation. Golgi-Plug (1:1000, BD; cat. no. 
555029) and Golgi- Stop (1:1500, BD, cat. no. 554724) was added after 1 hour and 
co-culture continued for an additional 4 hours. Cells were washed twice in FACS buffer 
and stained with the following antibodies: anti-CD3-PerCP-Cy5.5 (BD; cat. no. 332771), 
anti-CD4-FITC (BD; cat. no. 555346), anti-CD8-BV421 (BD; cat. no. 562429), and near-
IR viability dye (Life technologies) for 30 min at 4°C in the dark. Cells were washed twice 
in FACS buffer, fixed using the Cytofix/Cytoperm kit (BD, according to manufacturer’s 
instructions), and stained for intracellular IFNγ (anti-IFNγ-APC, BD; cat. no. 554702). 
PBMCs stimulated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich; 
cat. no. 19-144) and 1 mg/mL ionomycin (Sigma-Aldrich; cat. no. I9657) served as 
positive controls and PBMCs cultured without tumor stimulation as negative controls. 
Cells were then washed twice with FACS buffer and recorded at a Becton Dickinson 
Fortessa or LSRII flow cytometer.  
    For CD137 expression evaluation, 105 PBMCs were restimulated with tumor 
organoids (isolated from geltrex and stimulated with IFNγ, as described before) at a 2:1 
effector: target ratio and seeded in anti-CD28-coated plates in the presence of 20 μg/
mL anti-PD-1 and co- cultured for 24 hours. Cells were washed twice in FACS buffer 
and stained with the following antibodies: anti-CD3-PerCP-Cy5.5 (BD), anti-CD4-FITC 
(BD), anti-CD8-BV421 (BD), anti- CD137-APC (BD; cat. no. 550890) and near-IR 
viability dye (Life technologies) for 30 min at 4C in the dark. PBMCs stimulated with 50 
ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) and 1 μg/mL ionomycin 
(Sigma-Aldrich) served as positive controls and PBMCs cultured without tumor 
stimulation as negative controls. Cells were then washed twice with FACS buffer and 
recorded with a Becton Dickinson Fortessa or LSRII flow cytometer.  
     To determine the sensitivity of tumor organoids to T cell-mediated killing, flat- bottom 
non-tissue culture-treated plates were coated with 5 mg/mL anti-CD28 and kept at 4°C 
overnight prior to co-culture. Tumor organoids were previously transduced with luciferase 
reporter gene. Organoids were isolated from Geltrex 48 hours prior to co-culture and 
stimulated with 200 ng/mL IFNγ for 24 hours prior to co-culture. The next day, part of the 
organoids were dissociated to single cells and counted using a hemocytometer. This 
was used to infer the number of tumor cells per tumor organoid to allow coculture of 
organoids and T cells at a 5:1 effector:target ratio. Next, tumor organoids were 
resuspended in the T cell medium. T cells were collected after two weeks of co-culture 
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with tumor organoids and resuspended in the T cell medium. Anti-CD28-coated plates 
were washed twice with PBS and 1 x 104 organoids were seeded for 72 hours in 
triplicate without T cells or with 5 x 104autologous T cells obtained by two weeks of 
organoid co-culture. To block MHC class I and II, organoids were pre-incubated for 30 
min with 50 μg/mL pan-MHC-I blocking antibody W6/32, or pan-MHC-II blocking 
antibody T39 (blocking antibody remained present throughout the co-culture; BD; cat no. 
555556). At the end of the 72 hours, tumor cells viability in the different conditions was 
measured by luciferase reporter assay using 3 μg/mL luciferin (Promega; cat. no. 
E1605). Luminescence was measured with a Tecan reader (1000 ms exposure).  

Flow cytometry 


For evaluation of MHC-I, tumor organoids were dissociated to single cells using TrypLE 
Express, with or without overnight pre-incubation with 200 ng/mL IFNγ. Tumor cells were 
washed in FACS buffer (PBS, 5 mM EDTA, 1% bovine serum antigen) and stained with 
mouse anti-human HLA-A,B,C-PE (BD Bioscience; cat. no. 555553), or isotype controls 
(PE mouse IgG1, kappa (BD Bioscience; cat. No 556650) for 30 min at 4C. Cells were 
washed twice with FACS buffer and DAPI was added to exclude dead cells prior to 
recording at a Becton Dickinson Fortessa or LSRII flow cytometer. 
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Supplementary Figure 1. WRN dependency validation experiments in dMMR CRC preclinical models. 
(previous page) 
 
A, Alterations of KRAS, BRAF, NTRK1, ALK and RSPO3 genes in 105 dMMR/MSI CRC samples (MSKCC, 
Cancer Cell 2018).  
B, WRN essentiality values from whole- genome CRISPR-cas9 dropout screening in two dMMR (red bar) and 
one MMR-proficient (blue bar) CRC organoids. Fold changes are the average of three technical replicates.  
C, Validation of WRN dependency in HCM-SANG-0273-C18 organoid by CRISPR-based co-competition 
assay. Data are mean ± SD of three independent experiments. A co-competition score of less than 1 indicates 
a relative reduction in BFP-positive cells, resulting from targeting of a loss-of-fitness gene.  
D, Normalized viability in dMMR organoids upon transduction of WRN sgRNAs. Non-essential (sgNon) and 
PLK1 (sgPLK1) sgRNAs were used as negative and positive controls, respectively. Data represent the mean 
and SD of 3 independent experiments with 10 technical replicates each. Statistical significance was evaluated 
comparing WRN sgRNA versus non essential gene sgRNA (sgNon): ns, not significant; P < 0.05; P < 0.01; P 
< 0.001 (two-tailed Student’t test).  
E, siRNA-mediated depletion of WRN verified by Western blot (images are representative of two independent 
experiments). siRNA non-targeting controls (siNTC), siRNA targeting WRN (siWRN).  
F, WRN knockout with WRN-targeting sgRNAs confirmed by Western blot (images are representative of two 
independent experiments).  
G, Chromatid breaks in SW620 (MSS), SNU175 and HCT15 (MSI WRN independent) and SW48 (MSI WRN 
dependent) cell line 96h after WRN depletion (≥20 metaphase spreads analysed).  
H, Representative images of metaphases affected by chromatid breaks (red arrows) after 96h of transduction 
with sgWRN2. 
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Supplementary Figure 2. Molecular and TA-repeats coverage analysis in MSI-H WRN independent cell 
lines. (previous page) 
 
A, Validation of MLH1, MSH2 and MSH6 protein expression measured by Western blot in a set of WRN 
independent MSI dMMR CRC cancer cell lines (images are representative of two independent experiments). 
SW620 (pMMR/MSS), HCT116 (MLH1 loss) and GP5D (MSH2 and MSH6 loss) were included as positive 
controls for protein expression.  
B, Mutations, gene expression and protein expression alterations of MMR-pathway genes in cancer models 
from non-CRC dMMR/MSI-predominant lineages. Coloured (red, blue, green and light black) box indicates the 
presence of the alteration, light grey boxes represent data unavailable.  
C, Agarose gels of PCR fragments (or lack thereof) at (TA)n repeats in CRC and non-CRC cell lines as 
indicated. B1–B8 sites were reported as recurrently broken after WRN downregulation in KM12 and HCT116 
cells, NB1–NB3 regions did not display any breakage and are included as a negative control for expanded 
repeats. Data are representative of two independent experiments.  
D, Box and whisker plots displaying the median sequencing depth of broken and not-broken (TA)-repeat loci in 
WGS data from MSS and MSI cancer cell lines, as indicated. For coverage analysis, WGS data were 
unavailable for IRCC3_HL and so we used WGS sequencing data for IRCC3-XL, which is a primary cell line 
derived from a patient-derived xenograft generated from the same biopsy as IRCC3_HL. 
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Supplementary Figure S3. Validation experiments in preclinical models of acquired resistance to 
targeted agents. (previous page)  
 
