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Only a few know, how much one must know, to know 
how little one knows  

Werner Heisenberg 



 

1General Introduction and Outline  
 





The concept of leveraging the body's immune system to combat cancer has roots 
dating back 133 years. In 1891, William Coley, a distinguished American cancer 
researcher and orthopedic surgeon, made a groundbreaking observation. He 
witnessed the regression of sarcomas by administering a mix of heat-inactivated 
bacteria. Coley's pioneering work earned him the title of the father of 
immunotherapy1,2.  
Since then, the field of cancer immunotherapy has made significant advancements, 
especially gaining momentum in the latter half of the 20th century3. The discovery of T 
cells and B cells in 1967, along with the successful regression of advanced cancers 
through the administration of autologous lymphocytes in combination with interleukin 
2 (IL-2) by Rosenberg and his team in 1985, paved the way for the success of cancer 
immunotherapy4,5. 
Around a decade ago, immune checkpoint inhibitor drugs targeting CTLA-4 and 
PD-1 received FDA approval in 2011 and 2014, respectively6,7,8. Meanwhile, Carl 
June treated the first child with CAR-T cells against leukemia in 20129. These success 
stories of immune checkpoint inhibitors (ICI) and adoptive cell therapies have 
significantly influenced the trajectory of the field, fundamentally changing the clinical 
treatment of cancer patients and fueling a large proportion of cancer immunotherapy 
research. The significance and growth of the field are also reflected in a global market 
size of 84 billion USD in 2021, with an estimated increase to reach 306 billion USD by 
203010. 
In the coming years, we anticipate significant progress that will deepen our 
understanding and open new avenues for groundbreaking treatments for cancer 
patients. Nevertheless, crucial questions remain: Can we effectively develop cancer 
immunotherapies tailored for currently unresponsive tumor types? How much 
untapped potential remains in the continued exploration of immune checkpoint 
inhibitor (ICI) treatments? When might the next major breakthrough emerge to 
revolutionize our perspective on anti-tumor immunity? 
ICI treatment has produced remarkable clinical outcomes, particularly in melanoma 
and microsatellite instability-high (MSI-H) tumors6,11. In 2019, response rates for these 
specific tumors were reported at an impressive 45-60%. However, the response rates 
in the majority of other solid tumors ranged from 15-30%12. Shortly thereafter, Chalabi 
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et al. reported an astonishing success rate of 100% in early-stage mismatch repair 
deficient (MMR-d) colon cancers by administering ICI as neoadjuvant treatment13. 
To further improve clinical response rates, a primary area of research emphasis, both 
past and present, revolves around predicting ICI treatment response, discerning 
biomarkers, and comprehending the underlying mechanism. To date, tumor 
mutational burden (TMB), mismatch repair (MMR) deficiency, and PD-L1 expression 
have been shown to robustly correlate with anti-PD-(L)1 treatment response14. MMR 
deficiency, as well as TMB, enhances the probability of neoantigens presented by 
cancer cells, which can be recognized by T cells15. Blocking the inhibitory receptor 
ligand pair PD-1/PD-L1 allows for T cell activation16. Thus, providing an explanation 
for the mentioned correlation of TMB and MMR deficiency with patient response. 
In line with this, Ribas and colleagues described that mutations of the antigen 
presenting machinery (APM) and IFNγ pathway lead to acquired resistance to anti-
PD1 immunotherapy in patients with melanoma17. Additionally, they showed that for 
melanoma, ICI response requires pre-existing intratumoral CD8+ T cells and that T 
cell-induced IFNγ is a main driver of clinical response18,19. Contrary, Yost et al. 
reported that in their basal and squamous cell carcinoma cohort newly infiltrating T 
cell clones proved to be relevant for T cell response to immune checkpoint 
blockade20. 
While the question of which T cells, T cell states, and perhaps T cell behavior are 
relevant for the response to ICI treatment remains not fully answered, another crucial 
consideration arises—how translatable are findings from one tumor (type) to another? 
The beauty, but simultaneously the challenge, of cancer immunotherapy is that it 
targets the interplay of cancer cells and immune cells. Therefore, to understand and 
predict its outcome, one likely needs to analyze two unique and vastly complex 
parameters: the tumor itself and the patient’s immune system.  
The intricate composition of the tumor microenvironment (TME) is influenced by 
multiple factors, such as the genetic make-up of the tumor, its location, as well as the 
tumor stage, which ultimately determine the exposure to a selected subset of immune 
cells under specific conditions21. Underlining the importance to investigate whether 
certain resistance mechanisms or the influence of IFNγ on ICI treatment response is 
broadly applicable or only relevant for specific tumor types. Moreover, questioning 
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which immune cells are key to a successful anti-tumor immune response. An in vivo 
CRISPR screen demonstrated that, controversially to previous findings, loss of IFNγ 
signaling resulted in enhanced immune response, partly mediated by natural killer 
(NK) cells and the inhibiting effect of major histocompatibility complex (MHC) class I 
expression22. Likewise, we have discovered that colorectal cancers with defects in the 
antigen presenting machinery are able to respond to immune checkpoint blockade, 
again contrary to our knowledge based on melanoma studies23. Emphasizing that ICI 
response may be mediated by different cellular mechanisms depending on, for 
example, mutational profile or tumor type.  
In summary, T cells play a major role in tumor immune responses, and the detailed 
understanding of underlying mechanisms governs great translational potential for 
future therapies. Simultaneously, the complexity of anti-tumor immunity requires us to 
look beyond conventional T cells to unveil the full picture. This may be especially 
relevant for understanding and overcoming current resistance mechanisms to ICI 
treatment and hence opening up opportunities to increase the response rate for those 
patients. 

This thesis aims to understand the anti-tumor potential of different immune cell types 
while carefully considering the complexity of tumor-immune cell interactions. To 
investigate anti-tumor immunity in a personalized manner, which may support clinical 
translation, choosing the right model system is of high importance. Patient-derived 
tumor organoids (PDTOs) resemble the phenotypic and genetic characteristics of the 
original tumor and allow for the readout of autologous immune responses. As PDTOs 
are fundamental to the research of this thesis, Chapter 2 will highlight the 
opportunities and challenges associated with the model system concerning precision 
medicine. The review will provide an extensive overview of the current state of 
organoids in cancer research, critically evaluating their predictive value for cancer 
treatments and summarizing advances in their integration into the field of 
immunotherapy. 
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Following the description of the potential of PDTOs for whole-genome screens and 
cancer immunotherapy, Chapter 3 reports on our attempt to perform whole-genome 
CRISPR Cas9 knockout screens on PDTOs to identify modulators of autologous 
CD8+ T cell killing. Based on two independent fully autologous screens of MSI CRC 
PDTOs and expanded tumor-reactive CD8+ T cells, sensitizers and resistors to T cell 
killing were identified and validated. This ambitious undertaking came with numerous 
optimizations, which will be described in this methods-oriented chapter. 
  
In line with the goal to better understand T cell killing and reactivity, Chapter 4 will 
dissect T cell dynamics during co-culture with PDTOs, albeit at a much smaller scale. 
Here, we aimed to understand differences in T cell reactivity based on expression and 
chromatin accessibility profiles. Furthermore, we discuss recent advancements in 
identifying relevant T cell states for tumor response and provide context for the 
potential of our model system. 
  
Chapter 5 will shed light on how tumors, invisible to CD8+ T cells, can respond to ICI 
treatment. Following a comprehensive multi-omics analysis of MMR-d B2M mutant 
CRC tumors and patient cohorts, we identified γδ T cells as effectors of ICI response. 
Differential gene expression analysis of two independent patient cohorts treated with 
ICI, surface marker phenotyping, and single-cell RNA analysis of tumor-infiltrating γδ T 
cells, along with in vitro experiments using CRC cell lines as well as isogenic B2M 
mutant/knockout PDTOs, confirmed a cytotoxic phenotype and enhanced reactivity 
of Vδ1/3 T cells towards B2M mutant MMR-d CRC tumors. Thus, with these exciting 
findings, the thesis shifts its focus to immune cells beyond conventional T cells. 
  
To take the discoveries of Chapter 5 one step further, we asked whether our findings 
of enhanced γδ T cell tumor reactivity in the context of MMR-d CRC can be translated 
to MMR-p CRC. These tumors generally do not respond well to ICI treatment12, and 
any advancement in initiating a better immune response would be a promising step 
forward. Chapter 6 summarizes our most recent findings on introducing a B2M 
mutation in MMR-p CRC as an effort to increase γδ T cell reactivity. 
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Lastly, Chapter 7 explores hematopoietic stem and progenitor cell-derived NK cell 
(HSPC-NK cells) reactivity towards PDTOs to characterize activating and inhibiting 
ligands, as well as the investigating the role of IFNγ on tumor recognition. Moreover, 
using pairs of CRC PDTOs derived before and after ICI treatment revealed reduced 
HSPC-NK cell reactivity towards post ICI treatment-derived PDTOs. In line with 
Chapter 4, this could point towards the involvement of immune cells, other than 
conventional T cells, to ICI response.  

Taken together, the following chapters embody a journey through the complexity of 
anti-tumor immunity, which, I believe, we are just beginning to grasp. Starting with the 
challenge of pushing our boundaries in understanding T cell responses to more 
unexplored avenues such as the relevance of γδ T cells in ICI response or regulators 
of HSPC-NK cell reactivity. 
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ABSTRACT


Tumor organoids have been proposed as a model system for precision medicine. The 
ability of tumor organoids to retain characteristics of the original tumor makes them 
unique for cancer research on an individual patient level. Hence, the idea to use tumor 
organoids for clinical decision making and optimize patient outcome is tempting. In 
vitro responses of tumor organoids to a wide array of drugs have been positively 
correlated to patient responses. However, substantial challenges remain and 
prospective studies with large cohorts are highly needed before implementation in 
clinical cancer care can be considered. Because of their personalized characteristics 
and the immediate link with patient data, tumor organoids also have great potential in 
preclinical research. Here, we provide a critical overview of both clinical and preclinical 
advances using tumor organoids.  
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INTRODUCTION


In the past decade, treatment of cancer patients has evolved from treatment based 
on tumor type to treatment based on molecular characteristics of a tumor or its 
microenvironment. This approach, coined precision medicine or individualized 
treatment, has changed the outlook of many patients with advanced cancers and is 
now also incorporated in (neo-)adjuvant studies. Large-scale tumor sequencing 
efforts with subsequent identification of numerous targets for treatment have been the 
driving force behind precision medicine. Although many successes have been 
reported based on DNA sequencing, it is also clear that there is still a high unmet 
need for effective treatments in the majority of cancer patients (Cobain et al., 2021). 
The focus on genetic aberrations in a fraction of coding regions has significant 
limitations and does not appreciate or depict the complexity of the disease. So far, 
DNA sequencing provides information on the drivers of cancer that are fairly well 
preserved during disease progression but it does not include other modulators such 
as epigenetic changes or effects of non-coding regions. These modulators are far 
more dynamic and their relevance is more difficult to understand. While cancer is a 
genetic disease, all levels of cellular information are relevant to fully grasp the 
underlying malignant mechanisms to create better treatments. Clearly, the need for a 
dynamic, versatile model system that allows in-depth analysis of multiple dimensions 
of tumor biology and reflect the behavior of the original tumor in patients is high. The 
ability to create living, ex vivo tumors derived from individual patients has generated 
significant enthusiasm to improve precision medicine. With the development of new 
technologies, it is now possible to grow tumors in three-dimensional (3D) structures 
on an individualized basis. These so-called organoids are multicellular in vitro 
structures derived from adult or embryonic stem cells that resemble features of their 
original tissue and have the ability to self-organize and self-renewal (Eiraku and Sasai, 
2012; Lancaster and Knoblich, 2014; Clevers, 2016). This technology provides a 
promising model system to facilitate translational research and may have a role in 
clinical decision making. In this review, we discuss the advantages and limitations of 
tumor organoids and their potential relevance to improve treatment outcome of 
patients with cancer. In the first part, we critically appraise the role of tumor organoids 
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in the translational research setting and report on their current applications with 
respect to targeted therapy, chemotherapy, and immunotherapy. In the second part 
we focus on further applications in basic research, highlighting genetic screens, 
proteomics, and other novel avenues. 

IMPLEMENTATION OF TUMOR ORGANOIDS IN CLINICAL DECISION MAKING


Recent achievements and remaining challenges


Tumor organoids preserve features of the original tumor and offer the possibility to 
study individual cancers as a dynamic system compared with static sequencing data. 
The need for such a dynamic system is emphasized by the fact that the failure rate of 

drugs tested in clinical trials remains extremely high, with low success rates for 
cancer treatments of 3.4% in phase I–III clinical trials (Wong et al. 2019). It can be 
hypothesized that tumor organoids could help to improve the translation from bench 
to bedside by offering a more versatile and personalized view on cancer biology and 
treatment response. Since the establishment of the first organoid cultures derived 
from stem cells (Sato et al., 2011), many researchers around the world have used 
tumor organoids to address their scientific questions and created a wealth of data. By 
now it is possible to generate long-term tumor organoid cultures from a wide range of 
human epithelial tissues, such as colon (Sato et al., 2011), liver (Broutier et al., 2017), 
lung (Sachs et al., 2019), pancreas (Boj et al., 2015; Huang et al., 2015), prostate 
(Karthaus et al., 2014; Gao et al., 2014), ovaries (Kopper et al., 2019; Hill et al., 
2018), bladder (Mullenders et al., 2019), breast (Sachs et al., 2018), endometrium 
(Turco et al., 2017), esophagus (Sato et al., 2011), neuroendocrine cancer (Kawasaki 
et al., 2020; Dijkstra et al., 2021), and more (Kretzschmar, 2021). Large living 
biobanks of tumor organoids have been created in recent years and this work has 
been summarized and extensively discussed by others (Kretzschmar, 2021; Drost 
and Clevers, 2018). In addition to those achievements, follow-up analysis on long-
term organoid cultures suggests that characteristics of the original tumor sample, like 
phenotype, genetic diversity, and mutational signatures, are preserved in organoids 
(Weeber et al., 2015; Sachs and Clevers, 2014; Blokzijl et al., 2016). Moreover, tumor 
organoids have superior characteristics compared with other model systems.  
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Their biology places them between cell lines and patient-derived xenograft (PDX) 
models. Compared with organoids, converting human tumors into cell lines is a much 
greater challenge. A success rate of around 26% across different cancer types has 
been reported for the generation of a cancer cell monoculture from patient tissue 
(Kodack et al., 2017). PDX models, on the other hand, remain the only system to 
capture individualized tumor growth in vivo, surrounded by and in crosstalk with the 
tumor microenvironment (TME) and parts of the immune system, but tumor organoids 
can be easier to establish, cheaper to maintain, and do not require the use of 
experimental animals, in line with ethical goals on animal welfare. All of the above-
mentioned advantages are of profound importance for clinical implementation and 
they allow researchers to analyze tumor biology on a personalized level. 

Figure 1. Strengths and weaknesses of tumor organoids for clinical implementation.

Summary of factors that either support or hinder the use of tumor organoids in precision medicine compared 
with conventional cell lines or PDX models. Two main categories of strengths and weaknesses of tumor 
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organoids have to be considered: the establishment of organoid cultures as a first step and the suitability of 
organoids as a model system. While tumor organoids, on an individual basis, are easier to establish compared 
with cell lines and cheaper to maintain than PDX models, their initial success rate currently hampers integration 
into clinical decision making. As a model system, tumor organoids represent the original tumor more closely 
than cell lines and at the same time are more versatile than PDX models. However, other key cellular 
components are lacking in organoid cultures. 

Now, the concept to take a tumor specimen from a patient, create and propagate 
organoids, expose the patient-derived tumor organoids to a wide array of drugs, and 
subsequently treat the patient with the best possible drug or combination of drugs 
seems within reach. This would truly serve as the ultimate bench-to-bedside model 
for cancer therapy. Several groups, including ours, have taken this approach, and 
correlations were found between pre- and post-treatment organoid cultures and 
sensitivity to a particular drug (Vlachogiannis et al., 2018; de Witte et al., 2020; 
Kopper et al., 2019; Ooft et al., 2019). However, humbling experiences have also 
made it clear that there are challenges that need to be resolved to fully utilize the 
potential value of tumor organoids for clinical decision making (Figures 1 and 2). Even 
though the culture success rate is superior to two dimensional (2D) cultures, the 
success rate of culturing organoids varies across tumor types, allowing clinical 
translation to a fraction of cancer patients (Huang et al., 2015; van de Wetering et al., 
2015; Schutte et al., 2017; Pauli et al., 2017; Table 1). We and others experienced 
that the available starting material, resection versus biopsy, and tumor cellularity are 
important factors in determining culture success (Yan et al., 2018; Ooft et al., 2019). 
Those factors vary greatly between tumor types and are clearly a rate-limiting step for 
the clinical implementation of organoids. Once established, the growth rate of a 
culture varies between intra- and inter-patient samples as well as tumor types and 
slow-growing samples could delay timely decision making. It is yet to be determined if 
this truly represents characteristics of the original tumor and/or if it could create 
unwanted biases in vitro drug assays that depend on cellular growth. In addition, 
culturing organoids is tedious and the need for a specific culture medium with a range 
of growth factors is costly and, depending on the experimental readout, has to be 
considered carefully. Common supplements to organoid culture medium are, for 
example, the ALK inhibitor A83-01 and the p38 inhibitor SB202190, which could 
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interfere with drugs that target the same signaling pathway. Finally, contamination of 
normal epithelial cells can be detrimental for the purity of organoid cultures and is a 
problem in prostate and non-small-cell lung cancer (Karthaus et al., 2014; Dijkstra et 
al., 2020). In addition to methodological challenges, tumor organoids do not capture 
the TME, including, for example, fibroblasts or immune cells. This has been partly 
resolved by the establishment of co-cultures, described below, but remains an 
obstacle, especially in respect to immunotherapy. In order to enable clinical 
implementation of tumor organoids it will be crucial to overcome current challenges.  