A, Proliferation assays of cell line models of acquired resistance and parental counterparts in response to 
targeted therapies. Data are average ± SD of three technical replicates and are representative of three 
independent experiments.  
B, siRNA-mediated depletion of WRN was verified by Western blot (images are representative of two 
independent experiments). siRNA non-targeting controls (siNTC), siRNA targeting WRN (siWRN). Tubulin is a 
loading control.  
C, Reduction in WRN protein levels with two independent WRN-targeting sgRNAs confirmed by Western blot 
(images are representative of two independent experiments).  
D, Sequenom sequencing spectrum of VACO432 C+D+T cell model revealing an acquired KRAS G13D 
mutation in addition to the BRAF V600E mutation shared with the parental counterpart.  
E, Schematic representation of a patient-derived NTRK1-rearranged in vivo model of acquired resistance to 
entrectinib.  
F, Proliferation assays of IRCC- 1-XL and IRCC1-XL-ENT-R cell lines treated with entrectinib. Data are average 
± SD of three technical replicates and are representative of three independent experiments.  
G, Representative images of IRCC-1-XL-ENT-R line after 96h from transduction with non-essential gene 
targeting sgRNA (sgNon). Metaphases were karyotyped based on DAPI-banding patterns and visualized by 
microscopy. No alterations were detected.  
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Supplementary Figure S4. Validation experiments in chemotherapy resistant models and IRCC-114_XL 
cells following WRN depletion. (previous page) 
 
A, Proliferation assays in Lovo and RKO models of acquired resistance to chemotherapies and parental 
counterparts. Data are average ± SD of three technical replicates and are representative of three independent 
experiments.  
B, Normalized viability of upon siRNA-mediated WRN depletion in LoVo and RKO chemotherapy-resistant 
sublines. Non-targeting siRNA (siNT) and siPLK1 were used as negative and positive controls, respectively. 
Data are mean and SD of 2 independent experiments with 4 technical replicates each. Statistical significance 
was evaluated using a Student's t-test: ns, not significant; ** P≤0.01 *** P≤0.001.  
C-D, Reduction in WRN protein levels in HCT116 and SW48 sublines and IRCC-114-XL cells confirmed by 
Western blot after siRNA-mediated depletion of WRN (left) or with two WRN-targeting sgRNAs (right) 
(representative of two independent experiments).  
E, Representative image of an IRCC-114-XL metaphase harvested 96h after transduction with non-targeting 
sgRNA (sgNon), karyotyped based on DAPI-banding patterns and visualized by microscopy. No chromosomal 
defects were detected.  
F and G, Metaphases of IRCC- 114-XL cell line transduced with non-targeting sgRNA (F) and WRN-targeting 
sgRNA (G). Overlaps and complex rearrangements are indicated by red and yellow arrows, respectively. 
Metaphases have been imaged using SmartCapture and karyotyped using SmartType Karyotyper based on M-
FISH and DAPI banding patterns.  
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Supplementary Figure S5. Validation experiments in patient-derived dMMR/MSI tumor organoid- T cell 
co-culture system. (previous page) 
 
A, CRC-12 parental organoids viability upon T cell co-culture with luciferase reporter assay. Error bars 
represent the mean and SEM of at least two biological replicates. Significance was determined by two-tailed 
Student’s t test. ns, not significant; ** P ≤0.01 and *** P≤0.001.  
B, Cell surface MHC class I expression in CRC-12, CRC-12-RES and CRC-12-B2M knockout cells as 
determined by flow cytometry. Organoids were stimulated with 200 ng/mL IFNγ for 24 hr or were left 
unstimulated. Bar graphs indicate median fluorescence intensity (MFI) of anti-HLA-A, -B, and -C-PE minus MFI 
of isotype control, normalized to the parental line. Error bars represent SEM of at least two independent 
experiments.  
C, Flow cytometry gating strategies and representative plots of CD8+ T cells tested for tumor reactivity after 2 
weeks of co-culture with autologous CRC-12 organoids. T cells were re-stimulated with CRC-12 organoids 
and evaluated for cell surface staining of CD137. PMA/ionomycin stimulation was included as a positive 
control.  
D, CD137 expression by CD4+ T cells obtained by 2- week co-culture with autologous CRC-12 tumor 
organoids, on stimulation with CRC-12 organoids. Bars represent the mean and SEM of two biologically 
independent experiments.  
E, Cell surface IFNγ receptor expression of CRC-12, CRC-12-RES and CRC-12-B2M KO organoid lines as 
determined by flow cytometry. Error bars represent the mean and SEM of at least two biological replicates.  
F, Quantification of IFNγ-positive CD4 T cells induced by 2-week co-culture of PBMCs with CRC-14a 
(responsive) or CRC-14b (non-responsive) organoids derived from the CRC-14 patient. T cells were re-
stimulated with CRC-14a (left) or CRC-14b (right) organoids and evaluated for intracellular staining of IFNγ. 
Background IFNγ-positive cells (in unstimulated condition) were subtracted from the signal. Data represent the 
mean and SEM of at least 2 independent experiments.  
G, Cell surface MHC class I expression in CRC-14a and CRC-14b determined by flow cytometry. Organoids 
were stimulated with 200 ng/mL IFNγ for 24 hr or were left unstimulated. Bar graphs indicate median 
fluorescence intensity (MFI) of anti-HLA-A, -B, and -C-PE minus MFI of isotype control, normalized to the 
parental line. Error bars represent SEM of at least two independent experiments.  
H, Cell surface B2M expression of CRC- 12-B2M KO, CRC-12, CRC-12-RES, CRC-14a and, CRC-14b 
organoid lines as determined by flow cytometry. Error bars represent the mean and SEM of at least two 
biological replicates. 
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ABSTRACT


Cancer neoantigens that arise from tumor mutations are drivers of tumor-specific T cell 
responses, but identification of the T cell-recognized neoantigen repertoire of individual 
patients is complicated by their patient-specific nature. Here we develop the first genetic 
neoantigen discovery platform that allows identification of both CD4+ and CD8+ T cell-
recognized neoantigens with high sensitivity and across complete HLA genotypes. This 
technology should facilitate the development of personalized neoantigen-based cancer 
immunotherapies. 

189

6



Identification of patient-specific T cell 
neoantigens through HLA-agnostic genetic screens

INTRODUCTION


Cancer immunotherapies that aim to harness the anti-tumor activity of T cells, such as 
immune checkpoint blockade or adoptive transfer of tumor-reactive T cells, have shown 
impressive clinical results in a subset of cancer patients. Accumulating evidence 
suggests that the efficacy of these therapies is to a large extent driven by T cells that 
recognize cancer neoantigens – T cell antigens that arise as a result of patient-specific 
nonsynonymous tumor mutations 1. Based on these data, a major effort has been 
initiated to develop approaches that can be used to specifically boost the activity of 
neoantigen-reactive T cells in individual patients. However, tumor mutations and their 
associated neoantigens are, with few exceptions, unique to individual cancer patients 2, 
underscoring the need for technologies that allow the comprehensive discovery of T cell-
recognized neoantigens in a truly personalized fashion. Moreover, while the role of MHC 
class I-restricted CD8+ T cells in anti-tumor immunity is well-established 3-5, recent data 
highlight important roles for MHC class II-restricted CD4+ T cells in tumor control and 
response to immunotherapy, both through direct anti-tumor cytotoxicity and by boosting 
the activity of tumor-specific CD8+ T cells 6-9. Thus, experimental tools that enable the 
identification of both CD4+ and CD8+ T cell-recognized tumor antigens on a per-patient 
basis are required. 
     To date, the antigenic targets of T cells have mostly been identified through the use of 
fluorescently labelled peptide-MHC (pMHC) multimers 10,11, or functional assays that rely 
on coincubation of T cells and antigen-presenting cells (APC) modified to present 
candidate epitopes 12,13. However, pMHC-based methods are limited by the fact that 
candidate antigenic peptides are selected using imperfect in	silico predictions of peptide 
presentation on selected MHC alleles and by the fact that recombinant production has 
proven difficult for certain MHC alleles, and both these issues are particularly challenging 
for MHC class II-restricted antigens. Notably, in recent work a number of novel functional 
assays has been developed that rely on concepts developed in functional genomics, 
and in which APCs engineered to express large libraries of candidate T cell antigens are 
screened using T cell pools as a selective pressure 14-18. While these approaches offer 
considerable throughput with respect to the antigen space that can be assayed, the 
methods developed to date rely on artificial APCs that are modified to express single 
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MHC (class I) alleles of choice. Given that any individual expresses up to twelve distinct 
MHC class I and II alleles, these methods are not straightforwardly compatible with the 
identification of T cell antigens across the complete MHC-I and -II haplotype of cancer 
patients. Thus, additional technologies are required to enable the unbiased, HLA-
agnostic discovery of T cell antigens in individual patients. 
    Here, we present a high-throughput genetic platform for the personalized identification 
of CD4+ and CD8+ T cell-recognized (neo)antigens (Fig. 1A). In this method, which we 
term HANSolo (HLA-Agnostic Neoantigen Screening), patient-matched, Bcl-6/xL-
immortalized B cell lines are engineered to express large libraries of minigenes that 
encode candidate T cell antigens. As the resulting B cells are fully MHC class I and class 
II proficient, this enables the unbiased screening of T cell specificities across the 
complete MHC class I and class II genotypes of individual patients. To this purpose, 
antigen library-expressing B cells are co-incubated with patient T cells (e.g. tumor-
infiltrating lymphocytes (TIL), or T cells engineered to express patient-derived T cell 
receptors 19) and antigen hits are identified by next-generation sequencing to measure 
the depletion of those B cells that express T cell-recognized epitopes. 
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RESULTS 