Evaluation of targeted therapies on an individualized level


In the past years many drug screens have been performed on a diverse set of 
patient-derived organoids in an attempt to analyze drug sensitivity and 
potentially optimize personalized therapy. Phan et al. reported a high-throughput 
approach to identify drug sensitivity of four different tumor organoids toward 240 
kinase inhibitors and identified organoid specific responses. Their mini-ring 
method allowed for a rapid readout and showed potential in the discovery of 
effective drugs for rare cancer types (Phan et al., 2019). Although this 
automated screening approach has huge potential for drug development and 
identification, it has to be viewed critically because of a small sample size of 
different organoid cancer types. A drug screen in a large cohort of 28 breast 
cancer organoid lines and 6 EGFR/AKT/mTORC inhibitors targeting the HER 
signaling pathway was performed by Sachs et al. and reported to capture the 
heterogeneity of breast cancer subtypes. In addition, in vitro response of two 
breast cancer or- ganoid lines to afatinib was in line with in vivo xeno-transplant 
model of the respective organoid lines (Sachs et al., 2018). More drug screens 
performed on tumor organoids have been re- viewed by Kondo and Inoue, 
where it was concluded that the link between ex vivo sensitivity and patient 
response is essential for correct interpretations and needs further evaluation 

(Kondo and Inoue, 2019).  
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Taken together, high-throughput drug screens are feasible on a diverse range of 
tumor organoid types and are valuable for target identification. Equally important to 
drug sensitivity screens is a mechanistic understanding that allows for a rational 
choice of combinatorial treatments. For example, Ponsioen et al. have used KRAS or 
BRAF mutated colorectal cancer organoids to gain insight into MAPK signaling and 
showed benefit of combinatorial EGFR inhibition using a quantitative drug response 
assessment on the single-cell level (Ponsioen et al., 2021). Tumor organoids may 
provide an opportunity to identify a molecular profile that predicts outcome that would 
subsequently simplify clinical implementation of such a biomarker. For example, 
Broutier et al. compared the transcriptome of primary liver cancer organoids with 
healthy organoids and reported on the discovery of 11 novel genes with potential 
prognostic value (Broutier et al., 2017). Nonetheless, in order to facilitate clinical 
implementation and decision making, specific prospective intervention studies with 
cancer patients are needed. Positive correlation between ex vivo tumor organoid 
response and patient response have been observed by Vlachogiannis et al. who 
reported 88% positive predictive value and 100% negative predictive value 
(Vlachogiannis et al., 2018). This seems promising, but a critical review shows that, 
for example, response correlation to the EGFR inhibitor cetuximab was conducted on 
a cohort of only four samples. Besides a fairly small sample size, the organoids 
derived from a patient with stable disease showed marginal sensitivity to cetuximab 
compared with the non-responder samples. Although organoid sensitivity correlated 
to patient response, such small differences might be difficult to translate. 
The group of de Witte et al. used patient-derived ovarian cancer organoids in their 
drug screen and discovered inter-patient heterogeneity in targeted drug responses 
that correlated partially with the mutational profile. Moreover, intra-patient response 
heterogeneity in organoids that were established from different cancer lesions or 
taken at different time points was observed (de Witte et al., 2020). While 
heterogeneous drug responses may recapitulate the unique biology of each tumor 
specimen, clinical translation needs robust readouts with predefined thresholds for 
drug sensitivity. Despite interesting correlative findings, a key limitation of these 
studies is the absence of such a validated organoid-based decision model on the 
basis of which a patient will or will not be treated. Revisiting published studies, the 
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correlation between clinical outcome and in vitro testing seems promising at first 
glance, but the sample size of most studies is too small for a reliable readout that can 
be used to implement in clinical practice (Table 1). In our institution, a prospective trial 
to evaluate feasibility of predefined organoid drug response-based treatment 
decisions was conducted and faced many hurdles. In the study, eight experimental 
drugs were included and the required level of in vitro sensitivity was defined at the 
start of the study and served as an inclusion criterion for patients with colorectal 
cancer. Expansion of organoids and drug screen readout were on average available 
within 10 weeks. Besides a lengthy timeline, several other obstacles were identified 
that could help future studies. The limited success rate of 57% of establishing 
organoids, the low hit rate for candidate drugs, and the clinical deterioration of 
patients who exhausted all other treatment opportunities need to be improved (Ooft 
et al., 2021). Taken together, tumor organoids and their capability to closely capture 
treatment response are a great asset for drug discovery and mechanistic insights but 
are still far away from being a predictive tool for clinical decision making (Figure 2). 
More correlation data, greater sample size, and improved, standardized culture and 
assay conditions are needed to achieve this goal. A less described application of 
organoids lies in a better understanding and prediction of treatment-related side 
effects, which is often observed with targeted therapy. Compared with cell lines, 
organoids offer the possibility to generate both tumor and normal organoid lines from 
one patient. This makes it possible to investigate the effect of drugs on normal 
organoids and potentially help to design targeted agents with higher selectivity. This 
concept has been extensively tested in cystic fibrosis, where normal colon organoids 
of patients with cystic fibrosis were used to test drugs that could interfere with 
chlorine transport channels (Berkers et al., 2019). Potentially, the best treatment could 
be selected for a patient with cystic fibrosis based on normal epithelial colon 
organoids. Despite very appealing published results, the organoid assay has not 
made it to the guidelines highlighting the complexities of implementation and 
validation of these assays. 
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Targeted therapies also have an impact on stromal cells in the TME, which are 
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currently lacking in conventional organoid cultures. This may contribute to large 
variations in drug screens. Attempts have been made to maintain the TME with the 
generation of air-liquid interface organoid cultures or the addition of CAFs to 
organoids to mimic the TME (Li et al., 2016; Neal et al., 2018; Seino et al., 2018; Tsai 
et al., 2018). By adding another layer of complexity, it might become more difficult to 
use those systems in large drug screens. Studies to demonstrate the value of this 
approach are eagerly awaited. New insights on chemotherapy Although 
chemotherapy has not been considered precision medicine in the conventional sense, 
there are clear differences in how patients respond to this treatment. So are germline 
BRCA1/2 mutated metastatic breast cancer more responsive to platinum-based 
chemotherapy compared with BRCA1/2 wild-type (Isakoff et al., 2015). Clearly a 
predictive biomarker assay for chemotherapies would be beneficial. Tumor organoids 
could potentially identify the direct impact of chemotherapy on cancer cells. In order 
to discriminate responding from non-responding patients and help guide treatment 
decisions, patient-derived tumor organoids were proposed to capture a personalized 
tumor response to chemotherapy. In a retrospective study, Tiriac et al. compared 
chemotherapy response of nine pancreatic tumor organoids with patient response 
and reported correlation in most cases. Moreover, they identified gene signatures of 
their tumor organoid cohort that might allow ll Cancer Cell 39, September 13, 2021 
1195 Review for prediction of chemosensitivity (Tiriac et al., 2018). Vlachogiannis et 
al. observed correlation to paclitaxel treatment in four tumor organoid lines derived 
from three metastatic gastroesophageal cancer (mGOC) patients. They report highest 
sensitivity in the sample derived from a responding lesion, whereas the three 
organoids derived from resistant lesions are less responsive and cluster together 
(Vlachogiannis et al., 2018). In order to evaluate the predictive value of colorectal 
cancer (CRC) organoids to the standard-of-care chemotherapy regime, we treated 35 
tumor organoid lines with a combination of fluorouracil (5-FU) and oxaliplatin (FO) or 
irinotecan (FI), or irinotecan alone. The organoid lines were derived from metastatic 
colorectal cancer (mCRC) patients who had received the respective treatment. We 
observed a correlation of ex vivo treatment response and patient response for 
irinotecan monotherapy but not for oxaliplatin-based treatment (Ooft et al., 2019). 
Recently, Narasimhan et al. also reported the absence of a correlation between 
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sensitivity to FO for CRC organoids derived from peritoneal metastasis and patient 
response (Narasimhan et al., 2020). A potential link to the immune system was 
suggested as explanation for discrepancy of ex vivo end patient response, which has 
been implicated before (Zitvogel et al., 2008). Similar to others, we also observed 
intra- and inter-patient heterogeneity, which is not surprising due to the uniqueness of 
a tumor sample but is challenging for the interpretation on an individualized level. The 
same heterogeneity was stated by de Witte et al. in respect to drug response of 
ovarian cancer organoids. Besides targeted agents, they also correlated patient 
response to drug sensitivity of seven ovarian cancer organoids to carboplatin and 
paclitaxel and showed predictive value for histopathological, biochemical, and 
radiological responses but not progression-free survival (de Witte et al., 2020). 
Correlation to patient response was also observed in rectal cancer organoids treated 
with chemoradiation (Ganesh et al., 2019; Yao et al., 2020). Beside a highly matching 
response of around 80% accuracy, Yao et al. also observed inter-patient variability in 
response to chemoradiation treatments and stated low numbers of viable cells in the 
starting material as one of the major hurdles in their study (Yao et al., 2020). This is a 
limitation we have experienced ourselves and creates another challenge for the 
implementation of tumor organoids in the clinical setting. Taken together, most 
studies that compare tumor organoid with patient response were performed in small 
patient numbers, and correlations to drug responses were observed in certain tumor 
types and chemotherapies, but further studies are crucial to understand why this is 
not the case for others (Table 1). Ultimately, prospective studies are needed with 
predetermined thresholds for treatment or no treatment of cancer patients. Because 
stable diseases may already be beneficial to patients, this provides a significant 
challenge in organoid assay development.
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3. Overview of possibilities for tumor organoids in immunotherapy research. In order to analyze tumor 
organoid and immune cell interaction, different culture types have been established. Co-culture systems 
(Dĳkstra et al., 2018) reconstitute the TME, whereas microfluidic (Jenkins et al., 2018; Aref et al., 2018) or air-
liquid interface cultures (Li et al., 2016; Neal et al., 2018) contain the native TME of the original tumor (Yuki et 
al., 2020). Various technologies can be used in combination with such organoid cultures and allow for optimal 
experimental readout. Examples are shown that address relevant research questions in the field of 
immunotherapy and have the potential to lead to insights in immune response mechanisms. Robust cultures 
and advances in technology are the foundation that enables detailed analysis of relevant immunotherapy 
treatments. Tumor organoids may help to understand treatment response on an individual level and can be 
used to evaluate novel immunotherapy approaches.  

Tumor organoids and immunotherapy 


In recent years it has become clear that we are just at the start of discovering the full 
potential of cancer immunotherapy, with immune checkpoint therapy showing exciting 
successes. A variety of cancer patients, but not all, are benefiting from 
immunotherapy and in some instances durable responses are observed. There is 
significant interest to develop rational approaches to improve immunotherapy rather 
than initiating a multitude of clinical studies. To understand underlying mechanisms of 
this complex interplay between tumor and immune cells, tumor organoids and 
autologous immune cells could be a valuable platform. In order to capture tumor 
immune cell interaction, three main strategies haven been developed: (1) submerged 
Matrigel culture, (2) microfluidic 3D culture, and (3) air-liquid interface culture (Dijkstra 
et al., 2018; Jenkins et al. 2018; Aref et al., 2018; Li et al., 2016; Neal et al., 2018). 
Each strategy captures the TME on a different level and a detailed evaluation of those, 
including applications for cancer immunotherapies, has been nicely summarized by 
Yuki et al. (2020). Ideally, those ex vivo culture systems recapitulate responses to 
immune checkpoint blockade (ICB). Jenkins et al. were able to demonstrate ICB 
response in murine- and patient-derived organotypic tumor spheroids (Jenkins et al., 

2018) and our group has been able to generate tumor reactive CD4+ and CD8+ T 

cells in a co-culture of CRC organoids, peripheral blood mononuclear cells (PBMCs), 
and anti-PD1 treatment (Dijkstra et al., 2018; Cattaneo et al., 2020). Clonality of the 
generated reactive T cells has yet to be determined and also if the tumor reactive T 
cells are derived from a pre-existing reactive clone or if novel reactivity is induced by 
the co-culture. The latter could be supported by the recent discovery that responses 
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to anti- PD1 treatment can also be attributed to T cells recruited from peripheral blood 
(Yost et al., 2019). In a clinical study with early stage colon cancer patients treated 
with neoadjuvant immunotherapy, Chalabi et al. used the same autologous organoid 
and PBMC co-culture system to potentially correlate ex vivo induced T cell reactivity 
to patient response (Chalabi et al., 2020). T cell reactivity could only be partly linked to 
clinical response, which might be explained by the absence of anti-CTLA4 in the co-
culture system compared with combinatorial neoadjuvant treatment of anti-PD1 and 
anti-CTLA4 in the clinical setting or lack of key TME constituents. That said, organoid-
immune assays could also provide a rationale for combination treatments of multiple 
ICBs or for combination with targeted drugs such as MEK or BRAF inhibitors (Ribas 
et al., 2019). In addition, co-culture systems may be expanded to a multitude of 
immune cells to analyze tumor response from the adaptive as well as innate immune 
side.  

Due to their versatility tumor organoids have also been used for numerous other 
immunotherapeutic approaches (Figure 3). For example, Gonzalez-Exposito et al. 
gained insights into treatment response to cibisatamab, a carcinoembryonic antigen 
(CEA)-targeting bispecific antibody, by using patient-derived colorectal cancer 
organoids. They were able to group tumor or- ganoids based on their CEA surface 
expression and showed that treatment sensitivity/resistance correlated to high/low 
expression (Gonzalez-Exposito et al., 2019). We see great value in such a concept to 
use tumor organoids for extensive phenotyping, potential comparison with the original 
tumor, and evaluation of immune response. This could lead to the identification of 
immune escape mechanisms and offers a dynamic system to test manipulation 
thereof. Moreover, tumor organoids may sup- port studies in the field of adoptive 
cellular therapy (ACT), including the use of tumor infiltrating lymphocytes (TIL), natural 
killer (NK), and chimeric antigen receptor (CAR)-T cell treatments. An interesting 
approach is used by Schnalzger et al., who utilized the availability of matching normal 
and tumor organoids to explore toxicity of CAR-NK cells (Schnalzger et al., 2019). To 
conclude, tumor organoids are currently used as research tools to determine the 
effectiveness of various immunotherapeutic approaches, potentially helping to identify 
immune evasion mechanisms and decipher complex tumor immune cell crosstalk.  
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TUMOR ORGANOIDS AS A RESEARCH TOOL FOR THE IDENTIFICATION OF 
NOVEL APPROACHES TO IMPROVE CANCER TREATMENTS 


While numerous opportunities in the use of tumor organoids have become apparent, 
it also highlights the complexity of cancer biology and its translation to the patient 
setting. Based on the current experiences and challenges, it may be difficult to 
incorporate tumor organoids in clinical decision making without significant 
improvements. However, they can greatly contribute to a better understanding of 
target vulnerability and thereby pave the way to improved treatment. Here, we will 
review recent applications of tumor organoids in different omic disciplines that can 
help to advance precision medicine.  

Genetic engineering and genomic screens 


Han et al. used a genome-wide CRISPR screen to compare 2D and 3D lung cancer 
cultures and concluded that screens in 3D spheroids captured features of oncogenes 
and tumor suppressor genes more accurately than 2D cultures. Moreover, 3D 
spheroids were able to recapitulate tumor xenografts more closely. As an example, 
they highlighted CREBBP knockouts, which have a positive growth effect in 3D and 
xenografts models but a negative growth effect in lung cancer cell lines (Han et al., 
2020). Because organoids maintain the genomic profile of the original tumor, it is a 
relevant model system for genetic analysis (van de Wetering et al., 2015). Many 
different techniques to genetically engineer organoids have been tested and success- 
fully used for genetic analysis (reviewed in Teriyapirom et al., 2021). The model has 
shown value in the analysis of oncogenes in tumor evolution by, for example, small 
hairpin RNA-guided downregulation of tumor suppressor genes or CRISPR-Cas9- 
mediated gene knockout (Nadauld et al., 2014; Takeda et al., 2019). The availability of 
normal-tissue-derived organoids has been used to mimic the multi-hit oncogenesis 
model in colonic organoids or to model brain tumorigenesis using cerebral organoids 
(Drost et al., 2015; Matano et al., 2015; Bian et al., 2018). Although possibilities for 
low- to medium-scale CRISPR-Cas screens seem endless, limitations were 
encountered when per- forming large-scale or genome-wide screens on tumor 
organoids. Manual handling of organoids at sufficient numbers, single-guide RNA 
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coverage, and heterogeneous growth rates have been described as challenging 
(Teriyapirom et al., 2021; Ringel et al., 2020). In 2019, a targeted screen of 192 genes 
was performed by Planas-Paz et al. and 1 year later Ringel et al. reported the first 
genome-scale CRISPR screen (Planas- Paz et al., 2019; Ringel et al., 2020). They 
optimized their readout by single organoid instead of bulk DNA analysis and were 
able to identify drivers of transforming growth factor (TGF)-beta resistance (Ringel et 
al., 2020). Those examples illustrate the improvements in genetic engineering in 
organoids over the past years and will serve as a strong foundation for even more 
extensive screens. Large-scale screens to address resistance to immunotherapy in 
co-culture models are underway and results are eagerly awaited.  

Proteomics and the immunopeptidome 


Proteomics has a great potential to offer valuable insights for cancer treatment but 
low resolution, need for large amounts of start- ing material, the robustness of the 
system, and low throughput capacity are limiting factors. Advances in sample 
processing and coverage have been reported and thus make personalized proteomic 
profiling possible (Hayes et al., 2018; Kelly, 2020). Un- limited starting material and 
availability of matching healthy/tumor pairs make organoids a great source for 
characterization of the proteome on an individualized level. In 2017, Cristobal et al. re- 
ported proteomic data of human colon organoids and identified common 
characteristics shared by tumor samples, such as relevant proteins for genomic 
instability, as well as individual features that, they speculated, could aid precision 
treatment (Cristobal et al., 2017). Shortly thereafter, Gonneaud et al. reviewed the 
analysis of organoids by proteomics, summarizing efforts in quantitative proteomics 
and concluding that organoids could be used for therapeutic evaluation (Gonneaud et 
al., 2017). The most significant contributions have been made in the field of 
immunotherapy. For many years the prediction of cancer neoantigens has been in the 
spotlight of T cell-based immunotherapy and various approaches to identify 
neoantigens have been pursued. In 2018, Bulik-Sullivan et al. optimized neoantigen 
identification by using large datasets of HLA peptide mass spectrometry and deep 
learning to create a model named EDGE. Their model greatly increased the positive 
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predictive value and could potentially improve neoantigen-targeted immunotherapies 
(Bulik-Sulli- van et al., 2018). It is likely that the generation of new models for 
neoantigen prediction will further improve with more and bigger datasets. Here tumor 
organoids could play an important role in the identification of neoepitopes. In order to 
better understand HLA peptide presentation by tumors, Demmers et al. used tumor 
organoids to analyze their proteome and HLA ligandome. The single-cell-derived 
tumor organoids showed large diversity in pep- tide presentation. Following their 
analysis, it was suggested to immunize patients with multiple peptides that are 
conserved in their presentation in tumors with low mutational burden (Demmers et al., 
2020). Another proteomic study performed on melanoma correlated immunotherapy 
response to mitochondrial lipid metabolism, which was subsequently linked to higher 
antigen presentation and IFN signaling (Harel et al., 2019). Taken together, tumor 
organoids-based applications of proteomics are becoming more relevant and may 
advance personalized treatment.  

The versatility of tumor organoids in emerging technologies 
In the past decade, microbiome research has gained in popularity especially in the 
field of tumor biology. It has been shown that the microbiome affects tumors on 
multiple levels and the most significant immune-related discoveries are well 
summarized by Jain et al. (2021). Tumor organoids have been used as a model 
system to study inflammatory responses and bacterial interaction. Helicobacter pylori 
was microinjected into gastric or- ganoids and was found to induce the release of 
interleukin (IL)-8 and other inflammatory cytokines (Bartfeld and Clevers, 2015). In 
addition, spheroid co-cultures with dendritic cells (DCs) showed increased DC 
recruitment upon H. pylori. microinjection (Sebrell et al., 2019). Recently, 
Pleguezuelos-Manzano et al. observed a distinct mutational signature when CRC 
organoids were exposed to genotoxic bacteria that carried the pathogenic island pks. 
This signature was subsequently detected in human colorectal cancer genomes. The 
findings imply direct involvement of these bacteria in the mutagenic process 
(Pleguezuelos-Manzano et al., 2020). These are exciting examples of how organoids 
may contribute to a better understanding of the biological impact of the microbiome.  

37

2

Tumor organoids: Opportunities and challenges to guide precision medicine



While it is now accepted that the mutational profile of the original tumor is well 
represented by tumor organoids, recent studies also suggested this for the epigenetic 
landscape. In 2020, Joshi et al. reported the DNA methylation landscape of 25 
cancer organoids and showed that the analyzed organoids retained the epigenome of 
their cancer type (Joshi et al., 2020). Soon thereafter, Chen et al. identified the menin-
MLL inhibitor MI-136 as a potential drug for endometrial cancer using tumor 
organoids in a small molecule drug screen that specifically targeted epigenetic factors 
(Chen et al., 2021). This opens up great opportunities to understand not only basic 
epigenetic mechanisms in tumor biology but also personalized treatment response to 
epigenetic drugs.  

CONCLUDING REMARKS AND FUTURE PERSPECTIVE 


There is a high unmet need for a personalized model system that allows better 
translation of experimental results to clinical applications. Here, we reviewed the 
current use of tumor organoids as a tool for translational and basic research. Taken 
together, it is very tempting to implement organoid technology in clinical practice, but 
significant issues still have to be resolved. One major bottleneck that needs to be 
overcome is the low culture success rate. Although it has been shown that this could 
be partially improved for breast cancer organoids by optimization of the culture 
medium composition (Sachs et al., 2018), it is unclear to what extent this can be 
improved for other cancer types and if the success rate can meet the criteria for 
clinical use. Besides the initial culture success rate, the generation of pure tumor 
cultures and integration of the TME will also be relevant for clinical implementation. 
Although we have seen great promise in high- throughput drug screens in organoids, 
which may help to improve drug development, the use of tumor organoids for 
treatment decisions on an individual basis remains challenging. Inter- and intra-patient 
heterogeneity in drug sensitivity hinder direct clinical translation. Consequently, the 
development of standardized and robust organoid assays with predefined cutoff 
values for drug response will be essential for clinical use of organoids. To circumvent 
current limitations of organoid cultures, we highly anticipate the development of novel 
technologies that are also based on patient-derived samples. Recently, Wang et al. 
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used their micro-organosphere technology to create a microfluidic platform that 
overcomes certain organoid limitations and could be used as a high-throughput tool 
for diagnostic and drug development purposes (Wang et al., 2021). An additional 
restriction of current available correlation studies is the small sample size. Even 
though we would like to emphasize the importance of future studies with larger 
patient cohorts, it is important to realize that the process of taking biopsies from 
patients is not void of side effects. If only a fraction of the biopsies can be 
successfully used for a study objective, we need to improve on this prior to exposing 
patients to these procedures. Having said that, devoted studies to address these 
issues are highly needed.  

While we are still facing many obstacles on the road to organoid-based clinical 
decision making, we foresee a great potential for the use of organoids in preclinical 
research and drug discovery. The distinctive biology of organoids and their 
resemblance to the original tumor are likely to improve our understanding of drug 
sensitivity, and preclinical findings may become more translatable. As a research tool, 
organoids also provide unique opportunities for omic disciplines and fundamental 
research. Beside the traditional focus of genomics and recent accomplishments of 
genome-wide screens in tumor organoids, the combination of proteomics and tumor 
organoids in the field of immunotherapy holds great promise.  
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The important distinction is not between theists and naturalists; it's 
about people who care enough about the universe to make a good-
faith effort to understand it, and those who fit it into a predetermined 
box or simply take it for granted. The universe is much bigger than 
you or me, and the quest to figure it out united people with a 
spectrum of substantive beliefs. It's us against the mysteries of the 
universe; if we care about understanding, we're on the same side.  

Sean Carroll, The Big Picture: On the Origins of Life, Meaning, and 
the Universe Itself   
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ABSTRACT


T cell-mediated killing of cancer cells largely determines the success of immune 
checkpoint blockade (ICB) treatment. Hence, understanding a cancer cell’s 
susceptibility to the cytotoxic function of CD8+ T cells is fundamental to improve 
current treatment options further or developing novel cancer immunotherapies. While 
many screens on T cells and cancer cells have been performed to advance our 
understanding, utilizing a fully autologous patient-derived model system has remained 
challenging. Here, we present whole-genome CRISPR Cas9 in vitro screens on 
patient-derived colorectal cancer organoids utilizing tumor-reactive autologous CD8+ 
T cells. As the importance of IFN𝛾 in tumor killing is well described, we additionally 

performed IFN𝛾 sensitivity screens using the same patient-derived tumor organoids. 

We confirmed that alterations in the IFN𝛾 signaling pathway act as a conserved 

escape mechanism across tumor organoid samples. Moreover, from these screens 
we discovered proteoglycan synthesis related genes to be associated with 
modulation of T cell killing and identified galactosyltransferase B4GALT7 as a novel 
resistance mediating gene. Overall, our study confirms common dominators of tumor 
escape mechanisms, highlights personalized regulators of a tumor’s susceptibility to T 
cell cytotoxicity and elaborates on the feasibility of fully autologous whole genome 
CRISPR Cas9 screens.  
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INTRODUCTION 

The majority of cancer patients unfortunately does not respond to immunotherapies1. 
Because T cells are fundamental to a successful immune response of treatment 
approaches such as immune checkpoint blockade (ICB)2, an advanced 
understanding of the interaction between T cells and cancer cells and identification of 
underlying sensitizing and resistance mediating mechanisms to T cell cytotoxicity can 
improve current immunotherapies. As a patient’s T cell repertoire and the genomic 
make up of their tumor are unique entities, one challenge is to identify T cell tumor 
interactions that are shared or distinct across tumors and contribute to a patient’s T 
cell tumor response. 
Tumor organoids offer an opportunity to analyze autologous immune responses on a 
personalized level3. They reflect a patient’s tumors geno- and phenotype, have a high 
establishment rate from colorectal cancer and are susceptible to genetic editing. This 
makes the model system a perfect candidate to capture personalized tumor 
responses to T cell pressure3,4,5. The model system exceeds conventional cancer cell 
lines in their recapitulation of human physiology and ability to represent individual 
tumors, while offering easier handling and laboratory requirements than in vivo 
models6. Nevertheless, organoid culturing includes growth in an extracellular matrix 
(ECM) and specialized medium supplemented with growth factors. While less relevant 
for small scale experiments, this makes large scale efforts challenging. Such 
challenges have hampered whole genome CRISPR screens using patient-derived 
tumor organoids (PDTOs) and only recently led to genome-scale screening efforts7,8, 
whereas whole genome screens are routinely performed in cell lines9,10,11. Recent 
technological improvements, such as a reduced CRISPR Cas9 library size or 
suspension techniques that reduce costs by minimizing use of ECM and easier 
handling, facilitate the feasibility of whole genome screen in tumor organoids12,13.  
On the other side, large-scale CRISPR screens in (primary) T cells have been 
successfully performed and significantly improved our understanding on regulators of 
immune function and drivers of T cell exhaustion14,15,16. While most large-scale 
genome screens may integrate primary T cells or tumor organoids, a fully autologous 
approach has, to our knowledge, not been performed. We hypothesized that this 
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would allow the identification of shared and tumor specific regulators of T cell 
mediated killing that can be further explored as immunotherapy targets.  
Here, we report on whole genome screens using two mismatch repair deficient 
colorectal cancer (MMR-d CRC) tumor organoid lines and autologous tumor reactive 
CD8+ T cells. To systematically characterize shared and personalized regulators of T 
cell cytotoxicity, we perform T cell killing screens and IFN𝛾 cytokine screens, as well 

as a TNF𝛼 screen for one tumor organoid T cell pair. Both cytokines are secreted by 

immune cells and can cause cancer cell death17. Defects of TNF and IFN𝛾 sensing 

pathways have been associated with tumor evasion and resistance mechanisms to 
ICB18,19,20,21. Identifying hits of cytokine and T cell killing screens allowed us to identify 
IFN𝛾 and TNF𝛼 dependent and independent regulators of susceptibility to T cell 

antitumor activity. Our data indicates that tumor killing is largely mediated by IFN𝛾 and 

identifies galactosyltransferase B4GALT7 as novel resistance mediator in one of the 
two model systems. Furthermore, we elaborate on the encountered challenges and 
technical improvements that allowed for a fully autologous whole genome screen.  
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RESULTS 
  
Establishment of an autologous model system and media optimization. 
To perform a whole genome CRISPR Cas9 screen in a fully autologous model 
system, we made use of two established mismatch repair deficient colorectal cancer 
(MMR-d CRC) organoid and peripheral mononuclear cell (PBMC) pairs (Fig. 1a, 
Extended Data Fig. 1a). Cytotoxicity of autologous PBMCs in co-culture with tumor 
organoids, CRC-09 and CRC-12, has previously been described22. After generation 
of tumor-reactive T cells during a 2-week co-culture, T cells were expanded to allow 
for whole genome screening efforts. Reactivity towards tumor organoids after 
expansion was confirmed by CD137+ reactivity assay before further use of the T cell 
product for evaluation of killing capacity and screens (Fig. 1a). Both tumor organoids, 
CRC-09 and CRC-12, expressed baseline level of major histocompatibility complex 
(MHC) class I, which was increased upon IFN𝛾 pre-stimulation. MHC class II was not 

expressed and immune checkpoint inhibitor PD-L1 only after stimulation with IFN𝛾 

(Fig. 1b). CD8+ T cells of both model systems showed increased CD137+ expression 
when co-cultured with their respective tumor organoids for 24h. Especially CRC-09 
exhibits a strong T cell response with around 50% CD137+ CD8+ T cells compared to 
18% CD137+ of CRC-12 (Fig. 1c, d). After the generation of sufficient autologous 
tumor reactive T cells, tumor organoids were transduced with a Cas9 construct and 
stable expression was in > 85% of cells confirmed (Extended Data Fig. 1c). During 
tumor organoid and PBMC co-cultures as well as for reactivity assays, T cell culture 
medium was used to ensure high viability of T cells22,23. Tumor organoids, however, 
generally suffer in T cell culture medium which impacts their viability. We indeed 
observed reduced viability of CRC-09 after 72h culturing in T cell culture medium 
compared to organoid medium (Extended Data Fig. 1d). Complete CRC organoid 
medium is supplemented with nicotinamide to facilitate long term growth of organoid 
cultures, however, as previously described, this can negatively affect immune cell 
tumor responses24. Depleting nicotinamide from complete CRC organoid medium 
only mildly interfered with tumor organoid growth over the time course of 3 days and 
improved their viability over one week when compared to culturing in T cell medium 
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(Extended Data Fig. 1e). Importantly, organoid medium without nicotinamide did not 
interfere with T cell killing capacity of CRC-09 (Extended Data Fig. 1f). Therefore, all 
screens were performed with organoid medium depleted of nicotinamide to ensure 
viability of tumor organoids and optimal T cell function.  

Figure 1: Generation of autologous tumor reactive T cells.  
a. Graphical overview of the production of autologous tumor reactive T cells from PBMCs and CRC organoids. 
CRC-09 and CRC-12 tumor organoids and PBMCs were co-culture for 2 weeks and expanded before tumor 
reactivity of T cells was evaluated. b. Bar graphs indicating surface expression of MHC class I/II and PD-L1 of 
CRC-09 and CRC-12 at baseline or after 24h IFN𝛾 pre-stimulation. Error bars indicate SEM of at least three 

independent experiments (n=3). c. Representative flow cytometry dot plots of CD8+ T cells unstimulated 
(alone), stimulated with tumor organoids (+tumor organoid) and positive control (+PMA/ Ionomycin) for CRC-09 
(top) and CRC-12 (bottom) indicating CD137 expression. d. Bar graph of CD8+ T cell reactivity unstimulated 
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(alone, black), after stimulation with tumor organoids (+tumor, yellow) and positive control (+PMA/ Ionomycin, 
blue). Error bars indicate SEM of two independent experiments (n=2). 

Whole genome screen in tumor organoids confirms JAK1/2 and IFN𝛾R1/2 as shared 

resistance genes to IFN𝛾 stimulation. 

We set up two independent screens to better characterize IFN𝛾-dependent and 

independent regulators of T cell killing. For CRC-09 we additionally performed a 
whole-genome cytokine screen using TNF𝛼 to analyze the response thereof (Fig. 2a). 

Tumor organoids were transduced with a genome-wide CRISPR knockout pooled 
library at 200x coverage with two single-guide RNAs (sgRNAs) per gene 
(MinLibCas913). Library coverage was assessed by each sample's total read counts, 
zero read counts, and read count distribution. Read count distribution indicates 
higher quality coverage of CRC-09 than CRC-12 but was overall deemed sufficient 
(Extended Data Fig. 2a, b, c). Tumor organoids were then stimulated with IFN𝛾, TNF𝛼 

or left unstimulated as negative control for 9-10 days. Biological replicates before and 
after stimulation of all conditions were sequenced, analyzed and (Fig. 2a). Clustering 
of all samples confirmed good correlation (Extended Data Fig. 2d). Enriched hits in 
CRC-09 or CRC-12 tumor organoids after cytokine stimulation, compared to control 
samples, indicated resistance genes to IFN𝛾 or TNF𝛼, whereas depleted hits 

indicated sensitizing genes (Fig. 2b, c; Extended Data Fig. 3b). CRC-09 TNF𝛼 screen 

identified TNF receptor superfamily member 1a (TNFRSF1A) as top hit (Extended 
Data Fig. 3b). Based on the results of the IFN𝛾 screens of CRC-09 and CRC-12, 

JAK1, JAK2, IFN𝛾R1 and IFN𝛾R2 were identified as shared resistance hits of both 

screens (Extended Data Fig. 3a). Overall, whole-genome cytokine screens of tumor 
organoids were successful and depicted known regulators of IFN𝛾 and TNF𝛼 

resistance17,32.  
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Figure 2: Whole genome screen set up and cytokine screens. a. Graphical overview of experimental set up. 
Starting with CRISPR Cas9 pooled library introduction of MMR-d CRC tumor organoids, CRC-09 and CRC-12. 
Bottom row indicated pellets taken for sequencing of all conditions. Library-transduced organoids were further 
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used for i. T cell co-culture screens (top) and ii. cytokine screens (bottom). Co-culture screens with autologous 
T cells were performed in two rounds of T cell stimulation. All samples were sequenced and analyzed. b. Plot 
indicating significantly enriched (red) or depleted (blue) hits for IFN𝛾 screen of CRC-09 comparing two 

biological replicates with unstimulated control sample. c. Plot indicating significantly enriched (red) or depleted 
(blue) hits for IFN𝛾 screen of CRC-12 comparing two biological replicates with unstimulated control sample. d. 

Correlation plot of CRC-09 cytokine screen with IFN𝛾 (top) or TNF𝛼 (bottom) and T cell co-culture screen 

showing overlay of identified resistance (green), neutral (blue) and sensitizing (red) hits. e. Correlation plot of 
CRC-12 cytokine screen with IFN𝛾 and T cell co-culture screen showing overlay of identified resistance (red, 

labelled) hits.  

Fully autologous model system reveals potential IFN𝛾 dependent and independent 

resistance mediators and sensitizers to T cell killing. 

Next, we performed whole genome knockout screens in an autologous setting using 
expanded tumor reactive CD8+ T cells and MMR-d CRC organoids. To facilitate better 
hit selection, tumor organoids were exposed to T cells in two rounds (Fig. 2a). For the 
killing assay we aimed at 50% killing of tumor organoids to enable us to identify genes 
associated to resistance or sensitization. Thus, CRC-09 was co-cultured with T cells 
at an optimized target:effector ratio of 1:1 and CRC-12 at 1:4 in accordance with 
higher tumor reactivity of CRC-09 (Fig. 1c, d). After first and second T cell exposure 
CRC-09 showed strong correlation, whereas CRC-12 samples less strongly 
correlated (Fig. 3a, b). Biological replicates (termed A and B) correlated well for both 
screens (Extended Data Fig. 2e, f). For CRC-09 and CRC-12 particularly positively 
selected hits highly correlated in both replicates. Negatively selected hits displayed 
discordant correlation (Extended Data Fig. 2e, f). Next, we compared our results of 
the T cell screens with cytokine screens of each sample identify IFN𝛾 dependent and 

independent mechanisms. For the screen of CRC-09 tumor organoids, gene 
knockouts conferring resistance to T cell killing equally conferred resistance to IFN𝛾, 

but not to TNF𝛼 (Fig. 2d). Indicating killing of CRC-09 tumor organoids by autologous 

CD8+ T cells seemed to be largely mediated by IFN𝛾 secretion. CRC-12 co-culture 

screens showed some overlap in resistance to IFN𝛾 signaling related hits, however 

less strong than CRC-09 (Fig. 2e). To identify shared resistance and sensitizing hits, 
we compared both co-culture T cell screens with each other (Extended Data Fig. 3c). 
Little overlap of significantly enriched or depleted hits, besides hits associated to IFN𝛾 
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mediated killing, was observed. Suggesting that T cell killing is dependent on IFN𝛾 

cytotoxicity in both screens, whereas other mediators may be unique to each model 
system. Based on better T cell availability and enhanced killing, we decided to focus 
on results of CRC-09 screen to identify IFN𝛾 independent regulators of T cell killing. 

Consequently, for hit selection we excluded significantly enriched or depleted hits that 
were selected as hits of the IFN𝛾 screen. Furthermore, we compared our hits to 

published data of in vivo and in vitro screens on immune evasion to preferentially 
include hits reported in other screens25,26. Pathway enrichment analysis indicated 
proteoglycan processes to be associated of top hits (Extended Data Fig. 3d). After 
evaluation based on enrichment significance, correlation to other screens and 
association to proteoglycan synthesis, we selected 9 putative resistance genes, 
including B2M and JAK1 as controls, and 11 putative sensitizer genes to validate their 
proposed resistance or sensitizer effect (Fig. 3c). 𝛾 
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Figure 3: Sensitizer and resistance hit selection of whole genome autologous T cell killing screen. 
a. Plot showing comparison of first and second round enriched or depleted hits of T cell screen of CRC-09. 
Correlated data is normalized to control samples. Overlapping resistance (red) and sensitizer (blue) hits are 
indicated by significance according to their diameter. b. Plot showing comparison of first and second round 
enriched or depleted hits of T cell screen of CRC12. Correlated data is normalized to control samples. 
Overlapping resistance (red) and sensitizer (blue) hits are indicated by significance according to their diameter. 
c. Top hit selection of CRC-09 T cell screen. Tables show putative sensitizing (left) and resistance (right) hits 
which may act independent of IFN𝛾.  

B4GALT7 identified as novel resistance mediator of T cell killing for CRC-09 
To evaluate putative sensitizer and resistance genes, two sgRNAs per hit were 
selected for CRISPR Cas9 knockout of CRC-09 mCherry+ tumor organoids. T cell 
killing was performed at a 1:1 target:effector ratio for resistance hits to achieve 50% 
killing and at 1:3 for sensitizers. All 9 knockouts of putative resistance genes and 11 
putative sensitizer genes were assessed for their interference with CD8+ T cell 
cytotoxicity by imaging for mCherry and flow cytometry analysis. All resistance 
controls, B2M, JAK1 and MHC class I blocking antibody, lead to resistance to T cell 
killing. While putative sensitizing gene knockouts did not change viability upon T cell 
exposure, especially one putative resistance genes increased tumor organoid viability 
(Fig. 4a). B4GALT7 knockout strongly increased viability of CRC-09 tumor organoids 
normalized to control confirming its role as a mediator of resistance to T cell killing in 
this model system (Fig. 4b). 
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Figure 4: Validation of putative sensitizer and resistance genes to T cell killing.  
a. Graph showing combined analysis of flow cytometry and Incucyte imaging of average sgRNA knockouts of 7 
putative resistance and 11 putative sensitizer genes CRC-09. Flow cytometry readout on mCherry+ cells 
normalized to control is plotted against total area red fluorescent protein (RFP) after 48h killing assay normalized 
to control indicating viability of CRC-09 tumor organoids with respective knockout. CRC-09 gene knockouts of 
putative sensitizer are depicted in blue, putative resistance mediating hits in red and wildtype in green. b. 
Incucyte imaging of 48h killing assay of wildtype or B4GALT7 knockout CRC-09 mCherry+ tumor organoids in 
presence of tumor reactive T cells (+T cells) or absence (control).  
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DISCUSSION 

Here, we report on whole genome CRISPR Cas9 screens using MMR-d CRC patient-
derived tumor organoids and autologous tumor-reactive CD8+ T cells. Together with 
specific cytokine screens, we aimed to systematically unveil IFN𝛾-dependent and 

independent sensitizing and resistance genes of T cell killing. Our efforts confirmed an 
important role of IFN𝛾-mediated T cell cytotoxicity and defects in IFN𝛾 sensing 

pathways as resistance thereof. Additionally, we identified that knockout of 
galactosyltransferase B4GALT7 leads to tumor organoid resistance to T cell killing in 
our model system.  
The important role of IFN𝛾 signaling has been extensively studied in respect to 

antitumor T cell responses and resistance to ICB1,18,19,20,30,31,32. Both of our cytokine 
screens with tumor organoids CRC-09 and CRC-12 tumor confirmed key genes of 
IFN𝛾 sensing pathways, such as JAK1/2 and IFN𝛾R1/2. This provided reassurance 

that whole genome screening using sgRNAs of the MinLibCas9 was feasible for both 
tumor organoid models. Comparison of cytokine screens and T cell screens of 
CRC-09 demonstrated that T cell killing in this model system was largely driven by an 
IFN𝛾 response.  