To first evaluate the feasibility and sensitivity of our method, we took advantage 
of two well-described HLA-A*02:01-restricted TCRs specific for either the CDK4R24L 
neoantigen (TCR #53) 20, or for the melanocyte differentiation antigen-derived 
MART126-35 epitope, a self antigen with low affinity for MHC (TCR 1D3) 21 
(Supplementary Fig. 1). Activity of the CDK4R24L neoantigen-specific TCR should result in 
strong depletion of B cells expressing the mutant, but not the wild-type, CDK4 
sequence. In addition, analysis of the activity of the MART126-35 self antigen-specific TCR 
should allow one to assess the sensitivity of the method in the context of weak T cell–
target cell interactions. Furthermore, as a high affinity variant of the MART126-35 epitope 
has previously been identified (the MART126-35*A27L analog, from here on referred to as 
MART1-ELA) 22, use of the 1D3 TCR also makes it possible to determine whether the 
strength of TCR-pMHC interactions can be gauged from screening data. To provide first 
proof-of-concept, we designed a model antigen library with a complexity (4,764 
minigenes) that would be sufficient to enable the screening of the entire mutational 
repertoire of human tumors with the highest mutational burden, such as microsatellite-
instable tumors 23. Individual MHC class I-restricted antigens, including well-described 
tumor-associated T cell antigens, such as CDK4R24L and MART1, and immunodominant 
epitopes of EBV, CMV and influenza (Supplementary Table 1; Supplementary Fig. 1) as 
well as MHC class II-restricted neoantigens were expressed as minigenes, each coupled 
to two unique barcode identifiers to provide internal replicate measurements. 
Subsequently, HLA-A*02:01-positive immortalized B cells were created and modified 
with the epitope library.  

Screening of this library with T cells expressing the CDK4R24L-specific TCR 
resulted in significant depletion of CDK4R24L-expressing B cells, but crucially not B cells 
expressing the wild-type CDK4 minigene (Fig. 1B). Furthermore, B cells expressing either 
the native or affinity-enhanced MART126-35 epitope were selectively depleted after 
exposure to T cells transduced with the MART1-specific TCR. Notably, depletion was 
more pronounced in the case of B cells expressing the MART1 analogue. These data 
demonstrate the feasibility of our genetic screening method, and furthermore indicate 
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that it enables the distinction between T cell epitopes that are recognized with different 
efficiencies.  

Next, to test whether this platform allows the profiling of the antigen-specificities 
of T cell populations in which T cells specific for a given neoantigen make up only a 
minority of the total T cell pool (such as patient TIL cultures, or donor T cells expressing 
libraries of patient-derived TCRs), we mixed T cells expressing either the MART1-specific 
or CDK4R24L-specific TCR with mock-transduced T cells, such that MART1- and 
CDK4R24L-specific T cells represented 10%, 1%, 0.3%, or 0.1% of total T cells. Analysis 
of depleted T cell epitopes after exposure to these different T cell populations 
demonstrated that substantial depletion of the low affinity native MART1 epitope was only 
achieved when using a homogeneous MART1-specific T cell pool. In contrast, the 
MART1-ELA and CDK4R24L epitopes were robustly identified when cognate TCR-
expressing T cells comprised as little as 0.3-1% of all T cells (Fig. 1C). Together, these 
data demonstrate that our genetic screening methodology allows the efficient discovery 
of MHC class I-restricted T cell (neo)antigens from large antigen libraries. Furthermore, 
the technology allows one to distinguish high and low avidity TCR-pMHC interactions 
and, in case of high avidity TCR-pMHC interactions, genetic screens may be performed 
with clonally diverse T cell populations. 

A substantial fraction of T cell-recognized cancer neoantigens is restricted by 
MHC class II molecules, and CD4+ T cells recognizing such MHC class II-restricted 
neoantigens contribute to tumor control 6-9. To assess whether our autologous APC 
immortalization strategy may also be utilized for the discovery of MHC class II-restricted 
neoantigens, we generated an antigen expression system in which each putative 
neoantigen is fused to the sorting signal of the invariant chain (CD74), with the aim to 
route such antigens into the MHC class II presentation pathway (Supplementary Fig. 2). 
We next took advantage of two MHC class II-restricted neoantigen-specific TCRs that 
were isolated from tumor-infiltrating T cells of a melanoma patient (Supplementary Fig. 2), 
transduced both TCRs into donor CD4+ T cells, and expressed our model antigen library 
in patient-matched immortalized B cells. Screening of library-expressing B cells with T 
cells expressing either MHC class II-restricted TCR resulted in the significant depletion of 
B cells that expressed the cognate neoantigen, but not its wild-type counterpart (Fig. 
1D), demonstrating the versatility of the platform to enable identification of both MHC 
class I and class II-restricted neoantigens. 
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Figure 1 (part 2). Overview and validation of neoantigen discovery technology. 
 

(B) Immortalized HLA-A*02:01 B cells were transduced with a library of 4,764 minigenes that included 
minigenes encoding the CDK4R24L neoantigen, its wild-type counterpart, the MART126-35 epitope (MART1) and 
the affinity-enhanced MART126-35*A27L epitope (MART1-ELA). Library-expressing B cells were co-incubated with 
donor CD8+ T cells engineered to express the CDK4R24L-specific TCR #53, or the MART126-35-specific TCR 
1D3. After 72 hours, minigenes from remaining B cells were amplified and quantified by deep sequencing. 
Dots represent individual minigenes. Fold change, defined as the relative abundance of minigenes in the 
presence of either 1D3 T cells or CDK4 T cells, and mean normalized read counts are plotted for each 
individual minigene. Minigenes encoding model MART1 and CDK4 epitopes are highlighted. Asterisks indicate 
screen hits, defined as minigenes with FDR-corrected p-values < 0.05 and log2 fold change > |1|. CDK4R24L P 
= 6.9x10-48, P = 2.5x10-65; MART1 P = 1.2x10-26; MART1-ELA P = 7.6x10-157, P = 1.7x10-48.  
(C) CD8+ T cells expressing either the #53 or 1D3 TCR were diluted 10-, 100-, 300- or 1,000-fold with mock-
transduced T cells to simulate T cell pools with low abundance antigen-reactive T cell populations, and were 
incubated with library-expressing B cells. Data are plotted as in (B) with fold change showing relative minigene 
abundance when exposed to either 1D3 or #53 TCR T cells as compared to mock T cells.  
(D) Patient-derived TCRs specific for the MHC class II-restricted MANSC1D85H and SNORD73AR165W 
neoantigens were expressed in donor CD4+ T cells and used to screen patient-matched immortalized B cells 
transduced with the CD74 signal-fused minigene library. Data are plotted as in (B) with fold change showing 
relative minigene abundance in the presence of MANSC1 TCR or SNORD73A TCR T cells. 
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As compared to previously developed genetic screening technologies, HANSolo 
has the advantage of allowing the identification of T cell epitopes restricted by any of the 
class I or II alleles of an individual patient. To demonstrate the utility of such unbiased 
screening, we focused on a patient with microsatellite-instable colorectal cancer (MSI-
CRC). Given that microsatellite-instable tumors are characterized by mutational loads that 
exceed those of other human cancers 23, we reasoned that this analysis would serve as 
a useful test for the broader feasibility of our approach. A T cell product with enriched 
tumor-reactivity was first generated by ex vivo culture of peripheral blood mononuclear 
cells (PBMCs) of this patient with matched tumor organoids 24,25, and expanded tumor-
reactive T cells consisted primarily of CD8+ T cells (Supplementary Fig. 3). In parallel, 
nonsynonymous mutations in protein-coding genes were identified by exome 
sequencing (Supplementary Table 2), and a library of 1,834 minigenes that covered all 
mutations was generated and expressed in autologous immortalized B cells. Screening 
of the patient mutanome library with organoid-expanded tumor-reactive T cells revealed T 
cell reactivity against two neoantigens – ABT1R139C and EEF1A1F280V (Fig. 2A). 
Furthermore, the selective recognition of these neoantigens, and not their wild-type 
counterparts, was confirmed upon expression of the individual sequences in patient B 
cells (Fig. 2B). To understand whether the identified neoantigen-specific T cell responses 
make up a major or minor part of the T cell product, tumor organoid-reactive T cells were 
sorted based on CD137 surface expression and subjected to single-cell paired TCRα/β 
sequencing (Fig. 2C, Supplementary Fig. 3). The three top ranking TCRs were then 
expressed in donor CD8+ T cells, and their specificity towards both identified 
neoantigens was tested. This yielded two EEF1A1F280V-specific TCRs, each comprising 
0.5% and 0.6% of the total patient T cell product (Fig. 2C,D). Thus, our method enables 
the personalized profiling of neoantigen-specificities of patient-derived T cell populations, 
even in a setting in which neoantigen-specific T cells represent only a minor fraction of 
the T cell population. 
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Figure 2. Personalized and HLA-agnostic neoantigen screening of patient-derived T cells.  
 