While hits of the IFN𝛾 screens largely correlated with other screening efforts32, 

performing both cytokine and T cell killing screens on the same tumor organoids, 
allowed us to identify regulators independent of IFN𝛾 signaling. For CRC-09, hits 

related to proteoglycan synthesis were among top hits of the T cell killing screen. 
Validation by killing assay of B4GALT7 knockout CRC-09 tumor organoids confirmed 
this hit as a resistance gene. Besides the functions of proteoglycans in ECM 
remodeling and some speculation on their role in antitumor immune responses, little is 
known about a potential involvement of proteoglycans in resistance to T cell 
cytotoxicity33. To our knowledge B4GALT7 has not been described as a resistance 
gene of T cell mediated antitumor responses. Further evaluation is needed to 
understand whether this mechanism is unique for the model system of this patient, or 
if interference with B4GALT7 could overcome resistance to T cells in other tumors. 
Whole genome screens of CRC-12 did not identify B4GALT7. However, T cell 
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cytotoxicity of CRC-12 was lower than CRC-09, plus T cell fitness can deviate 
between autologous T cells. Such differences of the T cell product may influence 
mediators of T cell killing, aside from the genetic profile of tumor organoids.  
That said, our screens in autologous T cell tumor organoid co-cultures also have 
limitations. As mentioned, screening results may have been impacted by a less 
functional T cell product. In general, T cells after expansion and culturing deviate in 
their phenotype compared to the original state. This needs to be taken into account 
and addressed with appropriate model systems or in combination with clinical data to 
validate the results. Also, tumor organoids can differ in their sensitivity to suspension 
cultures or to transduction, which makes not every tumor organoid equally suitable for 
such screens. Considering those limitations, the differences in overlap between T cell 
screens of CRC-12 and CRC-09 could be interpreted as a reflection of the complexity 
of anti-tumor immune responses but could also be a consequence of the model 
system itself. Further studies are needed to increase the robustness of the model and 
performing more screens on other tumor organoid pairs, will be crucial to better 
understand the deviation between patient-derived model systems.  
Furthermore, we observed that resistance hits were generally stronger hits than 
sensitizers. Particularly validation assays demonstrated an influence of putative 
resistance genes on tumor organoid viability, whereas this was not the case for 
putative sensitizer genes. One potential explanation is that the model system, 
CRC-09, already allows for ideal T cell killing which is difficult to further sensitize to.  
Lastly, it should be noted that genes associated to antigen presenting machinery, 
such as B2M, were not strongly enriched in T cell screens although TCR mediated 
tumor recognition relies on such protein interaction. This could indicate bystander 
killing or unspecific cell death of tumor organoids. Therefore, we would like to 
emphasize that validation of identified hits is of high importance. 
In conclusion, here we describe a unique genome-wide autologous T cell tumor 
organoid co-culture screen that may contribute to a better understanding of T cell 
mediated, individual anti-tumor responses. 
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METHODS 

Organoid culture  
Establishment of the respective organoid lines from tumor material was performed as 
previously reported19,20. In brief, tumor tissue was mechanically dissociated and 
digested with 1.5  mg  ml−1  of collagenase II (Sigma-Aldrich), 10  μg  ml−1  of 
hyaluronidase type IV (Sigma-Aldrich) and 10 μM Y-27632 (Sigma-Aldrich). Cells were 
embedded in Cultrex RGF BME type 2 (3533-005-02, R&D systems) and placed into 
a 37 °C incubator for 20 min. Human CRC organoid medium is composed of Ad-DF+
++ (Advanced DMEM/F12 (GIBCO) supplemented with 2 mM Ultraglutamine I (Lonza), 
10 mM HEPES (GIBCO), 100 U ml−1 of each penicillin and streptomycin (GIBCO), 10% 
noggin-conditioned medium, 20% R-spondin1-conditioned medium, 1× B27 
supplement without vitamin A (GIBCO), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10 
mM nicotinamide (Sigma-Aldrich), 50 ng ml−1 human recombinant EGF (Peprotech), 
500  nM A83-01 (Tocris), 3  μM SB202190 (Cayman Chemicals) and 10  nM 
prostaglandin E2 (Cayman Chemicals). Organoids were passaged depending on 
growth every 1–2 weeks by incubating in TrypLE Express (Gibco) for 5–10  min 
followed by embedding in BME. Organoids were authenticated by SNP array or STR 
analysis and were regularly tested for Mycoplasma using Mycoplasma PCR43 and 
the MycoAlert Mycoplasma Detection Kit (LT07-318). In the first two weeks of 
organoid culture, 1× Primocin (Invivogen) was added to prevent microbial 
contamination. Procedures performed with patient samples were approved by the 
Medical Ethical Committee of the Netherlands Cancer Institute–Antoni van 
Leeuwenhoek hospital (NL48824.031.14) and written informed consent was obtained 
from all of the patients. Mismatch repair status was assessed using a standard 
protocol for the Ventana automated immunostainer for MLH1 clone M1 (Roche), 
MSH2 clone G219-1129 (Roche), MSH6 clone EP49 (Abcam) and PMS2 clone EP51 
(Agilant Technologies).  
  
Phenotyping tumor organoids 
For organoid surface expression stainings, tumor organoids were dissociated into 
single cells using TrypLE Express (Gibco), washed twice in cold FACS buffer (PBS, 5 
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mM EDTA, 1% bovine serum antigen), and stained with anti-HLA-A/B/C-PE (1:20, 
W6/32, BD Biosciences), anti-HLA-DR/DP/DQ-FITC (1:20, Tü39, Biolegend), anti-PD-
L1-APC (1:200, MIH1, eBioscience) and 1:2,000 near-infrared (NIR) viability dye (Life 
Technologies), or isotype controls (1:20 FITC; 1:20, PE; or 1:200, APC) mouse IgG1 
kappa (BD Biosciences). Tumor cells were incubated for 30 min at 4 °C in the dark 
and washed twice with FACS buffer. All samples were recorded with the BD LSR 
Fortessa Cell Analyzer SORP flow cytometer using FACSDiVa (v.8.0.2; BD 
Biosciences). Data were analysed using FlowJo (v.10.6.1; BD) and presented using 
GraphPad Prism (v.9.0.0; GraphPad). 
  
Co-culture and T cell expansion 
To generate tumor reactive T cells, tumor organoid and autologous PBMC co-cultures 
were performed as described before34,37. In short, tumor organoids were isolated 
from BME by washing with cold PBS 2 days before addition of the PBMCs. After 
washing CRC organoids were resuspended in culture medium in the presence of 10 
μM Y27632. A day before coculture, organoids were stimulated with 200 ng/mL of 
IFNγ (Peprotech). On the same day frozen PBMCs, which were beforehand isolated 
from peripheral blood using Ficoll-Paque, were thawed and cultured overnight in T 
cell culture medium (RPMI 1640 (Thermo Fisher Scientific) supplemented with 1% 
Pen Strep and 10% human serum (Sigma Aldrich)) with 150 U/mL IL-2 (Peprotech). 
Organoids were dissociated into single cells and plated at a 1:20 target:effector ratio 
with autologous PBMCs, in an anti-CD28 coated (clone CD28.2, eBioscience), 96-
well, Ubottomed plate, in the presence of 150 U/mL of IL2 (Proleukin) and 20 μg/mL 
of anti-PD1 (Merus). Half of the medium was refreshed every 2–3 d with addition of 
new IL2 and anti-PD1. Tumor reactivity was measured after 2 weeks of co-culture by 
intracellular staining of IFN𝛾 and CD107a. If co-culture was successful and tumor 

reactivity confirmed T cells were expanded using a rapid expansion protocol. To 
facilitate enrichment of tumor reactive T cells, CD137+ T cells were enriched using a 
CD137 microbead kit (Miltenyi Biotec) according to manufacturers protocol. T cells 
were then resuspended at 1*104 cells/mL in T cell culture medium and 1:1 mixed with 
irradiated feeder cells at 2*106 cells/mL in AIM-V medium (Thermo Fisher Scientific). 
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Feeder cells were derived from PBMCs of three independent healthy donors. Cells 
were supplemented with 30 ng/mL anti-CD3 (Thermo Fisher Scientific) and 3000 U/
mL IL-2 before one week incubation. From day 7-14 medium was replenished or cells 
1:1 expanded depending on density and supplemented with 3000 U/mL Il-2. After 
two weeks of expansion cells were resuspended in low dose (150 U/mL) IL-2 T cell 
culture medium for 2-3 days before freezing in FBS 10% DMSO.  
  
Intracellular staining IFN𝛾 and CD107a staining  

Evaluation of tumor reactivity was performed as described previously13,19,20. Two days 
before the experiment, organoids were isolated from BME by washing with cold PBS 
before being resuspended in CRC organoid medium with 10 μM Y-27632 (Sigma-
Aldrich). The organoids were stimulated with 200 ng/mL IFNγ (Peprotech) 24 h before 
the experiment. For the recognition assay and intracellular staining, tumor organoids 
were dissociated into single cells and plated in 96-well U-bottom plates with PBMCs 
at a 1:2 target:effector ratio. As a positive control, PBMCs were stimulated with 50 
ng/mL  of phorbol-12-myristate-13-acetate (PMA) (Sigma-Aldrich) and 1 μg/mL  of 
ionomycin (Sigma-Aldrich). As a negative control (alone), T cell culture medium was 
added to PBMCs. Cells were stained with anti-CD107a-PE (1:50, Biolegend). After 1 
h of incubation at 37 °C, GolgiSTOP (BD Biosciences, 1:1500) and GolgiPlug (BD 
Biosciences, 1:1000) were added. After 4 h of incubation at 37 °C, PBMCs were 
washed twice in cold FACS buffer (PBS, 5 mM EDTA, 1% bovine serum antigen) and 
stained with anti-CD3-PerCP-Cy5.5 (1:20, BD Biosciences), anti-CD4-FITC (1:20, BD 
Bioscience), anti-CD8-BV421 (1:200, BD Biosciences) and 1:2000 near-infrared (NIR) 
viability dye (Life Technologies) for 30 min at 4 °C. Cells were washed, fixed, using the 
Cytofix/Cytoperm Kit (BD Biosciences), and stained with 1:40 anti-IFNγ-APC (1:40, 
BD Biosciences) for 30 min at 4 °C. After two washing steps, cells were resuspended 
in 50mL FACS buffer and recorded with the BD LSR Fortessa Cell Analyzer SORP 
flow cytometer using FACSDiVa software (v.8.0.2; BD Biosciences). Data were 
analysed using FlowJo (v.10.6.1, BD) and presented using GraphPad Prism (v.9.0.0, 
GraphPad). 
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 CD137 reactivity assay  
Analysis of CD137 expression by T cells was evaluated as previously described22,23. 
Two days before the experiment, organoids were isolated from BME by washing with 
cold PBS before being resuspended in CRC organoid medium with 10 μM Y-27632 
The organoids were stimulated with 200 ng/mL  IFNγ 24 h before the experiment. T 
cells were resuspended at 1*105 cells/mL in T cell culture medium and resuspended 
with tumor organoids at 2:1 effector:target ratio. Tumor organoids were beforehand 
dissociated to single cells. T cells were culture only in T cell culture medium as 
negative control and supplemented with 50  ng/mL  of phorbol-12-myristate-13-
acetate (PMA) and 1 μg/mL of ionomycin as positive control. Cells were then plated in 
anti-CD28 coated 96-well U-bottom plate in presence of anti-PD1 for 24hours. The 
following day cells were washed twice with FACS buffer and stained with anti-CD3-
PerCP-Cy5.5 (1:20, BD Biosciences), anti-CD137 (1:30, BD Biosciences) anti-CD4-
FITC (1:20, BD Bioscience), anti-CD8-BV421 (1:200, BD Biosciences) and 1:2000 
near-infrared (NIR) for 30min in the dark at 4 degrees. After two washing steps with 
cold FACS buffer, cells were recorded with the BD LSR Fortessa Cell Analyzer SORP 
flow cytometer using FACSDiVa software (v.8.0.2; BD Biosciences). Data were 
analysed using FlowJo (v.10.6.1, BD) and presented using GraphPad Prism (v.9.0.0, 
GraphPad). 
  
Killing assay  
Assessment of tumor organoid killing by T cells was evaluated as previously 
described22,23. First, flat-bottom non-tissue culture plates were coated with 5 mg/mL 
anti-CD28 at kept at 4 degrees overnight. The plate was washed twice with PBS 
immediately prior to plating of the cells. Two days before the experiment, organoids 
were isolated from BME by washing with cold PBS before being resuspended in CRC 
organoid medium with 10 μM Y-27632 The organoids were stimulated with 200 ng/
mL  IFNγ 24  h before the experiment. Single cell equivalent number of tumor 
organoids was determined by dissociation of a sample of tumor organoids. Tumor 
organoids were resuspended in T cell culture medium or organoid medium depleted 
of nicotinamide, which was used for the whole genome screen. T cells were and 
tumor organoids were plated in triplicates at a suitable effector:target ratio depending 
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on experimental needs. For the whole genome T cell screen cells were plated at 1:1 
ratio for CRC-09 and 4:1 for CRC-12. Evaluation of resistance genes was performed 
at 1:1 and 3:1 for resistance genes. For MHC class I blocking, tumor organoids were 
beforehand pre-incubated with 50 mg/mL MHC class I blocking antibody (W6/32, BD 
Biosciences). Cells were cultured for 72h before readout using Incucyte imaging of 
mCherry signal.  
  
Whole genome CRISPR Cas9 screen 
Similarly, to our previously described method13, to express Cas9, tumoral organoids 
were dissociated into single cells and incubated overnight in suspension and 
complete media supplemented with pKLV2-EF1a-BsdCas9-W lentiviral particles and 
polybrene (8 μg ml−1). The day after, cells were seeded in BME and grown as 
organoids. Blasticidin selection (20 mg/ml) commenced 48 h after transduction and 
maintained until the end of the experiment. All the organoid lines displayed Cas9 
activity over 80%. Single-guide RNAs of the minimal genome-wide human CRISPR-
Cas9 library (MinLibCas9) were used. Briefly, tumour organoids were dissociated into 
single cells and a total of 3.3 × 107 cells were transduced overnight, in suspension, 
with an appropriate volume of the lentiviral-packaged whole-genome sgRNA library to 
achieve 30% transduction efficiency (× 100 library coverage) and polybrene (8 μg 
ml−1). To achieve high cell numbers, tumor organoids were cultured with 5% 
extracellular matrix (ECM) in suspension as recently described12. After 48 h organoids 
were selected with puromycin (2 mg/ml). After 14 days, approximately 2 × 107 cells 
were collected as pellets and stored at − 80 °C for DNA extraction. Further cell pellets 
were taken before exposure to cytokines or T cells (T0), after cytokine exposure (200 
ng/mL IFN𝛾 or 100 ng/mL TNF𝛼) and after first and second round of T cell killing. 

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. 
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Computational analysis  
In our CRISPR-Cas9 screening methodology, guide RNAs (gRNAs) exhibiting zero 
read counts in the control samples were excluded.   The log2 fold changes (L2FC) 
were determined using normalized read counts, where we calculated normalized 
reads per million by dividing gRNA reads by the total reads in the sample, then 
multiplying by 1,000,000 and adding a pseudocount of 1 to avoid division by zero 
error.   Finally, the average fold-change for each gene was determined by calculating 
the mean of the fold-changes for all sgRNAs targeting that gene. To combine the data 
from replicates, we averaged these gene-level fold-changes. For the MAGeCK 
analysis27, we employed the default settings with one modification: the normalization 
parameter was set to 'none'. This adjustment was made since the input corrected 
counts had already undergone normalization.  
Moreover, we used Drugz28 to calculate gene-level normalized Z-scores and FDR 
values. To perform gene-set enrichment analysis (GSEA), we utilized the GSEA 
so f tware obta ined f rom the Broad Ins t i tu te GSEA por ta l (h t tp : / /
software.broadinstitute.org/gsea/index.jsp). We conducted a pre-ranked GSEA using 
DrugZ normZ values applying the default parameters. To estimate the significance of 
enrichment, we used 1,000 gene permutations. 
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SUPPLEMENTAL FIGURES  

Extended Data Figure 1: Establishment model system and optimizations for screens. a. Table summarizing 
characteristics of model system CRC-09 and CRC-12. b. Flow cytometry dot plots showing gating strategy of 
CD137 reactivity assay of PBMCs. c. Incucyte image of mCherry expression of Cas9 transduced tumor 
organoids CRC-09 and -12 (left). Flow cytometry analysis of mCherry expression in tumor organoids showing 
>85% mCherry positive cells for CRC-09 and >90% positive cells for CRC-12 (right). d. Light and fluorescent 
microscopy image of CRC-09 showing tumor organoids and mCherry expression (red) when cultured in T cell 
medium (left) and organoid medium depleted of nicotinamide (right). e. Time course depicting viability of 
CRC-12 organoids over 7 days measured in total red object integrated intensity by Incucyte live cell imaging. 
Viability is shown for CRC-12 cultured in T cell medium, organoid medium depleted of nicotinamide (Organid 
medium -Nico) and complete organoid medium. f. Bar graphs indicating CRC-09 viability of killing assay with 
tumor reactive T cells at target:effector ratio 1:4, 1:2 and 1:1. Viability of tumor organoids alone is shown as 
reference and MHC I block + T cells 1:4 as control to interfere with CD8+ T cell cytotoxicity. Effect of culturing in 
T cell medium (blue) compared to organoid medium depleted of nico (brown) is shown for all samples.  
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Extended Data Figure 2: Quality control of library transduction and processed samples.  
a. Bar graphs showing zero counts of each processed sample of CRC-09 and CRC-12. b. Bar graphs 
showing total read count for each processed sample of CRC-09 and CRC-12 c. Graph indicating read count 
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distribution per processed sample of CRC-09 and CRC-12 in log2(read counts). d. Heatmap showing 
clustering of each processed sample of CRC-09 and CRC-12. e. Plot indicating correlation of both biological 
replicates of CRC-09 co-culture screen correlated against plasmid, replicate A with B (top) and replicate A1 
with B1 (bottom).  f. Plot indicating correlation of both biological replicates of CRC-12 co-culture screen 
correlated against plasmid, replicate A with B (top) and replicate A1 with B1 (bottom).  
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Extended Data Figure 3: Comparison of CRC-09 and CRC-12 and gene pathway enrichment analysis.  
a. Plot comparing normalized CRC-12 IFN𝛾 screen to normalized CRC-09 IFN𝛾 screen. Highlighting shared 

significantly enriched (red) or depleted (blue, none depicted) genes. Size of dots indicated significance. b. Plot 
showing enriched (green) of depleted genes (red) of TNF𝛼 cytokine screen for combined biological replicates of 

CRC-09. c. Plot comparing normalized CRC-12 T cell screen to normalized CRC-09 T cell screen. Highlighting 
shared significantly enriched (red) or depleted (blue) genes. Size of dots indicated significance. d. Gene 
pathway enrichment analysis of top selected hits of CRC-09 T cell screen independent of IFN𝛾 mediated 

cytotoxicity associate proteoglycan biosynthesis or metabolism processes related to hit selection.  
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ABSTRACT


In depth characterization of T cell reactivity triggered by tumors has been fueled by 
advances of single cell technologies. A fundamental understanding of which T cell 
subsets drive an anti-tumor response and how their behavior changes over time can 
help to overcome current limitations of T cell therapies. While an enormous collection 
of immune cell profiling datasets on tumor infiltrating lymphocytes has been 
generated over the past years, fewer studies have looked at the precise moment 
when autologous T cells interact with cancer cells for the first time. In a fully 
autologous peripheral blood mononuclear cell (PBMC) and patient-derived tumor 
organoid co-culture system, we aimed to track T cell subsets over time. We used 
transposase-accessible chromatin (ATAC) sequencing to allow for an unbiased 
identification of cell type specific regulatory elements. By combining ATAC sequencing 
with our co-culture model we aimed to identify gene regulatory factors of T cells that 
play an essential role in tumor reactivity. Here, we summarize our initial attempts and 
findings, and propose experimental improvements for future experiments.  
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INTRODUCTION


T cells are instrumental in orchestrating anti-tumor immunity and play a pivotal role in 
diverse cancer immunotherapeutic strategies. These strategies, ranging from adoptive 
T cell transfer (ATC) and the infusion of tumor-infiltrating lymphocytes (TIL) to the 
utilization of TCR-engineered T cells, synthetic chimeric antigen receptors (CARs) T 
cells, immune checkpoint therapy, and cancer vaccines, collectively hinge upon the 
remarkable ability of T cells to selectively recognize and eliminate malignant cells1. 
Especially, immune checkpoint inhibitor (ICI) therapies have revolutionized the 
treatment of cancer patients by unleashing breaks on T cells and allowing a patient’s 
own immune system to efficiently kill cancer cells. Treatments that target immune 
checkpoints CTLA-4 and PD-(L)1 have led to impressive clinical results for many 
cancers2,3,4. Despite great success of ICI, there are limitations. When considering 
metastatic melanoma, as a posterchild of ICI, still 40% of the patients do not respond 
to combined treatment of anti-PD1 and anti-CTLA45. So far, for example, TMB and 
MMR-d have been identified to correlate with treatment response, but we are still far 
from understanding the full mechanism to precisely predict a patient’s response to 
ICI6. In order to improve response to ICI and other T cell therapies, it is crucial to 
identify limitations of anti-tumor T cell reactivity. Better understanding of T cell 
behavior and T cell exhaustion before and during treatment or also which T cell states 
kill the tumor, will likely allow us to improve current treatments.  
The pursuit to answer such questions benefitted immensely from technological 
advances in single cell analysis. In the past years, many datasets of transcriptomic 
profiles of tumor infiltrating lymphocytes have been generated7. The outcome of these 
analyses has expanded our knowledge on the proposed mechanism of PD-(L)1 
blockade response. It was suggested that responses to PD-(L)1 blockade would 
mainly act via reinvigoration of intratumoral pre-existing T cell clones8,9, however it 
was also reported that expansion of T cell clones upon treatment, derived from 
clonotypes that may have just recently entered the tumor but were not detected in 
pre-existing tumor infiltrating T cells10. This suggested that T cell response to PD-1 
blockade may rely on peripheral T cell recruitment as well11. Such findings are in line 
with previous data showing that loss of T cell migration inhibits an effective anti-tumor 
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T cell response12 and that the epigenetically stable state of exhausted T cells is 
difficult to reinvigorate13,14.  
Next to single cell transcriptomics, epigenomic profiling using assay for transposase-
accessible chromatin sequencing (ATACseq) is a powerful tool to dissect immune 
responses as it allows for an unbiased identification of DNA regulatory elements, 
deconvolution of all cells in a tissue and marker free reconstruction of cell 
developmental trajectories. As an example, performing scATACseq on PBMCs and 
basal cell carcinoma tissue reconstructed B cell trajectories and, besides others, 
identified regulatory elements of CD8+ T cell exhaustion and CD4+ helper T cell 
development associated with ICB response15. Epigenetic changes determine the fate 
of a T cells behavior and, with that, dysfunctionality during tumor response16. Next to 
the identification of tumor specific TCR or CAR T cell targets, which has been a major 
undertaking of the field of cancer immunotherapy, the goal to circumvent exhaustion 
and reprogram T cells to improve their fitness has gained popularity. This was 
demonstrated by the discovery that alteration of a chromatin remodeling complex, 
specifically Arid1a, improved anti-tumor immunity17 or more recently how depletion of 
chromatin remodeling complex PBAF in CD8+ T cells increases their anti-tumor 
response18. Tackling T cell exhaustion will likely be a game-changer for improving ATC 
therapies, ICI response or the discovery of novel cancer immunotherapies.  
Besides overcoming T cell exhaustion, one other challenge is to track T cell changes 
upon tumor interaction over time to identify key T cell subsets of anti-tumor 
responses. Recently a time sensitive murine in vivo single cell transcriptomics 
technology, named Zman-seq, has been established and reportedly using time 
stamps into immune cells which allows to track them in tissue over days19. However, 
the challenge to track human autologous T cells and tumor interaction remains. To 
our knowledge, TILs and PBMCs of patients have been mostly analyzed separately 
and few attempts have been made to in depth characterize peripheral blood T cell 
responses to cancer cells from patient’s tumors over time. We therefore embarked on 
an analysis of open chromatin assessment of autologous T cells co-cultured with 
patient-derived tumor organoids (PDTOs) in order to identify key T cell states and 
regulatory elements of anti-tumor T cell responses. Here, we present out initial 
findings and highlight the future direction of this project.  
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RESULTS


To obtain chromatin profiles of autologous PBMCs at baseline (day 0) and after a two-
week co-culture (day 14) with MMR-d colorectal cancer PDTOs, we first generated 
tumor reactive T cells according to our previously published protocol20. In order to 
maximize the chance to observe differences between day 0 and day 14 and having a 
reference of a highly tumor reactive CD8+ T cell population, we used a pair of tumor 
organoids and PBMCs that elicited high CD8+ T cell cytotoxicity (Fig. 1c). Autologous 
PBMCs of PDTO-01 were derived from an ICI responder (Extended Data Fig. 1b) 
which at baseline (day 0) showed increased CD8+ T cell expression of IFN𝛾 and 

CD107a upon stimulation with PDTO-01 compared to an unstimulated control (Fig. 
1c). After a two-week co-culture, ~45% of CD8+ T cells expressed IFN𝛾+ upon 

PDTO-01 stimulation (Fig. 1c). During the co-culture, the CD4+ T cell population was 
largely diminished and remaining cells did not show reactivity towards PDTO-01 
(Extended Data Fig. 1a). The fraction of CD8+ T cells increased from 48 % at day 0 to 
74% of CD3+ T cells at day 14 (Fig. 1d). PDTO-01 MMR-d CRC organoids expressed 
MHC class I at baseline, which increased after IFN𝛾 stimulation. MHC class II and PD-

L1 expression were observed after IFN𝛾 stimulation (Fig. 1e).  
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Figure 1: Establishment of tumor reactive T cells from co-culture of PDTO-01 for scATAC sequencing. 

a. Schematic overview of experimental set up. Tumor organoids were established from MMR-d CRC tumors 
and PBMCs frozen from blood samples. At baseline, day 0, and after two-week co-culture, day 14, PBMCs of 
co-cultures with autologous PBMCs and PDTO-01 and -02 were frozen down. Additionally, a sample of 
PBMC-02 not co-cultured with PDTO-02 was taken at day 14. Samples were then further processed for 
scATAC (PDTO-01) and bulk ATAC (PDTO-02). b. Flow cytometry gating strategy of PBMCs to determine 
intracellular expression of IFN𝛾 and CD107a for reactivity assay. c. Representative dot plots of CD8+ T cells 

unstimulated (alone), stimulated with tumor organoids (+PDTO-01) and positive control (+PMA/Ionomycin) at 
day 0 (top) and day 14 (bottom) indicating IFN𝛾 and CD107a expression. d. Flow cytometry dot plots of CD4+ 

and CD8+ T cell distribution of CD3+ cells of PBMC-01 at day 0 and after co-culture at day 14. e. Bar graphs 
indicating surface expression of MHC class I/II and PD-L1 of PDTO-01 and -02 at baseline or after 24h IFN𝛾 

pre-stimulation. Error bars indicate SEM of two independent experiments (n=2).  

After tumor reactive CD8+ T cells were generated and samples were taken at day 0 
and day 14 of the co-culture, samples were processed for scATAC sequencing (Fig. 
1a). Quality controls of scATAC data showed that a large fraction of the 120M total 
reads, with valid barcodes, consisted of PCR duplicates. Removal of the duplicates 
resulted in a reduction of the library complexity to 13M unique reads with median of 
5000 reads per cell (Extended Data Fig. 1c, d, f). A total of 1600 cells was 
sequenced, 509 for day 0 and 1304 for day 14 (Extended Data Fig. 1e). UMAP 
embedding by time of sample collection showed distinct clustering of day 0 and day 
14 with some overlap. In total five clusters were identified across both samples with a 
majority of day 14 cells in cluster 3, whereas the majority of day 0 cells was spread 
across cluster 1 and 2. Cluster 4 was exclusively found in day 14 sample (Fig. 2a, b). 
Genome coverage plots indicated that the CD8A locus is generally accessible in all 
clusters, while CD4 locus was not clearly depicted (Fig. 2a, c). Overall, this was in line 
with flow cytometry data of PBMC-01 samples from day 0 and 14 confirming CD8+ T 
cells as most abundant cells (Fig. 1d). IL7R locus, a specific promoter for naïve T 
cells, was accessible in cluster 1 and 5 which overlaps with day 0 clustering (Fig. 2a, 
c). After analysis of DNA accessibility to identify T cell subsets and differentially open 
chromatin loci, we next looked at transcription factor DNA binding motif accessibility 
(Fig. 2e). Significantly variable motifs between day 0 and day 14 cells included mostly 
JUN and FOS as well as BACH2 and BATF transcription factors (Fig. 2d, f). FLI1 was 
showed differential accessibility as well (Fig. 2f).  
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Figure 2: scATAC sequencing of PBMC samples at baseline and after two-week co-culture with MMR-
d CRC PDTO-01. a. Left: UMAP embedding of single cells colored by the time of collection day 0 (blue) and 
day 14 (yellow). Right: UMAP embedding of the same single cells colored by five cell clusters. b. Fraction of 
cell count for each cell cluster sample collected at day 0 and day 14. c. Gene coverage plots indicating 
normalized open chromatin of loci CD8, CD4 and ILR7 (top to bottom) for all five clusters. d. Graph showing 
significantly variable motifs identified based on transcription factor motif accessibility comparing day 0 and day 
14 samples. e. Left: UMAP embedding based on transcription factor motif accessibility of single cells colored 
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by the time of collection day 0 (blue) and Day 14 (yellow). Right: UMAP embedding based on transcription 
factor motif accessibility of the same single cells colored by five cell clusters. f. UMAP embedding based on 
transcription factor motif accessibility colored by JUNB, FOS:JUN and FLI1 motifs.  
Because processing of fragile co-cultured PBMCs and ensuring sufficient high quality 
cell input was technically challenging, we next aimed to determine the feasibility of 
bulk ATAC analysis. To test whether observed differences between day 0 and day 14 
were due to culture conditions or tumor organoid stimulation, we included a day 14 
sample which was cultured under the same conditions but without tumor organoids 
stimulation for bulk ATAC. Moreover, we used a different co-culture pair of tumor 
organoids and autologous PBMCs (PBMC-/PDTO-02) which elicits less tumor 
reactive T cells compared to PDTO-01 (Fig. 1c, 3a) to determine if it is possible to 
detect smaller cell populations using bulk ATAC. PDTO-02 organoids were also 
derived from an ICI responding MMR-d CRC tumor (Extended Data Fig, 1b) with a 
similar surface expression profile as PDTO-01. MHC class I was expressed at 
baseline and increased upon IFN𝛾 pre-stimulation, whereas MHC class II and PD-L1 

was only expressed after IFN𝛾 pre-stimulation (Fig. 1e). Co-culture of PDTO-02 with 

autologous PBMCs elicited tumor reactive CD8+ T cells as observed by increased 
IFN𝛾 and CD107a expression at day 14 when stimulated with PDTO-02 compared to 

unstimulated PBMCs. No tumor reactivity was observed by flow cytometry analysis 
when PBMCs were cultured for two weeks without presence of tumor organoids and 
then stimulated with PDTO-02 (Fig. 3a). Interestingly, after two-weeks of co-culture a 
CD4+ CD8+ double positive (DP) T cell population was observed, which was not 
present at baseline or when cultured in absence of tumor organoids (Fig. 3b). DP T 
cells did not show increased IFN𝛾 and CD107a expression upon PDTO-02 stimulation 

and PMA/Ionomycin stimulation nearly exclusively increased CD107a expression. 
CD4+ T cells showed minor IFN𝛾 increase upon PDTO-02 stimulation (Extended Data 

Fig. 1a). After collection of samples at day 0 and day 14 with and without co-culture 
of PDTO-02, bulk ATAC was performed on biological replicates. Analysis confirmed a 
high-quality library and well-defined peaks of, for example, locus CD8 could be 
observed (Extended Data Fig. 1g). An increase of accessible CD8A locus can be 
depict in day 14 samples compared to day 0 samples, in line with a CD8+ T cell 
increase during co-culture as shown by flow cytometry analysis (Fig. 3b, Extended 
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Data Fig. 1g). To compare differences between PBMCs cultured with or without tumor 
organoids, we analyzed the amount of differential accessible regions (DAR) between 
all conditions. While around 20k different peaks are observed between condition day 
0 and day 14, nearly no differences were detected between day 14 with and without 
co-culture of PDTO-02 (Fig. 3c). Comparing our bulk ATAC data to publicly available 
data21 on activated T cells showed correlation to an activated T cell signature 
(Extended Data 1h). Taken together, we demonstrated how co-culture product of 
tumor organoids and autologous T cells can be used to analyze the regulatory 
landscape of tumor reactive T cells. Although technical challenges need to be further 
improved to validate our results, using scATACseq we identified JUNB, FOS:JUN, and 
FLI1 motifs to be differentially expressed between T cell samples as day 0 and day 
14. The addition of bulk ATAC sequencing provided relevant information which will 
help to improve time point selection for future experiments. 
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Figure 3: Bulk ATAC sequencing of PDTO-02 co-culture samples at day 0 and day 14. 

a. Representative flow cytometry plots of CD8+ T cells after two-week (co)-culture with (top) or without (bottom) 
PDTO-02. Plots show IFN𝛾 and CD107a expression of CD8+ T cells unstimulated (alone), stimulated 
(+PDTO-02) or simulated with positive control (+PMA/Ionomycin). b. Flow cytometry dot plots indicating 
fractions of CD4+, CD8+ and DP T cells of autologous PBMCs at day 0 (top), day 14 after (co)-culture with 
(middle) or without (bottom) PDTO-02 presence. c. Volcano plots indicating differential accessible regions in 
sample day 14 without PDTO-02 presence during co-culture (day 14 control) compared to day 0 (top left), day 
14 with PDTO-02 presence during co-culture (day 14 + organoid) compared to day 0 (bottom left) and day 14 
with compared to without presence or PDTO-02 during co-culture (bottom right). 
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DISCUSSION AND OUTLOOK 


Advances in single cell technologies have accelerated research that aims to 
understand anti-tumor immunity. Here, we leveraged our autologous PBMC and 
PDTO co-culture system to compare the regulatory landscape of CD8+ T cells before 
and after interaction with tumor organoids.  
We used two co-culture pairs of PBMCs and MMR-d CRC PDTOs derived from 
responding patients to ICI and successfully generated tumor reactive CD8+ T cells. 
For both models an increase of the CD8+ T cell population and a decrease of the 
CD4+ T cell population could be observed by fly cytometry analysis day 14 compared 
to day 0 of the co-culture. We were successful in showing that CD8+ were the 
dominating cell population using scATAC and bulk ATAC analysis. Notably, analysis of 
the CD8A locus, using bulk ATAC data of PDTO-02, clearly demonstrated an increase 
of CD8+ T cells at day 14 but also allowed the detection of CD8+ T cell population at 
day 0 which only made up around 10% of total CD3+ T cells. Clustering of scATAC 
data of PDTO-01 samples indicated two distinct populations based on time points 
day 0 and day 14 implying changes of the regulatory landscape over time. Also, some 
overlap was observed between the time points and, based on open chromatin 
assessment, five clusters were identified. Our data suggests the presence of naive T 
cells in two clusters (cluster 1 and 5) which may overlap with samples from day 0. To 
better understand the value of this approach, other tumor organoid and PBMC pairs 
need to be tested to replicate the identified clusters and then better characterize each 
cluster for their cell populations.  
Furthermore, scATACseq identified FOS:JUN and BATF   as significantly differential 
accessible transcription factor DNA binding motif at the two time points. Those genes 
have been described as markers for T cell exhaustion17. Given a high tumor reactivity 
in PDTO-01 throughout the co-culture it is likely that T cells enter an exhausted state. 
Surprisingly though, FOS:JUN and BAT seem more accessible in day 1 which would 
mean reinvigoration of a less exhausted state during co-culture conditions. Additional 
experiments are required to elaborate those findings. The genetic deletion of another 
significantly differential accessible transcription factor motif, FLI1, has recently been 
shown to increase T cell effector function22. Thus, providing evidence that scATAC 
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sequencing of co-cultured autologous T cells may be used to identify T cell 
exhaustion markers and relevant regulatory elements to interfere with such.  
However, it has to be noted that the library complexity of the scATAC sequencing 
data was suboptimal and additional experiments are necessary to confirm our results. 
The technical challenging part of the performed single cell experiment seems to be 
the fragile state of PBMCs which resulted in an overall low cell input. Insufficient 
coverage of accessible sites per cell, make it challenging to resolve subsets of T cells 
as they share the majority of accessible sites. Therefore, technical variations between 
cells may be larger than actual biological difference between cells. To improve our 
readout in future experiments we aim to use a droplet-based readout instead of single 
nuclei sorting into plates as this likely facilitates less harsh treatment of fragile PBMCs. 
For example, our bulk ATAC experiments did not include a cell sorting step and we 
were able to produce a high-quality library in those experiments.  
Using bulk ATAC analysis of samples from PDTO-02 at day 0 and day 14 improved 
data quality compared to scATAC and showed that major regulatory landscape 
changes of T cells after two weeks of (co-)culture are likely due to culture conditions 
but not stimulation of PDTOs. However, flow cytometry analysis confirmed the 
presence of reactive CD8+ T cells upon PDTO-02 stimulation only after co-culture in 
presence of PDTO-02. No reactive CD8+ T cells were generated upon culture of 
PBMCs in absence of PDTO-02 and likewise a CD4+/CD8+ double positive T cell 
population is not present without PDTO-02. Hence, although samples with and 
without co-culture of tumor organoids showed distinct T cell populations, bulk ATAC 
analysis failed to identify those smaller sub-populations. It may be that such 
populations were too small to detect or open chromatin changes were not distinct 
enough compared to a much broader influence by cell culture conditions.  
Moreover, bulk ATAC data suggests that earlier time points may help to detect T cell 
changes due to tumor organoid stimulation and to lesser extent as a results of 
culturing conditions. Therefore, we aim to include samples taken at baseline and over 
the first hours of co-culture for future experiments. After selection of optimal time 
points, that reflect changes based on T cell and tumor organoid interaction, we plan 
to include a larger sample size of tumor organoids and autologous PBMCs for 
scATAC analysis to identify T cell states and regulatory elements that are relevant in 
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tumor organoid responses. Lastly, we would like to investigate whether interference 
with identified regulatory elements influences anti-tumor responses to potentially 
improve such.  
Overall, our results provide the basis to further pursue a combination of analyzing 
single cell chromatin landscapes with a model system that can track autologous T cell 
tumor responses over time. 
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METHODS  