(A) Nonsynonymous tumor mutations in mismatch repair-deficient colorectal cancer tissue of patient CRC-9 
were identified by exome and RNA sequencing, and used to design a personalized mutanome minigene library 
consisting of 1,834 unique minigenes. Patient B cells were immortalized, transduced with the mutanome 
library, and incubated with patient PBMCs that had been co-cultured with matched tumor organoids for two 
weeks. Fold change represents relative minigene abundance in cultures with or without patient PBMCs. Screen 
hits, defined as minigenes with FDR-corrected p-value < 0.05 and log2 fold change > |1|, are marked by 
asterisks.  
(B) Neoantigen hits identified in (A) were validated by expressing EEF1A1F280V, ABT1R139C or the respective 
wild-type sequences as single minigenes in patient B cells and incubating transduced B cells with organoid-
induced patient PBMCs. CD8+ T cell activation was subsequently assessed by measuring CD137 surface 
expression. Data depict representative flow cytometry plots (left) and mean CD137 levels of technical replicates 
(error bars indicate S.D.).  
(C) The organoid-induced PBMC product was incubated with autologous organoids and activated (CD137+) 
CD8+ T cells were subsequently isolated and subjected to single-cell paired TCRαβ sequencing. Bars indicate 
the frequency of the 50 most abundant clonotypes, with the three TCRs selected for downstream analysis 
indicated in purple. The pie chart indicates the abundance of these three TCRs as a proportion of the entire 
organoid-induced PBMC product.  
(D) Organoid-reactive TCRs identified in (C) were gene-synthesized, expressed in donor CD8+ T cells and 
incubated with patient B cells expressing the EEF1A1F280V or ABT1R139C neoantigens, or the corresponding 
wild-type control minigenes. TCR3.2 lacked reactivity towards patient tumor organoids (see Supplementary Fig. 
3) and was therefore omitted from analysis. Bars indicate mean CD137 levels of technical replicates, error bars 
indicate S.D. 
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DISCUSSION


Collectively, these data demonstrate the feasibility of personalized and HLA-agnostic 
discovery of CD4+ and CD8+ T cell neoantigens from large genetic libraries. Identified 
neoantigens may be used to select TCRs for use in next-generation TCR gene therapies, 
or may be utilized in patient-specific cancer vaccines 26-29. Of note, state-of-the-art 
algorithms that predict the immunogenicity of tumor mutations for use in personalized 
neoantigen vaccines failed to rank the patient ABT1R139C neoantigen as an actionable 
vaccination target (Supplementary Table 3), underlining the value of approaches that 
allow the unbiased identification of patient neoantigens. Importantly, with the current 
next-generation sequencing and DNA synthesis technologies and dedicated screening 
workflows, our platform enables patient neoantigen discovery within ten weeks, a 
timespan that is compatible with the production of personalized immunotherapies 27. 

198

6



Identification of patient-specific T cell  
neoantigens through HLA-agnostic genetic screens

METHODS 

Antibodies


 

The following antibodies were used for flow cytometry:  
CD3-PerCP-Cy5.5 (clone SK7; eBioscience);  
CD4-FITC (clone RPA-T4; BD Biosciences),  
CD8-BV421 (clone RPA-T8; BD Biosciences),  
CD14-APC-H7 (clone MoP9),  
CD16-APC-H7 (clone 3G8),  
CD19-FITC (clone 4G7),  
CD137-BV421 (clone 4B4-1; Biolegend),  
CD137-APC (clone 4B4-1; BD Biosciences), 
PE-conjugated anti-mouse TCRβ constant domain (clone H57-597; BD Biosciences). 
The viability stain IR-Dye (Thermo Fisher) was used to identify live cells. 

Patient tumor organoids, PBMC and B cell lines


Tumor tissue and peripheral blood mononuclear cells (PBMCs) were collected from 
patients treated at the NKI-AVL (Amsterdam, the Netherlands) with written informed 
consent and in accordance with guidelines of the Medical Ethical Committee. The study 
protocol (study nr. NL48824.031.14) was approved by the Medical Ethical Committee of 
the NKI-AVL. For patient CRC-9, tumor organoids were established as described 
previously 25. In brief, tumor tissue was obtained by surgical resection, manually cut into 
~1 mm3 pieces and enzymatically digested using 1.5 mg/mL collagenase II, 10 mg/mL 
hyaluronidase type IV and 10 mM Y-27632. Tumor cells were subsequently embedded 
in Geltrex matrix (Gibco) and cultured in Ad-DF+++ (Advanced DMEM/F12 
supplemented with 2 mM Ultraglutamine I, 10 mM HEPES, and 100/100 U/ml penicillin/
streptomycin) medium containing 10% Noggin-conditioned medium, 20% R-spondin1-
conditioned medium, 1x B27 supplement without vitamin A, 1.25 mM N-Acetylcysteine, 
10 mM nicotinamide, 50 ng/mL human recombinant EGF, 500 nM A83-01, 3 mM 
SB202190 and 10 nM prostaglandin E2. In the first two weeks of organoid culture, 1x 
Primocin (Invivogen) was added to prevent microbial contamination. Organoids were 
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passaged every 1–2 weeks by incubating in TrypLE Express (Gibco) for 5–10 min 
followed by embedding in Geltrex. Immediately after passaging, when organoids were in 
single cell suspension, human CRC organoids medium was supplemented with 10 µM 
Y-27632. Organoids and cell lines were authenticated by SNP array and routinely tested 
for Mycoplasma contamination. 

 

PBMCs were isolated from peripheral blood by Ficoll-Paque density gradient separation 
and cryopreserved in a 10% DMSO/FBS solution in liquid nitrogen, or cultured in RPMI 
1640 medium supplemented with 2 mM Ultraglutamine I, 10% human AB serum (Life 
Technologies), penicillin/streptomycin (Roche), and 150 U/ml IL-2 (Proleukin, Novartis). 

 

Immortalized patient B cell lines were generated by retroviral transduction with Bcl-6/Bcl-
xL, as previously described 30. Briefly, patient PBMCs were stained with IR-Dye and 
antibodies against CD3, CD14, CD16 and CD19. Single IR-Dye-CD3-CD14-CD16-

CD19+ cells were sorted using a FACSAria Fusion cell sorter (BD Biosciences) and 
stimulated for 36 hours in the presence of irradiated (55 Gy) CD40L+ mouse L cells in B 
cell medium (IMDM medium (Gibco) supplemented with penicillin-streptomycin (Roche), 
10% heat-inactivated fetal bovine serum (Sigma-Aldrich) and 50 ng/ml IL-21 (Peprotech)), 
followed by retroviral transduction of Bcl-6 and Bcl-xL. The Bcl-6/Bcl-xL-encoding vector 
also encodes GFP, to allow evaluation of transduction efficiency. Bcl-6/Bcl-xL-
immortalized (GFP+) B cells were cultured in B cell medium and were stimulated every 
week by addition of irradiated CD40L+ L cells. 