Organoid culture  
Tumor organoids were derived from two MMR-d CRC tumors, PDTO-01 and 
PDTO-02. Establishment of the respective organoid lines from tumor material was 
performed as previously reported1,2. In brief, tumor tissue was mechanically 
dissociated and digested with 1.5 mg ml−1  of collagenase II (Sigma-Aldrich), 10 μg 
ml−1  of hyaluronidase type IV (Sigma-Aldrich) and 10 μM Y-27632 (Sigma-Aldrich). 
Cells were embedded in Cultrex RGF BME type 2 (3533-005-02, R&D systems) and 
placed into a 37 °C incubator for 20 min. Human CRC organoid medium is composed 
of Ad-DF+++ (Advanced DMEM/F12 (GIBCO) supplemented with 2  mM 
Ultraglutamine I (Lonza), 10 mM HEPES (GIBCO), 100 U ml−1 of each penicillin and 
streptomycin (GIBCO), 10% noggin-conditioned medium, 20% R-spondin1-
conditioned medium, 1× B27 supplement without vitamin A (GIBCO), 1.25 mM N-
acetylcysteine (Sigma-Aldrich), 10  mM nicotinamide (Sigma-Aldrich), 50  ng 
ml−1 human recombinant EGF (Peprotech), 500 nM A83-01 (Tocris), 3 μM SB202190 
(Cayman Chemicals) and 10 nM prostaglandin E2 (Cayman Chemicals). Organoids 
were passaged depending on growth every 1–2 weeks by incubating in TrypLE 
Express (Gibco) for 5–10  min followed by embedding in BME. Organoids were 
authenticated by SNP array or STR analysis and were regularly tested for 
Mycoplasma using Mycoplasma PCR43 and the MycoAlert Mycoplasma Detection Kit 
(LT07-318). In the first two weeks of organoid culture, 1× Primocin (Invivogen) was 
added to prevent microbial contamination. Procedures performed with patient 
samples were approved by the Medical Ethical Committee of the Netherlands Cancer 
Institute–Antoni van Leeuwenhoek hospital (NL48824.031.14) and written informed 
consent was obtained from all of the patients. Mismatch repair status was assessed 
using a standard protocol for the Ventana automated immunostainer for MLH1 clone 
M1 (Roche), MSH2 clone G219-1129 (Roche), MSH6 clone EP49 (Abcam) and PMS2 
clone EP51 (Agilant Technologies).  
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Phenotyping tumor organoids 
For organoid surface expression stainings, tumor organoids were dissociated into 
single cells using TrypLE Express (Gibco), washed twice in cold FACS buffer (PBS, 5 
mM EDTA, 1% bovine serum antigen), and stained with anti-HLA-A/B/C-PE (1:20, 
W6/32, BD Biosciences), anti-HLA-DR/DP/DQ-FITC (1:20, Tü39, Biolegend), anti-PD-
L1-APC (1:200, MIH1, eBioscience) and 1:2,000 near-infrared (NIR) viability dye (Life 
Technologies), or isotype controls (1:20 FITC; 1:20, PE; or 1:200, APC) mouse IgG1 
kappa (BD Biosciences). Tumor cells were incubated for 30 min at 4 °C in the dark 
and washed twice with FACS buffer. All samples were recorded with the BD LSR 
Fortessa Cell Analyzer SORP flow cytometer using FACSDiVa (v.8.0.2; BD 
Biosciences). Data were analysed using FlowJo (v.10.6.1; BD) and presented using 
GraphPad Prism (v.9.0.0; GraphPad). 
  
Co-culture  
To generate PBMC samples of both autologous co-culture pairs and freeze samples 
at baseline (day 0) and after two-weeks in presence or absence of tumor organoids 
(day 14), the co-culture was performed as described before1,2,3. In short, tumor 
organoids were isolated from BME by washing with cold PBS 2 days before addition 
of the PBMCs. After washing CRC organoids were resuspended in culture medium in 
the presence of 10 μM Y27632. A day before coculture, organoids were stimulated 
with 200 ng/mL of IFNγ (Peprotech). On the same day frozen PBMCs, which were 
beforehand isolated from peripheral blood using Ficoll-Paque, were thawed and 
cultured overnight in T cell culture medium (RPMI 1640 (Thermo Fisher Scientific) 
supplemented with 1% Pen Strep and 10% human serum (Sigma Aldrich)) with 150 
U/mL IL-2 (Peprotech). Before start of the co-culture at day 0, 500k cells of PBMCs 
were cryopreserved as baseline sample for later use. Organoids were dissociated into 
single cells and plated at a 1:20 target:effector ratio with autologous PBMCss, in an 
anti-CD28 coated (clone CD28.2, eBioscience), 96well, Ubottomed plate, in the 
presence of 150 U/mL of IL2 (Proleukin) and 20 μg/mL of anti-PD1/nivolumab 
(Opdivo). Half of the medium was refreshed every 2–3 d with addition of new IL2 and 
anti-PD1. PBMCs were collected and restimulated as above after 1 week of co-
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culture. A second sample of 500k cells was cryopreserved at day 14. Tumor reactivity 
was measured after 2 weeks of co-culture.  
  
Tumor reactivity assay  
Evaluation of tumor reactivity towards  PDTO-01 and PDTO-02 was performed as 
described previously1,2. Two days before the experiment, organoids were isolated 
from BME by washing with cold PBS before being resuspended in CRC organoid 
medium with 10 μM Y-27632 (Sigma-Aldrich). The organoids were stimulated with 
200 ng/mL  IFNγ (Peprotech) 24 h before the experiment. For the recognition assay 
and intracellular staining, tumor organoids were dissociated into single cells and 
plated in 96-well U-bottom plates with PBMCs at a 1:2 target:effector ratio. As a 
positive control, PBMCs were stimulated with 50 ng/mL of phorbol-12-myristate-13-
acetate (PMA) (Sigma-Aldrich) and 1  μg/mL  of ionomycin (Sigma-Aldrich). As a 
negative control (alone), T cell culture medium was added to PBMCs. Cells were 
stained with anti-CD107a-PE (1:50, Biolegend). After 1 h of incubation at 37 °C, 
GolgiSTOP (BD Biosciences, 1:1500) and GolgiPlug (BD Biosciences, 1:1000) were 
added. After 4 h of incubation at 37 °C, PBMCs were washed twice in cold FACS 
buffer (PBS, 5 mM EDTA, 1% bovine serum antigen) and stained with anti-CD3-
PerCP-Cy5.5 (1:20, BD Biosciences), anti-CD4-FITC (1:20, BD Bioscience), anti-
CD8-BV421 (1:200, BD Biosciences) and 1:2000 near-infrared (NIR) viability dye (Life 
Technologies) for 30  min at 4  °C. Cells were washed, fixed, using the Cytofix/
Cytoperm Kit (BD Biosciences), and stained with 1:40 anti-IFNγ-APC (1:40, BD 
Biosciences) for 30 min at 4 °C. After two washing steps, cells were resuspended in 
50mL FACS buffer and recorded with the BD LSR Fortessa Cell Analyzer SORP flow 
cytometer using FACSDiVa software (v.8.0.2; BD Biosciences). Data were analysed 
using FlowJo (v.10.6.1, BD) and presented using GraphPad Prism (v.9.0.0, 
GraphPad). 
  
scATAC  
sciATACseq was performed as previously described4. In brief, 2-5×105  cells were 
lysed for 3min in 500µL of RSB buffer (Tris-HCl pH 7.5 10mM, NaCl 10mM, 
MgCl2 3mM, NP40 0.1%, Tween-20 0.1%, digitonin 0.01%) in presence of cOmplete 
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protease inhibitor cocktail (Roche). Next, cells were resuspended 3 times and washed 
in 10 mL of RSBT buffer (Tris-HCl pH 7.5 10mM, NaCl 10mM, MgCl2 3mM, Tween-20 
0.1% and protease inhibitor cocktail) by inverting the tube 3 times and spinning at 
500g for 10min at 4ºC. Next, the buffer was removed and 2500 nuclei were 
resuspended in 7.6µL of cold PBS and pipetted in a well of a 96-well plate with 1µL 
of i7 and i5 transposons and 10.4μL of transposition mix containing 10μL of 2xTD 
buffer (20 mM Tris, 10 mM MgCl2, 20% dimethylformamide, pH adjusted to 7.6), 
0.2µL digitonin 1% and 0.2µL Tween 10%. The tagmentation was carried at 55ºC for 
30min, nuclei were pooled and stained with 3μM 4′,6-diamidino-2-phenylindole 
(DAPI). The reaction was stopped by incubation at 37ºC for 15 min with 20μL 40 mM 
EDTA supplemented with spermidine 1mM. Next, 25 nuclei were sorted into either 
one or four 96 well plates (see run details) containing 11µL of EB buffer (Qiagen) and 
1μL of Proteinase K 10 mg/ml (Roche). Decrosslinking was carried overnight at 65ºC 
and PCR was performed by adding 25µL of KAPA HiFi HotStart ReadyMix (Roche), 
5μL of P5 and P7 primers (see oligonucleotides list)., 1μL of BSA 10mg/mL and 2 μL 
H2O. The thermocycler was set up as follows: 72ºC for 3min, 98ºC for 30s, 21 cycles 
of 98ºC for 10s, 63ºC for 30s,72ºC for 1min and finally 72ºC for 5min. Next, all PCR 
reactions were pooled and 1mL of the solution was purified using DNA clean & 
concentrator 5 (Zymo Research) following manufacturer instructions. Next, the library 
was size selected by 1x and 0.55x selection steps using AMPure XP beads (Beckman 
Coulter), followed by purification with QIAquick PCR purification kit (Qiagen). Finally, 
libraries were sequenced with a NextSeq 550 system (Illumina) using a customized 
protocol5 (genomic DNA read 1 (cycles 1–51), index 1 (transposon i7, cycles 52–59, 
followed by 27 dark cycles, and PCR i7, cycles 60–67), index 2 (PCR i5, cycles 68–
75, followed by 21 dark cycles, and transposon i5, cycles 76–83), and genomic DNA 
read 2 (cycles 84–134). 
  
Bulk ATAC  
Bulk ATAC was performed as previously described4. In brief, 50,000 cells were 
collected in cold PBS and lysed with a 2x lysis buffer (Tris-HCl pH7.5 1M, NaCl 5M, 
MgCl2 1M, 10% IGEPAL). Next, cells were pelleted and incubated with 2xTD buffer 
and 2 uL transposon mix. Next, PCR amplification was carried twice by KAPA HiFi 
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HotStart ReadyMix using P5 and P7 indexed primers (see oligonucleotide list). 
Fragments between 200 and 700 bp were purified using AMPure XP beads. Quality 
control was performed by Bioanalyzer High Sensitivity DNA analysis (Agilent). 
  
Data analysis  
Data preparation 
Data was prepared as previously described4. Fastq files from single cell combinatorial 
indexing ATACseq were edited such that the combination of i5, i7, P5 and P7 
barcodes (further referred to as ‘barcode’) from fastq comments were prepended with 
the ‘BC:Z:’ tag to allow transfer of barcodes to alignment files. Edited fastq files were 
mapped to the GRCh38 reference genome with the bwa program version 0.7.17-
r118 using the command ‘bwa mem -MC’6. Mapped reads were filtered with 
samtools version 1.10 using ‘samtools view -h -b -q 10’7. Paired-end alignments 
were further processed to apply the +4, -5 Tn5 shift to proper pairs, deduplicated and 
matched to valid experimental barcodes, and resulting fragments were written to tabix 
files, using a custom R script. Fragments were considered duplicates when they 
matched chromosome, start and end positions, strand of the first mate and barcode. 
For the bulk data, reads were aligned to the GRCh38 human reference genome using 
bwa mem23. Using samtools, reads mapped as proper pairs (-f 3) and with mapping 
quality > 10 (-q 10) were retained. MACS2 was used to call peaks with the arguments 
“-g hs --nomodel” and for each sample count reads overlapping peaks using 
the  ‘genomics range’ package24. DESeq225 was used  to normalize the counts and 
identify differentially accessible sites. 
  
Quality control  
Data quality control was performed as previously described4. Barcodes were 
considered to represent cells when at least 2.000 unique nuclear fragments were 
represented by that barcode and the TSS score for that barcode exceeded 4. TSS 
scores were calculated by taking 100 basepairs centred at the transcription start site 
of UCSC’s known genes8, along with 1000 basepair upsteam and downstream 
flanks. The number of overlapping fragments were determined for these TSSs and 
flanks, and divided by the 100 and 1000 basepair widths of the regions. The TSS 
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score is then the ratio between the number for TSSs and the number for flanks. The 
fragments of included cells were then used to call peaks using MACS2 callpeak 
version 2.2.7.19 with the arguments ‘-g mm -f BED –nomodel –extsize 200 –shift 
-100 –keep-duplicates=all’. A count matrix was constructed by quantifying the 
number of overlapping fragments in each cell with the peaks. Doublets were called 
with the scDblFinder10 R package with the arguments ‘aggregateFeatures = TRUE, 
nfeatures = 25, processing = “normFeatures”’, which is their recommended setting 
for single cell ATACseq. We further excluded cells that had less than 2.000 fragments 
in peaks. In addition, we inspected banding scores11, duplication rates, fraction of 
reads mapping to mitochondria, cell-wise GC bias, fragment length distributions and 
fraction of reads in peaks, but none of these were used as criteria for including or 
excluding cells. 
  
Dimensionality reduction 
Dimensionality reduction was performed as previously described4. From the binarized 
count matrix, peaks were excluded where fragments were observed in less than 2% 
of cells. Moreover, we excluded peaks that were within 1.5kb of a TSS12 (exclude 
promoter bit). Term frequency – inverse document frequency (TF-IDF) with a log 
transformation on the TF11, term was used as a weighting scheme for the binarized 
count matrix. The irlba package13 was used to perform partial singular value 
decomposition of the scaled and centered TF-IDF matrix for the first 100 left and right 
singular vectors. The diagonal matrix was multiplied by the left singular vectors to 
obtain principal components. The mutual nearest neighbor method, per the 
‘reducedMNN’ function in the batchelor R package14, was used on the principal 
components to integrate cells from different batches. The 2nd-50th corrected principal 
components were used to compute UMAPs using the uwot R package15 with the 
arguments ‘metric = “cosine”, init = “agspectral”’. 
  
Clustering and marker detection 
For single cell ATAC analysis was performed as previously described with minor 
changes in marker peack detection4. Clustering of cells was performed using the 
Leiden algorithm on a shared nearest neighbor (SNN) graph computed on the batch-
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integrated principal components. The SNN graph was computed using the 
‘makeSNNGraph’ function from the bluster R/Bioconductor package16 with the 
argument ‘k = 15’. The ‘cluster_leiden’ function from the igraph17 R package was 
used for clustering, with the ‘resolution_parameter = 0.1’ argument. Marker genes 
were detected using the ‘find all markers’ from the Seurat package18. 20% of cells in 
each cluster were randomly combined to form a reference level for the cluster 
membership variable. In this regression, when the cluster membership had a 
significant log-odds ratio as determined by a Wald test after adjusting for false 
discovery rate, the peak was considered a marker peak for the tested cluster.  
  
DNA binding motif analysis  
Motif analysis was performed as previously described with minor changes for bulk 
ATAC4. Position frequency matrices of motifs were obtained with the19 R/
Bioconductor package from the vertebrate’s taxonomical group and core collection. 
For analyzing motifs, we looked at the DNA content of peaks where cluster 
membership was a significant factor according to a likelihood ratio test, comparing 
the logistic regression model described above against a reduced model where cluster 
membership was omitted from the predictor variables. Peaks were then scanned for 
motif matches using the ‘matchMotifs’ function from the motifmatchr20,21 R/
Bioconductor package. Motif Z-scores stabilized for GC bias were then computed 
using the chromVAR R/Bioconductor22 package. For bulk ATAC motif analysis, motif 
position weight matrices were obtained from the JASPAR 2020 core vertebrate 
dataset as provided in the JAPSPAR2020 R package26. Then ‘motifmatchr’27 was 
used to scan for presence of TF motifs in each peak. Finally, Fisher’s test was 
performed with FDR correction to assess the degree of enrichment of each motif in 
differentially accessible sites. For functional enrichment of differentially accessible 
sites, ‘GREAT’28 was used with default settings. For comparisons with Bediaga et al. 
2021 T cell dataset29, their ATAC peaks were obtained from the GEO accession 
based on their reports and reads in these peaks were re-counted. Then DESEq225 
was used to normalize all the data together. Finally, principal components were 
computed and pairwise Pearson’s correlation coefficients using the variance stabilized 
counts from DESeq2 were generated.  
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Extended Data Figure 1: Flow plots of CD4+ and DP T cells and quality controls for single cell and bulk 
ATAC experiments. a. Representative flow cytometry plots of CD4+ T cells after two-week (co)-culture with 
PDTO-01 (top), with PDTO-02 (middle) or of DP T cells with PDTO-02 co-culture (bottom). Plots show IFN𝛾 and 
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CD107a expression of CD4+ or DP T cells unstimulated (alone), stimulated (+PDTO-02) or simulated with 
positive control (+PMA/Ionomycin). b. Table summarizing patient-derived tumor organoid data of PDTO-01 and 
PDTO-02. c. Barcode quality control of scATAC experiment indicating initial total valid read count of samples 
generated at day 0 (blue) and day 14 (yellow). d. Quality control analysis of unique reads after removing of PCR 
duplicates for samples generated at day 0 (blue) and day 14 (yellow). e. Quality control analysis of barcodes 
per sample generated at day 0 (blue), day 14 (yellow) and excluded (grey). f. Graph presenting the reads per 
cell distribution. g. Bulk ATAC genomic track showing gene coverage plot at   the CD8A locus for all processed 
samples including replicates. h. Heatmap indicating Spearman’s correlation of our ATAC data to published 
activated T cell ATAC data35. 
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But he was able to understand one thing: making a decision was 
only the beginning of things. When someone makes a decision, 
he is really diving into a strong current that will carry him to places 
he had never dreamed of when he first made the decision. 