Retroviral transduction of T cell receptors  

Codon-optimized TCR α and β variable sequences (encompassing V-CDR3-J domains) 
of selected TCRs were gene-synthesized (Twist Biosciences) and subcloned into a 
modified pMP71 retroviral vector 19. This vector contains mouse TCR constant regions to 
reduce mispairing of introduced and endogenous TCR chains, as well as the puromycin 
N-acetyltransferase resistance gene. Retrovirus was produced by transfecting FLY-RD18 
packaging cells with pMP71-TCR plasmid DNA using Xtremegene 9 transfection reagent 
(Roche). In parallel, healthy donor PBMCs (Sanquin Blood Bank, the Netherlands) were 
separated into CD8+ (for transduction with MHC class I-restricted TCRs) and CD8- (for 
transduction with MHC class II-restricted TCRs) cells using the CD8+ T Cell Isolation Kit 
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(Miltenyi Biotec). Isolated cell fractions were stimulated with CD3/CD28 Dynabeads (Life 
Technologies) in RPMI 1640 medium supplemented with 10% human AB serum (Life 
Technologies), penicillin/streptomycin (Roche), and 150 U/ml IL-2 (Proleukin, Novartis). 
After 48 hours, retroviral supernatants were collected and used to infect prestimulated 
CD8-/CD8+ PBMCs by spinoculation (400 g for 60 min) in Retronectin (Takara)-coated 
24-well plates. Transduction efficiency was measured 72 hours later by staining TCR-
transduced cells with an anti-mouse TCRβ constant domain antibody and analysis by 
flow cytometry. TCR-transduced T cells were then selected with 2.5 µg/ml puromycin for 
48 hours and received fresh medium and IL-2 every 3-4 days. After 12-14 days of 
culture, transduced T cells were expanded using the rapid expansion protocol (REP), 
using 30 ng/ml anti-CD3 antibody (clone OKT-3; eBioscience) and 3,000 U/ml IL-2 in a 
1:1 mixture of RPMI 1640 and AIM-V medium (Gibco) supplemented with 5% human AB 
serum (Life Technologies), in the presence of irradiated (40 Gy) allogeneic PBMCs 
(200:1 feeder/T cell ratio). After 7 days of REP culture, medium was refreshed with 
medium and IL-2 every 2 days. 

Generation of tumor organoid-reactive T cells  

Tumor-reactive patient T cells were generated by coculturing PBMCs and autologous 
tumor organoids as described previously 24,25. In brief, following incubation with 200 ng/
mL IFNγ (Peprotech) for 24 hours, patient tumor organoids were dissociated into single 
cell suspensions using TripLE Express (Gibco). Tumor organoid cells were mixed with 
patient PBMCs (20:1 PBMC/tumor cell ratio) and 1x105 cells were seeded in each well 
of a U-bottom 96-well plate precoated with 5ug/mL anti-CD28 antibody (clone CD28.2; 
eBioscience). Coculture medium consisted of RPMI 1640 supplemented with 2 mM 
Ultraglutamine I, penicillin/streptomycin (Roche), 10% human AB serum (Life 
Technologies), 150 U/mL IL-2 (Proleukin, Novartis) and 20 µg/ml anti-PD1 blocking 
antibody (clone 5C4; kindly provided by Merus, The Netherlands). Medium, IL-2 and 
anti-PD1 were refreshed every 2-3 days. PBMCs were harvested and restimulated every 
7 days by replating with fresh tumor organoid cells. 
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T cell activation assays


Reactivity of patient T cells and TCR-transduced donor T cells was determined by co-
incubating T cells and target cells for 18-24 hours in U-bottom 96-well plates (1:1 T cell/
target cell ratio) in RPMI 1640 supplemented with penicillin/streptomycin (Roche) and 
10% human AB serum (Life Technologies). Incubation of T cells without target cells, and 
in the presence or absence of 50 ng/ml phorbol 12-myristate 13-acetate (Sigma-Aldrich) 
and 1 µg/ml ionomycin (Sigma-Aldrich) served as negative and positive controls, 
respectively. Following incubation, cells were stained with IR-Dye and antibodies against 
CD3, CD4, CD8 and CD137, and analyzed by flow cytometry. When T cell reactivity 
towards tumor organoids was tested, IFNγ-pretreated organoids were incubated with T 
cells in the presence of 20 µg/ml anti-PD1 blocking antibody (Merus) in U-bottom 96-
well plates that were precoated with 5 µg/ml anti-CD28 antibody. 
 

The cytotoxic capacity of T cells was assessed by co-incubating T cells and target cells 
for 72 hours in flat-bottom 96-well plates at a T cell/target cell ratio of 5:1. Target cells 
cultured in the absence of T cells served as negative control. Following incubation, 7.46 
µm AccuCount blank counting beads (Spherotech) were added to individual cultures to 
enable quantification of remaining live target cells. Cells were subsequently harvested, 
stained with DAPI and anti-CD3 antibody, and measured by flow cytometry. When 
cytotoxicity against tumor organoids was assessed, IFNγ-pretreated organoids were 
incubated with T cells in the presence of 20 µg/mL anti-PD1 blocking antibody (Merus) 
and 10 µM Y-27632 in flat-bottom 96-well plates that were previously coated with 5 µg/
ml anti-CD28 antibody. Where indicated, target cells were incubated with 50 µg/ml MHC 
class I blocking antibody (clone W6/32) for 30 min at 37 °C prior to incubation with T 
cells. Represented data are derived from single experiments, unless indicated otherwise. 

Exome and RNA sequencing 

Genomic DNA was extracted from CRC-9 tumor organoids and PBMCs using the 
DNeasy Blood and Tissue kit (Qiagen), and tumor RNA was extracted from CRC-9 
organoids using the RNeasy Mini kit (Qiagen). Whole-exome and RNA sequencing was 
performed as previously described 19,24.  
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Antigen library design  

To design the antigen library used to validate the screening platform, protein sequences 
of genes encoding known human non-mutated cancer regression antigens, as well as 
selected immunodominant genes of Epstein-Barr virus, cytomegalovirus and influenza, 
were collected from the Uniprot database (www.uniprot.org) (Supplementary Table 1). 
Protein sequences were reverse-translated and codon-optimized, and resulting 
nucleotide sequences were segmented into 93 nt minigenes with 45 nt overlap between 
neighbouring minigenes. In addition, a set of previously characterized neoantigens was 
included, all encoded by 93 nt minigenes in which the mutant codon was flanked on 
either side by 45 nt of the relevant non-mutant gene sequence. Minigene sequences 
encoding non-mutated peptides were included for each model neoantigen. Each 93 nt 
sequence was subsequently duplicated for a total of 4764 sequences, internal BbsI 
recognition sites were removed without altering encoded peptide sequences, and 
minigenes were flanked by sequences to enable PCR amplification and subcloning by 
BbsI into the pMSCV retroviral vector (see Supplementary Fig. 1). In addition, a unique 
12 nt barcode sequence was incorporated into each individual library oligo sequence. 
The final oligo library was synthesized by Twist Biosciences. 

 

To design the CRC-9 patient library, all single nucleotide variants (SNVs) and 
frameshifting indels with confirmed RNA expression within tumor cells were encoded as 
63 nt minigenes. For SNVs, minigenes were designed that encoded peptides in which 
the mutant residue was flanked on either side by 10 amino acids of the relevant non-
mutant protein sequence. In the case of frameshifting indels, or when SNVs resulted in 
loss of a stop codon, the newly formed open reading frame (ORF) was segmented in 63 
nt minigenes with 30 nt overlap between adjacent minigenes. Minigenes encoding the 
MART126-35 and CDK4R24L epitopes were included in the library as internal controls. 
Internal BbsI recognition sites were removed without altering encoded peptide 
sequences, and minigenes were flanked by sequences for PCR amplification and 
subcloning as described above. The final library of 1,834 unique oligos was synthesized 
by Twist Biosciences. 
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Library cloning 

Oligo libraries were amplified by 12 cycles of PCR using  
Phusion High-Fidelity DNA Polymerase (New England Biolabs) and  
primers Preamp Forward (5’-ACTGTCAGAAGACTGCAAGC-3’) and  
primers Preamp Reverse (5’-TGACAGCGAAGACCATAGTG-3’).  
For screening experiments using CD8+ T cells, the amplified library was cloned by 
Golden Gate assembly using BbsI (New England Biolabs) into a pMSCV retroviral vector 
that also encodes the puromycin N-acetyltransferase resistance gene and mCherry. To 
target minigene-encoded peptides to the MHC class II processing pathway for screens 
using CD4+ T cells, the pMSCV-puro-mCherry vector was first modified to include the 
sorting sequence of the invariant chain CD74 (residues 17-98) as an N-terminal fusion to 
the minigene-encoded epitope sequences 31, after which the amplified library was 
inserted using Golden Gate assembly. Subcloned libraries were amplified using Endura 
electrocompetent cells (Lucigen) and library DNA was extracted using the PureLink 
HiPure Maxiprep kit (Invitrogen). During all cloning steps, a library representation of at 
least 100x was maintained. 

 

Libraries were retrovirally transduced in duplicate into immortalized B cell lines at an 
infection rate of <10%, as described above. One day after transduction, B cells were 
transferred to B cell culture medium in the presence of irradiated CD40L+ L cells and 50 
ng/ml IL-21. Transduction efficiency was assessed 3 days post-transduction by 
measuring mCherry expression by flow cytometry, followed by selection with 2.5 µg/ml 
puromycin for 3 days and expansion of the B cell cultures until used in screens. 

Antigen discovery screens  
 

For proof-of-concept screens using MHC class I-restricted TCRs, the antigen library 
encoding known cancer regression antigens was transduced into a previously 
immortalized, HLA-A*02:01+ patient B cell line (OVC21) 19. Library-expressing B cells 
were co-incubated in duplicate with donor CD8+ T cells transduced with the MART26-35-
specific TCR 1D3 or CDK4R24L-specific TCR #53 (both HLA-A*02:01-restricted) in RPMI 
1640 medium supplemented with 10% human AB serum, penicillin-streptomycin and 25 
U/ml IL-2 at a T cell/B cell ratio of 5:1 and at a density of 1.5 x 106 total cells/cm2. 
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Cultures were resuspended on day 1 and 2 of the experiment. To simulate screening 
conditions using clonally diverse T cell populations, 1D3 and #53 TCR-expressing T cells 
were mixed with donor-matched mock-transduced T cells at indicated ratios. For 
screens using patient-derived MHC class II-restricted TCRs, the model library - 
subcloned into the CD7417-98-modified pMSCV vector - was transduced into patient-
matched immortalized B cells (patient NKIRTIL017), and library-expressing B cells were 
cocultured with donor CD4+ T cells transduced with either the MANSC1D85H- or 
SNORD73AR165W-specific patient TCR as described above. Library coverage of at least 
150x was maintained in all experiments. After 72 hours of co-incubation, cells were 
washed in PBS, and cell debris was removed by Ficoll-Paque density gradient 
separation. Isolated cells were subsequently resuspended in DirectPCR Lysis Reagent 
(Viagen) containing 500 µg/ml proteinase K and lysed by incubation at 55 °C for 60 min, 
85 °C for 30 min and 94 °C for 5 min. Minigene sequences were then amplified by PCR 
using NEBNext Ultra II Q5 Master Mix (New England Biolabs), using the following 
primers: 

Prep-I Forward (for screens with CD8+ T cells):  

5’-CAAGCAGAAGACGGCATACGATGGAGGAGAACCCTGGACCTACAAGC-3’  

Prep-II Forward (for screens with CD4+ T cells):  

5’-CAAGCAGAAGACGGCATACGACCTGCGGATGAAGCTGCCCG-3’ 

Prep Reverse:  

5’-

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTNNNNNNNG ATCCGACTCGGTGCCACTTTTTCAAC-3’ 

The 7 nt stretch of N nucleotides indicates a unique barcode sequence used to enable 
the multiplexed preparation of sequencing libraries. Following PCR, samples were pooled 
equimolarly and run on a 1% agarose gel in order to separate minigene amplicons from 
potential primer dimers. Minigene amplicons were extracted from gel using the Monarch 
DNA Gel Extraction Kit (New England Biolabs) and deep sequenced on an Illumina 
HiSeq 2500 Sequencing system (single read 65 bp). 

For the patient CRC-9 neoantigen screen, the tumor variant-encoding library 
was transduced into autologous immortalized B cells, cells were selected with 
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puromycin, and cocultured in duplicate with tumor organoid-reactive patient T cells at a T 
cell/B cell ratio of 5:1. Library-expressing B cells cultured in the absence of patient T 
cells served as a negative control. After 48 hours of coculture, cells were washed in 
PBS, stained with DAPI (Sigma-Aldrich), and live B cells (DAPI-GFP+) were sorted by flow 
cytometry. Genomic DNA was extracted from sorted B cells using the DNeasy Blood 
and Tissue kit (Qiagen), and minigene sequences were amplified and sequenced as 
described above. To validate identified patient neoantigens, minigenes encoding the 
screen hits, as well as their wild-type counterparts, were synthesized as individual 
gBlocks (IDT), cloned into the pMSCV-puro-mCherry vector and transduced into 
immortalized patient B cells. Following selection with puromycin, minigene-transduced B 
cells were cocultured with organoid-reactive patient T cells as described above. 

Sequence analysis 
 

Initial sequence quality profiles were quantified by FastQC and de-multiplexed using 
fastq-multx with 1 mismatch allowed. Vector sequences were trimmed from sequence 
reads using fastq-mcf against the UniVec database and samples were subsequently 
quality filtered using cutadapt. For the proof-of-concept screens, the unique 12 nt 
barcodes that were added to individual minigene sequences were extracted using seqkit 
and mapped using Bowtie2 with no multi-matched hits allowed. For the patient 
neoantigen screen, high quality reads were mapped against the full minigene sequences 
of the patient library using BBMap with ambiguously mapped reads removed and only 
perfect mappings allowed. Per-sample count tables were differentially compared and 
normalised using DESeq2. Minigenes with an average abundance below the 4th 
percentile and a coefficient of variation >1 were removed from analyses. Statistical 
testing was performed using DESeq2’s Wald’s test using an FDR-corrected p-value 
cutoff < 0.05 and a log2 fold change >|1|. 

Single-cell TCR sequencing 
 

CRC-9 patient T cells were cocultured with matched tumor organoids for 24 hours, and 
stained with IR-Dye and antibodies against CD3, CD4, CD8 and CD137. Tumor-reactive 
CD8+ T cells (live CD3+CD4-CD8+CD137+) were then isolated by flow cytometry and 
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loaded into a Chromium single cell sorting system (10X Genomics). TCR library 
preparation was performed using the Chromium Single Cell VDJ Library protocol (10X 
Genomics) according to the manufacturer’s instructions, and the library was 
subsequently sequenced on a Illumina Miseq sequencing system.  

In silico selection of neoantigen vaccine targets  

 

The computational tools Vaxrank 32 and pVACseq 33 were used to rank tumor mutations 
of patient CRC-9 for use in a putative personalized cancer vaccine. HLA typing of patient 
CRC-9 was performed using OptiType for HLA-A, -B and –C alleles. For Vaxrank, the set 
of CRC-9 somatic variant calls and aligned RNA reads were used as input, with 
parameters set to a peptide length of 25, an epitope length of 8-11 and utilization of the 
MHCFlurry prediction algorithm. For pVACtools, variants were annotated with VEP, gene 
expression was determined using Salmon and DNA/RNA coverage was quantified by 
bam-readcount. Epitope length was set to 8-11 and the prediction algorithms MHCflurry 
and MHCnuggets were used. 
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Code availability 

 

Scripts used for analyzing sequencing data from antigen discovery screens are stored at 
https://github.com/twbattaglia/amplicon-nf. Script output for the presented analyses are 
stored at https://github.com/twbattaglia/HANSolo-manuscript. Access to both 
repositories can be obtained from the corresponding author on request. 

Data availability 

 

DNA sequencing data of antigen discovery screens have been deposited in the NCBI 
Sequence Read Archive under accession code PRJNA707215. 
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Supplementary Figure 1. (previous page) 
 
(A) Specificity of TCR clone #53 for the CDK4R24L neoantigen. TCR #53 was transduced into donor CD8+ T 
cells and resulting cells were incubated with mock-transduced or CDK4R24L minigene-transduced HLA-A2+ B 
cells. T cell activation was assessed by measuring CD137 surface expression.  
(B) Quantification of killing of B cells expressing CDK4R24L minigenes after a 72 hour co-culture with TCR #53-
transduced donor CD8+ T cells. Incubation of B cells in the presence of mock-transduced CD8+ T cells served 
as a negative control, and data were normalized to the fraction of live B cells that were measured in the 
absence of T cells. Bars indicate mean values of technical replicates, error bars indicate S.D 
(C) Specificity of TCR clone 1D3 for the native MART126-35 epitope and its MHC affinity-enhanced variant 
MART1-ELA. Donor CD8+ T cells expressing TCR 1D3 were incubated with HLA-A2+ B cells that were 
transduced to express either MART1 epitope at the indicated effector: target ratios. Incubation of T cells with 
mock-transduced B cells served as a negative control. Data depict representative flow cytometry plots (left) 
and mean CD137 levels of technical replicates (right).  
(D) Quantification of killing of B cells expressing MART126-35 or MART1-ELA minigenes after co-culture with 
1D3 TCR-transduced donor CD8+ T cells. Incubation of B cells in the presence of mock-transduced T cells 
served as a negative control. Data depict mean percentages of live B cells of technical replicates.  
(E) Schematic overview of library minigene design and cloning strategy. 