Paulo Coelho, The Alchemist  
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ABSTRACT


DNA mismatch repair-deficient (MMR-d) cancers present an abundance of 
neoantigens that is thought to explain their exceptional responsiveness to immune 
checkpoint blockade (ICB)1,2. Here, in contrast to other cancer types3,4,5 we observed 
that 20 out of 21 (95%) MMR-d cancers with genomic inactivation of β2-microglobulin 
(encoded by B2M) retained responsiveness to  ICB, suggesting the involvement of 

immune effector cells other than CD8+ T cells in this context. We next identified a 

strong association between B2M inactivation and increased infiltration by γδ T cells in 
MMR-d cancers. These γδ T cells mainly comprised the Vδ1 and Vδ3 subsets, and 
expressed high levels of PD-1, other activation markers, including cytotoxic 
molecules, and a broad repertoire of killer-cell immunoglobulin-like receptors. In vitro, 

PD-1+ γδ T cells that were isolated from MMR-d colon cancers exhibited enhanced 

reactivity to human leukocyte antigen (HLA)-class-I-negative MMR-d colon cancer cell 
lines and B2M-knockout patient-derived tumour organoids compared with antigen-
presentation-proficient cells. By comparing paired tumour samples from patients with 
MMR-d colon cancer that were obtained before and after dual PD-1 and CTLA-4 
blockade, we found that immune checkpoint blockade substantially increased the 
frequency of γδ T cells in B2M-deficient cancers. Taken together, these data indicate 
that γδ T cells contribute to the response to immune checkpoint blockade in patients 
with HLA-class-I-negative MMR-d colon cancers, and underline the potential of γδ T 
cells in cancer immunotherapy. 
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INTRODUCTION


ICB targeting the PD-1–PD-L1 and/or CTLA-4 axes provides durable clinical benefits 
to patients who have cancers with MMR-d and high microsatellite instability6,7,8,9. The 
exceptional responses of cancers with MMR-d and high microsatellite instability to 
ICB  is thought to be explained by their substantial burden of putative neoantigens, 
which originate from the extensive accumulation of mutations in their genomes1,2. 
This is consistent with the current view that PD-1 blockade mainly boosts 
endogenous antitumour immunity driven by CD8+  T cells, which recognize HLA-
class-I-bound neoepitopes on cancer cells10,11,12. However, MMR-d colon cancers 
frequently lose HLA-class-I-mediated antigen presentation due to silencing of HLA 
class I genes, inactivating mutations in β2-microglobulin (encoded by B2M) or other 
defects in the antigen processing machinery13,14,15,16, which can render these 
tumours resistant to CD8+  T-cell-mediated immunity3,4,5,17. Notably, early evidence 
has indicated that B2M-deficient, MMR-d cancers can obtain durable responses to 
PD-1 blockade18, suggesting that immune cell subsets other than CD8+  T cells 
contribute to these responses. 

HLA-class-I-unrestricted immune cell subsets, which have the ability to kill 
tumour cells, include natural killer (NK) cells and γδ T cells. γδ T cells share many 
characteristics with their αβ T cell counterpart, such as cytotoxic effector functions, 
but express a distinct TCR that is composed of a γ and a δ chain. Different subsets of 
γδ T cells are defined by their TCR δ chain use, of which those expressing Vδ1 and 
Vδ3 are primarily ‘tissue-resident’ at mucosal sites, whereas those expressing Vδ2 
are mainly found in blood19. Both adaptive and innate mechanisms of activation—for 
example, through stimulation of their γδ TCR or innate receptors such as NKG2D, 
DNAM-1, NKp30 or NKp44—have been described for γδ T cells20. Killer-cell 
immunoglobulin-like receptors (KIRs) are expressed by γδ T cells and regulate their 
activity depending on HLA class I expression in target cells21. Furthermore, γδ T cells 
were found to express high levels of PD-1 in MMR-d colorectal cancers (CRCs)22, 
suggesting that these cells may be targeted by PD-1 blockade. 
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Here, we applied a combination of transcriptomic and imaging approaches for an in-
depth analysis of ICB-naive and ICB-treated MMR-d colon cancers, as well as in vitro 
functional assays, and found evidence indicating that γδ T cells mediate responses to 
HLA-class-I-negative MMR-d tumours during treatment with ICB. 

RESULTS


ICB is effective in B2M MUT MMR-d cancers

We evaluated responses to PD-1 blockade therapy in a cohort of 71 patients with 
MMR-d cancers from various anatomical sites treated in the Drug Rediscovery 
Protocol (DRUP)23  in relation to their B2M  status (Fig.  1a, Extended Data Fig. 1a-
c and Supplementary Table 1). A clinical benefit (CB; defined as at least 4 months of 
disease control; the primary outcome of the DRUP) was observed in 20 out of 21 
(95%) of patients with tumours with mutant  or deleted  B2M  (B2MMUT) tumours 
versus 31 out of 50 (62%) of patients with tumours with wild-type B2M  (B2MWT) 
(two-sided Fisher’s exact test,  P = 0.0038; logistic regression,  P = 0.022 and  P = 
0.027, adjusted for tumour mutational burden (TMB), and TMB plus tumour type, 
respectively; Fig.  1b). Among patients with  B2MMUT  tumours, 3 out of 21 (14%) 
individuals experienced a complete response (according to RECIST1.1 criteria), 12 
(57%) experienced a partial response, 5 (24%) experienced a durable stable disease 
and 1 (4.8%) experienced progressive disease as the best overall response. All 
44  B2M  alterations across 21 patients were clonal (Methods), consistent with 
previous observations in MMR-d cancers18. A total of 13 out of 21 (62%) patients 
with B2MMUT tumours had biallelic B2M alterations, 4 (19%) had potentially biallelic 
alterations and 4 (19%) had non-biallelic alterations (Fig. 1c  and Methods). Non-
biallelic alterations have also been associated with complete loss of B2M protein 
expression in MMR-d tumours18. Thus, B2M alterations are associated with a high 
clinical benefit rate of PD-1 blockade in patients with MMR-d cancers. 
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Fig. 1: In MMR-d cancers,  B2M  defects are positively associated with ICB responsiveness and 
infiltration by Vδ1 and Vδ3 T cells and KIR-expressing cells.

a, Tumour type distribution in the DRUP cohort (n = 71 patients). The colours denote patients’ B2M status; 
grey, WT; red, altered (ALT). P  values for the enrichment/depletion of B2M-altered tumours per primary site 
were calculated using two-sided Fisher’s exact tests. The inset denotes the ICB treatment; dark blue, 
nivolumab (Nivo); light blue, durvalumab (Durva). b, B2M status (x axis) versus clinical benefit (green, CB; red, 
no clinical benefit (NCB)) of ICB treatment in the DRUP cohort. The P value was calculated using a two-sided 
Fisher’s exact test. c, The allelic status of B2M alterations in the DRUP cohort. Mut, mutation. d, Differential 
gene expression between  B2MMUT  and  B2MWT  MMR-d cancers in the TCGA COAD (colon 
adenocarcinoma;  n  =  57 patients), STAD (stomach adenocarcinoma;  n  =  60 patients) and UCEC (uterus 
corpus endometrial carcinoma; n = 122 patients) cohorts. The results were adjusted (adj.) for tumour type and 
multiple-hypothesis testing (Methods). e, Immune marker gene set expression in MMR-d cancers of the COAD, 
STAD and UCEC cohorts of the TCGA. The bottom two bars indicate  B2M  status and cancer type. The 
association (assoc.) between gene set expression and B2M status was tested using ordinary least squares 
linear regression (adjusted for tumour type; Methods), of which two-sided P values and the association sign are 
shown on the right. Cancers were ranked on the basis of hierarchical clustering (top dendrograms). P values 
less than 0.05 are in bold. f, Immune marker gene set expression in B2MWT (pink) and B2MMUT (red) MMR-d 
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cancers in the TCGA COAD, STAD and UCEC cohorts separately or combined (all). Boxes, whiskers and dots 
indicate the quartiles, 1.5× the interquartile range (IQR) and individual data points, respectively. P values were 
calculated using two-sided Wilcoxon rank-sum tests. g, Immune marker gene set expression in B2MWT (pink) 
and B2MMUT  (red) as described in  f, but for MMR-d cancers in the DRUP cohort. Results are shown for all 
cancers combined, only CRC or all non-CRC cancers (other). Two-sided P values were calculated using linear 
regression, adjusting for biopsy site and tumour type (Methods). 

Vδ1 and Vδ3 TCRs are overexpressed in B2M MUT cancers

To gain insights into the immune cell subsets that are involved in immune responses 
to HLA-class-I-negative MMR-d cancers, we used data of The Cancer Genome Atlas 
(TCGA) and studied the transcriptomic changes associated with the genomic loss 
of B2M  in three cohorts of individuals with MMR-d cancer in colon adenocarcinoma 
(COAD; n = 50 (B2MWT), n = 7 (B2MMUT)), stomach adenocarcinoma (STAD; n = 48 
(B2MWT) and  n  =  12 (B2MMUT)), and endometrium carcinoma (UCEC;  n  =  118 
(B2MWT) and  n  =  4 (B2MMUT)). We found that  B2M  was among the most 
significantly downregulated genes in  B2MMUT  cancers (two-sided  limma-voom-
based regression,  P = 3.5 × 10−4, Benjamini–Hochberg false-discovery rate (FDR)-
adjusted P = 0.12, adjusted for tumour type; Fig.1d). Genes encoding components of 
the HLA class I antigen presentation machinery other than  B2M  were highly 
upregulated in B2MMUT  tumours, which may reflect reduced evolutionary pressure 
on somatic inactivation of these genes in the B2MMUT context18 (Fig.1d). Notably, we 
found TRDV1 and TRDV3, which encode the variable regions of the δ1 and δ3 chains 
of the γδ T cell receptor (TCR), among the most significantly upregulated loci 
in  B2MMUT  tumours (TRDV1, two-sided  limma-voom-based regression,  FDR-
adjusted  P = 0.00090,  adjusted for tumour type;  TRDV3, two-sided  limma-voom-
based regression,  FDR-adjusted  P = 0.0015, adjusted for tumour type; Fig.  1d), 
regardless of the allelic status of the  B2M  alteration (Extended Data Fig.  1d). 
Consistent with this, the expression levels of  TRDV1  and  TRDV3  were higher 
in B2MMUT compared with in B2MWT MMR-d cancers (two-sided Wilcoxon rank-
sum test,  P  =  6.5  ×  10−8  for all of the cohorts combined; two-sided linear 
reg ress ion ,  P  =  4.7  ×  10−6 , ad jus ted fo r tumour t ype ; F ig .1d- f ) . 
Moreover, B2MMUT tumours showed overexpression of multiple KIRs (Fig.1d), which 
clustered together with  TRDV1  and  TRDV3  on the basis of hierarchical clustering 
(Extended Data Fig.1e). The expression level of different KIRs (Supplementary Table 2) 
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was higher in B2MMUT  tumours compared with in B2MWT MMR-d tumours (two-
sided Wilcoxon rank-sum test, P = 4.4 × 10−6  for all cohorts combined; two-sided 
linear regression, P = 4.7 × 10−5, adjusted for tumour type; Fig.1d-f). Together, these 
results suggest that ICB-naive B2MMUT MMR-d cancers show increased levels of 
Vδ1 and Vδ3 T cells as well as increased numbers of these or other immune cells 
expressing KIRs—a potential mechanism of recognition of HLA class I loss. 

We used marker gene sets (modified from ref.24; Methods  and Supplementary 
Table 2) to estimate the abundance of a broad set of other immune cell types on the 
basis of the RNA expression data of the TCGA cohorts. Hierarchical clustering 
identified a high- and a low-infiltrated cluster in each of the three tumour types 
(Fig. 1e). Compared with the Vδ1 and Vδ3 T cell and KIR gene sets, the other marker 
gene sets showed no or only weak association between expression level 
and B2M  status, indicating that our findings were not solely driven by a generally 
more inflamed state of B2MMUT tumours (Fig.1e,f and Extended Data Fig. 1f). 

We next revisited the DRUP cohort and specifically applied the marker gene sets to 
RNA expression data. Despite the low patient numbers and high heterogeneity 
regarding tumour types and biopsy locations of this cohort, we confirmed 
increased  TRDV1  and  TRDV3  expression in  B2MMUT  tumours pan-cancer (two-
sided linear regression, P = 0.017, adjusted for tumour type and biopsy site; Fig. 1g, 
Extended Data Fig.1g  and  Methods). KIR expression was significantly associated 
with B2M  status only in CRC (Fig.  1g). Across mismatch repair-proficient (MMR-p) 
metastatic cancers in the Hartwig database25, 36 out of 2,256 (1.6%) cancers had a 
clonal B2M alteration, which was frequently accompanied by loss of heterozygosity 
(LOH) (Extended Data Fig.1h  and Supplementary Table  3). Although 
rare,  B2M  alterations were also significantly associated with increased expression 
of TRDV1/TRDV3  loci in this context (two-sided linear regression, P = 2.2 × 10−17, 
adjusted for tumour type; Extended Data Fig.  1i  and Methods). Taken 
together, B2M defects are positively associated with clinical benefits of ICB treatment, 
as well as infiltration by Vδ1 and Vδ3 T cells and expression of KIRs.   
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Vδ1 and Vδ3 T cells are activated in MMR-d CRC 


To investigate which γδ T cell subsets are present in MMR-d colon can- cers and to 
determine their functional characteristics, we performed single-cell RNA-sequencing 
(scRNA-seq) analysis of γδ T cells isolated from five MMR-d colon cancers (Extended 
Data Figs. 2 and 3 and Sup- plementary Table 4). Three distinct Vδ subsets were 
identified (Fig. 2a)— Vδ1 T cells were the most prevalent (43% of γδ T cells), followed 
by Vδ2 (19%) and Vδ3 T cells (11%) (Fig. 2b). PDCD1 (encoding PD-1) was 
predominantly expressed by Vδ1 and Vδ3 T cells, whereas Vδ1 cells expressed high 
levels of genes that encode activation markers such as CD39 (ENTPD1) and CD38 
(Fig. 2c and Extended Data Fig. 2b). Fur- thermore, proliferating γδ T cells (expressing 
MKI67) were especially observed in the Vδ1 and Vδ3 subsets (Fig. 2c). Other 
distinguishing features of the Vδ1 and Vδ3 T cell subsets included the expression of 
genes encoding activating receptors NKp46 (encoded by NCR1), NKG2C (encoded 
by KLRC2) and NKG2D (encoded by KLRK1) (Fig. 2c). Notably, the expression of 
several KIRs was also higher in the Vδ1 and Vδ3 sub- sets as compared to Vδ2 T 
cells (Fig. 2c). Almost all γδ T cells displayed expression of the genes encoding 
granzyme B (GZMB), perforin (PRF1) and granulysin (GNLY) (Fig. 2c). Together, these 
data support a role for γδ T cells in mediating natural cytotoxic antitumour responses 
in HLA-class-I-negative MMR-d colon cancers.  

Next, we applied imaging mass cytometry (IMC) analysis to a cohort of 17 individuals 
with ICB-naive MMR-d colon cancers (Supplementary Table 4). High levels of γδ T cell 
infiltration were observed in cancers with B2M defects as compared to B2M-
proficient cancers, albeit this difference was not significant (Fig. 2d). The levels of 

other immune cells, including NK cells, CD4+ T cells and CD8+ T cells, were similar 

between B2M-deficient and B2M-proficient tumours (Fig. 2d). In B2M-deficient 
cancers, γδ T cells showed frequent intraepithelial localization and expression of 
CD103 (tissue-residency), CD39 (activation), granzyme B (cytotoxicity) and Ki-67 
(proliferation), as well as PD-1 (Fig. 2d–f and Extended Data Fig. 2c), consistent with 
the scRNA-seq data. Notably, γδ T cells in B2M-deficient cancers showed co-
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expression of CD103 and CD39 (Extended Data Fig. 2d), which has been reported to 

identify tumour-reactive CD8+ αβ T cells in a variety of cancers26.  

Fig. 2 | Tumour-infiltrating Vδ1 and Vδ3 T cell subsets display hallmarks of cytotoxic activity in MMR-d 
colon cancers. a, UMAP embedding showing the clustering of γδ T cells (n = 4,442) isolated from MMR-d 
colon cancers (n = 5) analysed using scRNA-seq. The colours represent the TCR Vδ chain usage. The 
functionally distinct γδ T cell clusters are shown in Extended Data Fig. 3. Dots represent single cells. b, The 
frequencies of TCR Vδ chain use of the γδ T cells (n = 4,442) analysed using scRNA-seq as a percentage of 
total γδ T cells. c, The frequencies of positive cells for selected genes across Vδ1 (n = 1,927), Vδ2 (n = 860) 
and Vδ3 (n = 506) cells as the percentage of total γδ T cells from each MMR-d colon tumour (n = 5) analysed 
using scRNA-seq. Vδ3 cells were present in two out of five colon cancers. Data are median ± IQR, with 
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individual samples (dots). d, The frequencies of γδ T cells, CD56+ NK cells, CD4+ T cells and CD8+ T cells in 
treatment-naive B2M+ (n = 12) and B2M- (n = 5) MMR-d colon cancers. Data are median ± IQR, with individual 
samples (dots). P values were calculated using two-sided Wilcoxon rank-sum tests. e, The frequencies of 
granzyme-B-positive γδ T cells, CD56+ NK cells, CD4+ T cells and CD8+ T cells in treatment-naive B2M- (n = 5) 
MMR-d colon cancers. CD56+ NK cells were present in four out of five B2M- cancer samples. Data are median 
± IQR, with individual samples (dots). f, Representative images of the detection of tissue-resident (CD103+), 
activated (CD39+), cytotoxic (granzyme B+), proliferating (Ki-67+) and PD-1+ γδ T cells (white arrows) by IMC 
analysis of a treatment-naive MMR-d colon cancer with B2M defects. Scale bar, 20 μm. 

PD-1+ Vδ1 and Vδ3 T cells kill HLA-class-I- CRC cells

We next sought to determine whether tumour-infiltrating γδ T cells can recognize and 
kill CRC cells. We isolated and expanded PD-1– and PD-1+ γδ T cells from five MMR-
d colon cancers (Extended Data Fig. 4-c and Supplementary Table 4). Consistent with 
the scRNA-seq data, expanded PD-1+ γδ T cell populations lacked Vδ2+ cells and 
comprised the Vδ1+  or Vδ3+  subsets, whereas the PD-1–  fractions contained 
Vδ2+ or a mixture of Vδ1+, Vδ2+ and Vδ3+ populations (Fig. 3a and Extended Data 
Fig.  4d). Detailed immunophenotyping of the expanded γδ T cells (Fig.  3a  and 
Extended Data Fig.  5a) showed that all of the subsets expressed the activating 
receptor NKG2D, whereas the surface expression of natural cytotoxicity receptors 
(NCRs) and KIRs was most frequent on PD-1+ γδ T cells (Vδ1 or Vδ3+), consistent 
with the scRNA-seq results of unexpanded populations. We measured the reactivity 
of the expanded γδ T cell populations to HLA-class-I-negative and HLA-class-I-
positive cancer cell lines (Fig. 3b and Extended Data Fig. 4b). After co-culture with the 
different cancer cell lines, reactivity (assessed by expression of activation markers and 
secretion of IFNγ) was largely restricted to PD-1+ γδ T cells (Vδ1 or Vδ3+), whereas 
activation of PD-1–  γδ T cells (Vδ2+) was generally not detected (Fig.  3c and 
Extended Data Fig. 4). PD-1+ γδ T cell (Vδ1 or Vδ3+) reactivity was variable and was 
observed against both HLA-class-I-negative and HLA-class-I-positive cell lines 
(Fig. 3c and Extended Data Fig. 4). To quantify and visualize the differences in the 
killing of CRC cell lines by PD-1+ and PD-1– γδ T cells, we co-cultured the γδ T cell 
populations with three CRC cell lines (HCT-15, LoVo, HT-29) in the presence of a 
fluorescent cleaved-caspase-3/7 reporter to measure cancer cell apoptosis over time 
(Fig.  3d,e). We found pronounced cancer cell apoptosis after co-culture with 
PD-1+  γδ T cells (Vδ1 or Vδ3+) compared with PD-1– cells; cancer cell death was 
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more pronounced in HLA-class-I-negative HCT-15 cells  (Fig. 3e and Supplementary 
Videos 1 and 2). Reintroduction of B2M  in the B2M-deficient HCT-15 and LoVo cells 
diminished their killing by PD-1+ γδ T cells (Vδ1 or Vδ3+) cells (Extended Data Fig. 6), 
suggesting that B2M loss increases the sensitivity to γδ T cells. 
Next, we established two parental patient-derived tumour organoid lines (PDTOs; 
Supplementary Table 5) of MMR-d CRC and generated isogenic B2MKO  lines using 
CRISPR. Genomic knockout of B2M effectively abrogated cell surface expression of 
HLA class I (Extended Data Fig.  7). We exposed two  B2MKO  lines and their 
parental B2MWT  lines to the expanded γδ T cell subsets, and quantified γδ T cell 
activation by determination of IFNγ expression. Similar to our cell line data, γδ T cells 
displayed increased react iv i ty to  B2MKO  PDTOs in compar ison to 
the B2MWT PDTOs (Fig. 3f,g). Furthermore, γδ T cell reactivity to B2MKO  tumour 
organoids was preferentially contained within the PD-1+  population of γδ T cells 
(Fig. 3g). Thus, a lack of HLA class I antigen presentation in MMR-d tumour cells can 
be effectively sensed by γδ T cells and stimulates their antitumour response. 