213

6



Identification of patient-specific T cell 
neoantigens through HLA-agnostic genetic screens




214

6



Identification of patient-specific T cell  
neoantigens through HLA-agnostic genetic screens

Supplementary Figure 2. (previous page)


(A) TIL were expanded from a melanoma tumor with previously identified MHC II-restricted neoantigen 
reactivity1 by incubation of single-cell suspensions of tumor tissue in the presence of high dose IL-2. CD4+ T 
cells were subsequently isolated by flow cytometry and incubated with autologous immortalized B cells that 
were transduced to express a minigene encoding the patient neoantigen LEMD2P495L, or the same minigene 
coupled to the CD7417-98 sorting signal (as described in Methods). CD4+ T cell activation was assessed by 
analysis of IFNγ secretion . Patient B cells expressing the corresponding wild-type LEMD2 minigene, either 
coupled to CD7417-98 or not, served as negative controls. Data represent mean IFNγ levels of technical 
duplicates, errors bars indicate S.E.M.  
(B, C) Characterization of MANSC1D85H- and SNORD73AR165W-specific TCRs. Left: TCRs were expressed in 
donor CD4+ T cells and resulting cells were incubated with patient-matched B cells pulsed with the indicated 
concentrations of MANSC1D85H or SNORD73AR165W peptides, or the respective wild-type control peptides. T 
cell activation was subsequently assessed by measuring OX40 surface expression. Data depict mean OX40 
levels of technical replicates. Right: Quantification of killing of B cells expressing MANSC1D85H- or 
SNORD73AR165W minigenes after a 72 hour co-culture with donor CD4+ T cells transduced to express the 
indicated TCRs. Incubation of B cells in the presence of mock-transduced T cells served as a negative control, 
and data were normalized to the fraction of live B cells that were detected in the absence of T cells. Bars 
indicate mean values of technical replicates, error bars indicate S.D. 
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Supplementary Figure 3. (previous page) 
 

(A) Schematic overview of the generation of personalized tumor-reactive T cell products by coculture of patient 
PBMCs with matched tumor organoids (see refs. 2,3).  
(B) Tumor organoid-specific T cells were obtained by co-incubation of PBMCs of patient CRC-9 with matched 
tumor organoids for two weeks. The fractions of CD4+, CD8+ and CD4-CD8- T cells were analyzed by flow 
cytometry. Depicted data are gated on live single CD3+ cells.  
(C) Reactivity of organoid-induced patient PBMCs. Organoid-reactivity of the CRC-9 cell product was 
assessed by incubation of cells with tumor organoids and analysis of CD137 surface expression. Data depict 
representative flow cytometry plots (left) and mean CD137 levels of technical replicates (right; error bars 
indicate S.D.).  
(D) Quantification of patient PBMC cytotoxicity towards matched tumor organoids. Data were normalized to the 
fraction of live B cells that were detected in the absence of T cells. To assess the contribution of MHC class I-
restricted T cells to organoid killing, patient PBMCs and organoids were co-incubated in the presence or 
absence of an MHC class I-blocking antibody. Data depict mean values of technical replicates, error bars 
indicate S.D.  
(E) Left: TCRα and β sequence information of the top three ranking clonotypes of Fig. 2C. Right: Organoid 
reactivity of the selected TCRs. TCRs were expressed in donor CD8+ T cells and incubated with patient tumor 
organoids. CD8+ T cell activation was assessed by measuring CD137 surface expression. 
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Cancer immunotherapy has shown great clinical successes in the treatment of 
advanced cancers. However, a large fraction of patient do not respond to current 
immunotherapies and, even in the more immune-responsive tumor types, durable 
responses remain rare events. Treatment failure could be explained by many different 
mechanisms: defects in the tumor antigen processing and presenting machinery, 
expression of immune checkpoint molecules, low level of tumor foreignness, general 
immune status and T-cell receptors (TCRs) repertoire, only to cite a few, all 
contribute in the interaction between tumor and immune cells (Blank et al., 2016). 
Understanding the specific interactions between tumor and immune cells, predicting 
possible immune evasion mechanisms and finding solutions to overcome these 
mechanisms, for the individual patient, are the current challenges of the immuno-
oncology field.  

The implementation of personalized medicine in the field of immunotherapy is 
substantial; to achieve that, we strongly believe a pre-clinical in vitro model for the 
analysis of (different) aspects of the interactions between tumor and immune cells is 
urgently needed. A personalized in vitro model needs an autologous source of 
immune and tumor cells. Tumor organoids are a three-dimensional culture system 
that enables the indefinite propagation of normal and tumor epithelial cells for a 
variety of tissues. Tumor organoids can be established from needle biopsy or 
resection material, and most importantly, they retain histological and molecular 
features of the original tumor they are derived from. (Weeber et al., 2015; van de 
Wetering et al., 2015). On the other side, the peripheral blood compartment 
represents an interesting source of immune cells. First, Compared to tumor-
infiltrating lymphocytes (TILs), peripheral blood mononuclear lymphocytes (PBMCs) 
are a relative easy accessible source of immune cells, and have been previously 
investigate as a potential source for tumor-reactive T cells (Verdegaal et al., 2011). 
Second, peripheral blood represents a source of T cells with a lower degree of 
exhaustion. We built our model for precision immune-oncology by combining 
autologous tumor organoids and PBMCs.  

In chapter 2 we demonstrate that by co-culturing PBMCs and autologous tumor 
organoids we are able to generate a tumor-reactive T cell population for a subset of 
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colorectal cancer (CRC) and non-small cell lung cancer (NSCLC) patients; in 
chapter 3 we present an improved version of the co-culture platform protocol. We 
show that the obtained tumor-reactive T cells are specifically able to recognize and 
kill tumor organoids, while ignoring autologous healthy colon or airway organoids. 
Furthermore, to control for any intrinsic artifact of the organoids cultures, we 
compare reactivity against organoids and single cells digest of the original tumor, as 
well as between tumor and healthy tissue. We provide proof of concept that tumor 
organoids can be used to establish individualized ex vivo model systems to support 
T cell-based therapies and to study the interactions between T cells and tumor cells.  
We speculate the established co-culture platform could be of extreme relevance for 
three major applications: the development of a personalized prediction tool for 
immunotherapy responses; the mechanical dissection of different aspects of tumor-
immune cells interactions in a  physiological setting; the generation of an unbiased 
personalized T cells product for adoptive T cell transfer purposes. 

By comparing the results of our co-cultures with clinical responses to 
immunotherapy in chapter 4, we demonstrate that the ability to generate a tumor 
reactive T cell population via our platform perfectly correlates with long term clinical 
responses to anti-PD-1 blocking therapy, in a subset of 12 different CRC and 
NSCLC patients. We also show the feasibility of using the platform to monitor 
responses over time, during treatment: for one CRC patient we were indeed able to 
mimic response to nivolumab of two different lesions, reacting differently to the 
treatment, at two different timepoints. However, even though those data suggest in 
favor of using the co-culture results as biomarker of (non-) response to checkpoint 
inhibitors, we quickly realised the intrinsic limitations of the approach. Time and 
success rates involved into the establishment of tumor organoids culture strongly 
argue against the use of such a model for treatment decision purposes.  

Nevertheless, these correlation data highlight once more the value of the co-culture 
platform as a physiologically-relevant investigational tool: for example, efficacy of new 
(combination of) candidate drugs in the immuno-oncology scenario can be easily 
assessed; or, mechanisms of primary (or acquired) resistance to immunotherapy can 
be identified, analysed and potentially overcome.  
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In chapter 5 we use the co-culture system to generate and analyze models of 
primary and acquired resistance to immunotherapy. To be specific, Werner helicase 
(WRN) was previously identified as a specific synthetic-lethal target in mismatch 
repair-deficient (dMMR)/microsatellite instability-high (MSI-H) cancers. We 
demonstrate that WRN dependency is retained in diverse models of primary and 
acquired resistance to targeted, chemo- and checkpoint inhibitor therapy, providing 
a strong rationale for the clinical development of specific small-molecule inhibitors 
targeting WRN. The generation of acquired resistance was obtained by prolonged 
exposure of tumor organoids to the pressure of tumor-reactive T cells: this method, 
while laborious, shows for the first time, the feasibility of using an organoid co-culture 
system to model in vitro acquired resistance to T cells activity.

With respect to the last potential application of the co-culture platform, the ability to 
obtain specific tumor-reactive T cells offers a potential strategy for the generation of 
T-cell products for adoptive T-cell transfer. The clinical success of TIL therapy in 
melanoma has not been matched in other tumor types and there is a need for 
strategies that bypass the challenges of TIL therapy for epithelial cancers.  

To fully explore this hypothesis, several important steps need to be taken. Most 
importantly, it is fundamental to know what are the targets of the actions of the 
induced tumor-reactive T cells. Systems that allow the unbiased analysis of T cell-
mediated tumor recognition, such as the identification of their antigenic targets, in 
the personalized setting are currently lacking. Accumulating evidence suggests that 
cancer neoantigens are important drivers of both spontaneous and therapy-induced 
anti-tumor T cell responses (Schumacher et al., 2018). Experimental tools that enable 
the analysis of both CD4+ and CD8+ T cell-recognized tumor antigens on a per-
patient basis are urgently needed . 

In chapter 6 we present HANSolo, HLA-Agnostic Neoantigen Screening, a high-
throughput genetic platform for personalized discovery of CD4+ and CD8+ T cell-
recognized (neo)antigens. By using patient-matched immortalized B cells, encoding 

225

7



Summary and general discussion

for all non-synonymous tumor-specific mutations, as APCs, we demonstrate that we 
can enable the unbiased screening of T cell specificities across all MHC-I and -II 
alleles of individual patients, in a fully autologous manner.  

Taken together, the data we generate show that the co-culture platform represents a 
new solution to investigate the complex interactions between tumor cells and T cells. 
However, cancer is a complex disease, reducing it to the study of only two elements 
would mean being extremely simplistic. Tumor cells and T cells do not stand alone; 
instead they are immersed in a specific microenvironment, consisting of a large 
variety of different cell types: the interplay and the equilibrium between cancer, 
stromal, endothelial, and multiple different immune cells are the keys to understand 
how a tumor develops, and how it would react to a specific therapy.  
     
On the road to precision immunotherapy, the co-culture platform “only” marks a step; 
future steps directed towards the expansion of the actual co-culture model to more 
diverse cell types will be needed to explore the full potential of what we created so 
far. 
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NEDERLANDSE SAMENVATTING

 
Immuuntherapie voor kanker heeft de behandeling van vergevorderde kankers sterk 
veranderd. In het afgelopen decennium zĳn de successen van immuuntherapie van 
buitengewone anekdotes tot een solide en stabiele werkelĳkheid geworden. 
Checkpointremmers zĳn succesvol ingezet als behandeling voor verschillende tumoren: 
melanomen, niet-kleincellige longkankers, hoofd en nek plaveiselcarcinomen, 
niercelcarcinomen, Hodgkin lymfoom, urotheelcarcinomen, maagcarcinomen, primair 
mediastinaal B-cellymphoom, Merkelcelcarcinoom, hepatocellulair carcinoom, 
baarmoederhalskanker en colorectale kanker, om er een aantal te noemen. Echter, zelfs 
in de meest immuun-reactieve tumortypen zĳn langdurige responsen op 
checkpointremmers zeldzame gebeurtenissen en de succespercentages variëren sterk, 
van ~15% wanneer toegepast in monotherapie, tot ~60% wanneer toegepast in 

combinatie. 
 Om de effectiviteit van de huidige kanker immuuntherapieën te verbeteren, is het 
noodzakelĳk om manieren te vinden om te voorspellen welke patiënten de grootste kans 
hebben om goed te reageren op de behandeling, welke patiënten waarschĳnlĳk een 
terugval zullen krĳgen, welke resistentiemechanismen er op zullen komen en, het 
belangrĳkst, hoe deze mechanismen overkomen kunnen worden. Deze uitdagingen 
onderstrepen de noodzaak voor een preklinisch model dat gebruikt kan worden om de 
interactie tussen tumorcellen en immuuncellen te bestuderen op een onbevooroordeelde 
manier, voor individuele patiënten. 
 
  In dit proefschrift omarmen we deze uitdagingen, op zoek naar een uitgebreide 
oplossing. 

   In hoofdstuk 2 presenteren we een nieuw model voor het bestuderen van directe 
interacties tussen tumor- en immuuncellen voor individuele patiënten. Door een co-
cultuur van mononucleaire lymfocyten uit perifeer bloed (PBMC’s) and autologe tumor 
organoïden konden we tumor-reactieve T-cellen genereren voor een subgroep van 
colorectale kanker (CRC) en niet-kleincellige longkanker (NSCLC) patiënten. Ook 
demonstreren we dat deze T-cellen in staat zĳn om specifiek tumor organoïden te 

231

&



Addendum

herkennen en te doden, terwĳl autologe gezonde darm of luchtweg organoïden 
genegeerd werden. Wĳ speculeren dat dit nieuwe platform gebruikt kan worden als een 
technologie om de verschillende aspecten van tumor-immuun interacties te ontleden en 
voor het genereren van een patiënt-specifiek T-cel product. 
 
   In hoofdstuk 3 beschrĳven we het co-cultuur platform in detail en benadrukken we de 
voor- en nadelen van onze methode om tumorreactieve T-cellen te genereren ten 
opzichte van de bestaande methoden.  
 
   In hoofdstuk 4 onderzoeken we de fysiologische waarde van het platform, waarbĳ we 
de hypothese onderzoeken dat het kan worden gebruikt om de respons van patiënten 
op immuuntherapie te voorspellen. We laten een perfecte correlatie zien tussen het 
vermogen om patiëntspecifieke tumorreactieve T-cellen te genereren en de klinische 
uitkomst van anti-PD-1-blokkeertherapie voor een subgroep van colorectale kanker 
(CRC) en niet-kleincellige longkanker (NSCLC) patiënten. We demonstreren ook de 
mogelĳkheid van het gebruik van het co-cultuursysteem om de respons op 
immuuntherapie gedurende de behandeling te volgen. We bieden ook een kritisch 
standpunt en benadrukken de intrinsieke beperkingen van het gebruik van 
tumororganoïden als modelsysteem voor een dergelĳk voorspellend doel. 
 
  In hoofdstuk 5 gebruiken we het co-cultuur systeem om modellen van primaire of 
verworven resistentie tegen immuuntherapie te genereren en analyseren. Om precies te 
zĳn, is Werner-helicase (WRN) geïdentificeerd als een specifiek synthetisch-letaal doelwit 
bĳ mismatch-reparatie-deficiënte (dMMR) / microsatelliet-instabiele (MSI-H) kankers. We 
tonen aan dat WRN-afhankelĳkheid behouden blĳft in diverse modellen van primaire en 
verworven resistentie tegen doelgerichte, chemo- en checkpointremmertherapie, wat 
een sterk motief biedt voor de klinische ontwikkeling van specifieke remmers van kleine 
moleculen die gericht zĳn op WRN. 

   In hoofdstuk 6 focussen we ons op een beter begrip van de tumor-reactieve T-cellen 
die we hebben geïnduceerd door het samen kweken van tumororganoïden en autologe 
PBMC's. We presenteren HANSolo, HLA-Agnostic Neoantigen Screening, een high-
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throughput genetisch platform voor gepersonaliseerde ontdekking van (neo)antigenen 
herkend door CD4+ en CD8+ T-cellen. We demonstreren dat we een 
onbevooroordeelde screening van T-celspecificiteiten in alle MHC-I- en -II-allelen mogelĳk 
kunnen maken van individuele patiënten, door patiënt-gekoppelde geïmmortaliseerde B-
cellen als APC’s te gebruiken die coderen voor een bibliotheek die bestaat uit alle niet-
synonieme tumorspecifieke mutaties. 
 
  Een algemene discussie van het in dit proefschrift gepresenteerde onderzoek kan 
gevonden worden in hoofdstuk 7. 
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