Expression of NKG2D on γδ T cells decreased during co-culture with target cells 
(Extended Data Fig. 8a,b), suggesting the involvement of the NKG2D receptor in γδ T 
cell activity. The NKG2D ligands MICA/B and ULBPs were expressed by the cancer 
cell lines (Fig.  3b) and the MMR-d CRC PDTOs, irrespective of their  B2M  status 
(Extended Data Fig. 7). To examine which receptor–ligand interactions might regulate 
the activity of PD-1+ γδ T cells, we performed blocking experiments focused on (1) 
NKG2D, (2) DNAM-1 and (3) γδ TCR signaling. Of these candidates, the only 
consistent inhibitory effect was observed for NKG2D ligand blocking on cancer cells, 
which decreased the activation and killing ability of most PD-1+ γδ T cells (Fig. 3h and 
Extended Data Fig.  8c,d), confirming the mechanistic involvement of the NKG2D 
receptor in γδ T cell activation in this context. Moreover, blocking NKG2D ligands on 
MMR-d CRC PDTOs reduced the PDTO-directed tumour reactivity of γδ T cells from 
CRC94 and CRC134 (Fig. 3i). Together, these results show that γδ T cell reactivity to 
MMR-d tumours is partly dependent on NKG2D/NKG2D-ligand interactions. 
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Fig. 3: γδ T cells from MMR-d colon cancers show preferential reactivity to HLA-class-I-negative 
cancer cell lines and organoids. a, The percentage of positive cells for the indicated markers on expanded γδ 
T cells from MMR-d colon cancers (n = 5). b, Diagram showing the B2M status and surface expression of HLA 
class I, NKG2D ligands, DNAM-1 ligands and butyrophilin on CRC cell lines. MMR-p, MMR proficient.  c, 
CD137 expression on γδ T cells after co-culture with CRC cell lines. Data are mean ± s.e.m. from at least two 
independent experiments. d, Representative images showing the killing of NucLightRed-transduced HCT-15 
cells by γδ T cells in the presence of a green fluorescent caspase-3/7 reagent. Cancer cell apoptosis is 
visualized in yellow. Scale bar, 50 μm. e, Quantification of the killing of CRC cell lines after co-culture with γδ T 
cells as described in d. Data are mean ± s.e.m. of two wells with two images per well. A representative time 
course of cancer cell apoptosis is shown at the bottom right.  f, Representative flow cytometry plots showing 
IFNγ expression in γδ T cells unstimulated (alone) and after stimulation with two B2MWT and B2MKO CRC 
MMR-d organoids. g, IFNγ expression in γδ T cells after stimulation with two B2MWT and B2MKO CRC MMR-
d organoids, shown as the difference compared with the unstimulated γδ T cell sample. Data are from two 
biological replicates, except for a single biological replicate of CRC134 PD-1–. NA, not available. h, The killing 
of CRC cell lines after 12 h co-culture with γδ T cells with or without NKG2D ligand blocking. Data are mean ± 
s.e.m. of two wells with two images per well.  i, IFNγ (left) and CD107a (right) expression in γδ T cells after 
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stimulation with B2MWT PDTO-2 or B2MKO PDTO-2, with or without NKG2D ligand blocking and subtracted 
background signal. Data are from two biological replicates, except for a single biological replicate of CRC94. 

ICB boosts Vδ1 and Vδ3 T cells in B2M MUT CRC

We subsequently studied how ICB influences γδ T cell infiltration and activation in 
MMR-d colon cancers in the therapeutic context. For this purpose, we analysed pre- 
and post-treatment samples of the NICHE trial9 , in which patients with colon cancer 
were treated with neoadjuvant PD-1 plus CTLA-4 blockade. Consistent with our 
observations in the DRUP cohort, 4 out of 5 (80%) individuals with B2MMUT cancers 
in the NICHE trial showed a complete pathologic cl inical response. 
Immunohistochemical analysis confirmed the loss of B2M protein expression on 
tumour cells in all mutated cases (Extended Data Fig.  9). Whereas expression of 
immune marker gene sets in the pretreatment samples was similar between 
5  B2MMUT  versus 13  B2MWT  cancers, ICB induced a clear immunological 
divergence between these two groups (Fig. 4a). The B2MMUT subgroup was most 
s i g n i fi c a n t l y a s s o c i a t e d w i t h h i g h e r p o s t - t r e a t m e n t e x p re s s i o n 
of  TRDV1  and  TRDV3  (two-sided Wilcoxon rank-sum test,  P = 0.0067; Fig.  4a), 
followed by higher expression of the general immune cell marker CD45, NK-cell-
related markers, KIRs and αβTCRs (two-sided Wilcoxon rank-sum test, P = 0.016, P 
= 0.016, P = 0.027 and P = 0.043, respectively; Fig. 4a and Extended Data Fig. 10a). 
The set of KIRs upregulated after ICB in B2MMUT cancers (Extended Data Fig. 10b) 
was consistent with the sets of KIRs upregulated in B2MMUT MMR-d cancers in 
TCGA (Fig. 1e), and those expressed by MMR-d tumour-infiltrating γδ T cells (Fig. 2c). 
Pre- and post-ICB gene expression levels related to CD4 and CD8 infiltration were not 
associated with B2M status (Fig. 4a and Extended Data Fig. 10a). To quantify and 
investigate the differences in immune profiles after ICB treatment, we used IMC to 
analyse tissues derived from five  B2MMUT  HLA-class-I-negative and 
five B2MWT HLA-class-I-positive cancers before and after ICB treatment. In the ICB-
naive setting,  B2MMUT  MMR-d colon cancers showed higher γδ T cell infiltration 
compared with B2MWT MMR-d colon cancers (two-sided Wilcoxon rank-sum test, P 
= 0.032; Fig. 4b and Extended Data Fig. 10c).  
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Fig. 4: ICB induces substantial infiltration of γδ T cells into MMR-d colon cancers with defects in 
antigen presentation. a, The RNA expression of different immune marker gene sets in MMR-d B2MWT (pink) 
and MMR-d B2MMUT  (red) cancers before (left) and after (right) neoadjuvant ICB in the NICHE study. The 
boxes, whiskers and dots indicate quartiles, 1.5 × IQR and individual data points, respectively. P values were 
calculated using two-sided Wilcoxon rank-sum tests comparing MMR-d  B2MWT  versus MMR-
d B2MMUT  cancers.  b, The frequencies of γδ T cells, CD56+ NK cells, CD4+  T cells and CD8+  T cells 
in B2MWT (n = 5) and B2MMUT (n = 5) MMR-d colon cancers before and after ICB treatment. Data are median 
± IQR, with individual samples (dots). P values were calculated using two-sided Wilcoxon rank-sum tests. c, 
Representative images of granzyme-B-positive γδ T cells infiltrating the tumour epithelium (white arrows) by IMC 
analysis of a B2MMUT MMR-d colon cancer after ICB treatment. Scale bar, 50 μm.
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Importantly, a large proportion of these γδ T cells showed an intraepithelial localization 
in B2MMUT MMR-d colon cancers compared with the B2MWT samples (two-sided 
Wilcoxon rank-sum test,  P  =  0.0079; Extended Data Fig.  10d). No significant 
differences were observed in the infiltration of other immune cells, such as NK cells, 
CD4+ T cells and CD8+ T cells, in ICB-naive B2MMUT versus B2MWT MMR-d colon 
cancers (Fig. 4b). ICB treatment resulted in major pathologic clinical responses, and 
residual cancer cells were absent in most post-ICB samples. All post-ICB tissues 
showed a profound infiltration of different types of immune cells (Extended Data 
Fig.  10e), of which γδ T cells were the only immune subset that was significantly 
higher in ICB-treated B2MMUT compared with B2MWT MMR-d colon cancers (two-
sided Wilcoxon rank-sum test, P = 0.016; Fig. 4b and Extended Data Fig. 10c). In the 
sole  B2MMUT  case that  still contained cancer cells  after treatment with ICB, the 
majority of granzyme B+  immune cells infiltrating the tumour epithelium were γδ T 
cells (Fig. 4c). These γδ T cells displayed co-expression of CD103, CD39, Ki-67 and 
PD-1 (Extended Data Fig.  10f-h). Taken together, these results show that ICB 
treatment of MMR-d colon cancer increases the presence of activated, cytotoxic and 
proliferating γδ T cells at the tumour site, especially when these cancers are B2M-
deficient, highlighting γδ T cells as effectors of ICB treatment within this context. 

DISCUSSION 


CD8+  αβ T cells are major effectors of ICB11,12,27  and rely on HLA class I antigen 
presentation of target cells. We confirm and shed light on the paradox that patients 
with HLA class I defects in MMR-d cancers retain the clinical benefit of ICB, 
suggesting that other immune effector cells are involved in compensating for the lack 
of conventional CD8+  T cell immunity in this setting. We show that genomic 
inactivation of B2M  in MMR-d colon cancers was associated with: (1) an elevated 
frequency of activated γδ T cells in ICB-naive tumours; (2) an increased presence of 
tumour-infiltrating γδ T cells after ICB treatment; (3) in vitro activation of tumour-
infiltrating γδ T cells by CRC cell lines and PDTOs; and (4) killing of tumour cell 
lines by γδ T cells, in particular by Vδ1 and Vδ3 subsets expressing PD-1. 

124

γδ T cells are effectors of immunotherapy in cancers with HLA class I defects 

5



Different subsets of γδ T cells exhibit substantially diverse functions that, in the 
context of cancer, range from tumour-promoting to tumouricidal effects20,28,29. Thus, it 
is of interest to determine what defines antitumour reactivity of γδ T cells. Here we 
isolated Vδ1/3-expressing PD-1+  T cells as well as Vδ2-expressing PD-1–  T cells 
from MMR-d tumour tissues. Our data suggest that especially tumour-infiltrating Vδ1 
and Vδ3 T cells can recognize and kill HLA-class-I-negative MMR-d tumours, 
whereas Vγ9Vδ2 cells, the most studied and main subset of γδ T cells in the blood, 
appear to be less relevant within this context. This is consistent with other studies 
showing that the cytotoxic ability of Vδ1 cells generally outperforms their Vδ2 
counterparts30-34. Notably, reports of the cytotoxicity of tumour-infiltrating Vδ3 cells 
have been lacking. Furthermore, the observation that PD-1+ γδ T cells (Vδ1 and Vδ3 
phenotype) demonstrated clearly higher levels of antitumour reactivity compared with 
their PD-1– counterparts (Vδ2 phenotype) suggests that, as for CD8+  αβ T cells35, 
PD-1 expression may be a marker of antitumour reactivity in γδ T cells. 

The mechanisms of activation of γδ T cells are notoriously complex and diverse20. 
Specifically, for Vδ1+  cells, NKG2D has been described to be involved in tumour 
recognition, which is dependent on tumour cell expression of NKG2D ligands MICA/B 
and ULBPs36,37,38. Here, MICA/B and ULBPs were highly expressed by the MMR-d 
CRC cell lines and tumour organoids, and blocking these ligands reduced γδ T cell 
activation and cytotoxicity. This suggests a role for the activating receptor NKG2D in 
γδ T cell immunity to MMR-d tumours. Future research should address the 
outstanding question of how γδ T cells accumulate in B2M-deficient tumours, and 
whether the lack of CD8+ T cell activity might contribute to the establishment of an 
attractive niche for γδ T cells and other immune effector cells. Potential mechanisms 
for the recognition of HLA-class-I-negative phenotypes may include KIR-, NKG2A- 
and LILRB1-mediated interactions with target cancer cells. Notably, we found that the 
expression of KIRs was most pronounced on PD-1+  γδ T cells (Vδ1 or 
Vδ3+  subsets), which  demonstrated anti-tumour activity. Whether the lack of KIR-
mediated signaling promotes the survival of γδ T cells and their intratumoural 
proliferation remains to be studied. 

Our findings have broad implications for cancer immunotherapy. First, our findings 
strengthen the rationale for combining PD-1 blockade with immunotherapeutic 
approaches to further enhance γδ T-cell-based antitumour immunity. Second, the 
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presence or absence in tumours of specific γδ T cell subsets (such as Vδ1 or Vδ3) 
may help to define patients who are responsive or unresponsive to ICB, 
respectively, especially in the case of MMR-d cancers and other malignancies with 
frequent HLA class I defects, such as stomach adenocarcinoma39  and Hodgkin’s 
lymphoma40. Third, our results suggest that MMR-d cancers and other tumours with 
HLA class I defects may be particularly attractive targets for Vδ1 or Vδ3 T-cell-based 
cellular therapies. 

Although we have provided detailed and multidimensional analyses, it is probable that 
γδ T cells are not the only factor driving ICB responses in HLA-class-I-negative MMR-
d CRC tumours. In this context, other HLA-class-I-independent immune subsets, 
such as NK cells and neoantigen-specific CD4+ T cells may also contribute. The latter 
were shown to have an important role in the response to ICB (as reported in 
mouse  B2M-deficient MMR-d cancer models41), and may also support γδ T-cell-
driven responses. Notably, no subset equivalent to Vδ1 or Vδ3 T cells has been 
identified in mice, which complicates their investigation in in vivo models. In 
conclusion, our results provide strong evidence that γδ T cells are cytotoxic effector 
cells of ICB treatment in HLA-class-I-negative MMR-d colon cancers, with 
implications for further exploitation of γδ T cells in cancer immunotherapy. 
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METHODS


TCGA data 

RNA expression data (raw counts) of the colon adenocarcinoma (COAD), stomach adenocarcinoma (STAD) 
and Uterus Corpus Endometrium Carcinoma (UCEC) cohorts of The Cancer Genome Atlas (TCGA) 
Research Network were downloaded through the GDC data portal (https://portal.gdc.cancer.gov) on 10 
April 2019. Of these cohorts, mutation, copy number, purity and ploidy data were downloaded from the 
GDC on 11 November 2021, as the controlled access ABSOLUTE-annotated42 MAF file (mutations), SNP6 
white-listed copy number segments file (copy numbers) and ABSOLUTE purity/ploidy file of the TCGA 
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PanCanAtlas project43. Mismatch-repair-deficiency status was obtained from ref.  44  (TCGA subtype  = 
GI.HM-indel or UCEC.MSI). 

DRUP data 

A detailed description of the DRUP, including details on patient accrual, study design, oversight and end 
points was published previously23. In brief, the DRUP is a national, non-randomized multidrug and 
multitumour study in the Netherlands, in which patients receive off-label drugs registered for other 
treatment indications. These patients had advanced or metastatic solid tumours and had exhausted 
standard-treatment options, they were required to be at least 18 years of age, with acceptable organ 
function and performance status (Eastern Cooperative Oncology Group (ECOG) score ≤ 2), and have an 
objectively evaluable disease of which a fresh baseline tumour biopsy could safely be obtained. We 
analysed 71 patients with MMR-d cancers recruited and treated with PD-1 blockade in 22 Dutch hospitals 
participating in the DRUP23 between 2016 and 2021. Patients included in this analysis had (1) a clinical 
follow-up ≥16 weeks after start of PD-1 blockade treatment; (2) WGS data passing standard quality 
controls (as defined previously, including a sequencing-based tumour purity of ≥20%)25 ; and (3) available 
RNA-seq data (Supplementary Table 1). MMR-d status was determined using routine diagnostics at the 
hospital of patient accrual and was confirmed by WGS, on the basis of an MSIseq (v.1.0.0)45 score of >4, 
which represents a predefined threshold25 . Consistent with the study protocol of the DRUP23, the primary 
outcome measure for our analysis was clinical benefit, defined as disease control of ≥16 weeks, and the 
secondary outcome measure was best overall response, all assessed according to the RECIST 1.1 
guidelines by the local treatment team at the site of accrual. As determined in the study protocol, these 
outcome measures were considered to be evaluable in patients who received at least two cycles of 
intravenous study medication, and for whom the response was radiologically or clinically evaluable (at the 
treating physician’s discretion). For genomics and transcriptomics analyses, fresh frozen tumour biopsies 
were obtained at the baseline (that is, before PD-1 blockade). WGS analysis (median depths, ~100× and 
~40× for tumour and normal, respectively) and bioinformatics analyses were performed as previously 
described23,25, with an optimized pipeline based on open-source tools that is freely available at GitHub 
(https://github.com/hartwigmedical/pipeline5). The TMB per Mb was determined by counting the genome-
wide number of mutations (SNVs, MNVs and indels) and dividing this number by the number of megabases 
sequenced. For RNA-seq analysis, we extracted total RNA using the QIAGEN QIAsymphony RNA kit 
(931636). Samples with approximately 100  ng total RNA were prepared using KAPA RNA Hyper + 
RiboErase HMR (8098131702) and the RNA libraries were paired-end sequenced on the Illumina 
NextSeq550 platform (2 × 75 bp) or the Illumina NovaSeq6000 platform (2 × 150 bp). Raw RNA reads 
(FASTA files) were aligned to the human reference genome (GRCh38) using STAR46, (v.2.7.7a) using the 
default settings in two-pass mode. 

Hartwig data 

We analysed 2,256 metastatic tumours included in the freely available Hartwig database25  that (1) were 
MMR-p (WGS-based MSIseq45 score ≤4); (2) had available WGS data passing standard quality controls (as 
defined before, including a sequencing-based tumour purity ≥20%)25; (3) and had available RNA-seq data. 
We excluded 89 tumours from rare primary tumour locations, defined as locations with less than <20 
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patients in our selection. When individual patients had data available of biopsies obtained at different 
timepoints, we included data of only the first biopsy. Sequencing and bioinformatics were performed 
identically to the procedures used for the generation of the DRUP dataset (see above). Details of this cohort 
are provided in Supplementary Table 3. 

NICHE study data 

Raw RNA reads (FASTA files) of our recently published NICHE study9  (ClinicalTrials.gov: NCT03026140) 
were generated as described in the original publication and aligned to the human reference genome 
(GRCh38) with STAR46 (v.2.7.7a) using the default settings in two-pass mode. For gene expression 
quantification, we used the gencode.v35.annotation.gtf annotation file. Somatic mutation data were 
obtained from DNA-seq of pretreatment tumour biopsies and matched germline DNA, as described in the 
original publication9. 

B2M status 

Consistent with the notion that both biallelic and monoallelic non-synonymous B2M mutations are strongly 
associated with tumour-specific loss of B2M protein expression18, we considered all tumours with at least 
one somatic, non-synonymous B2M mutation to be a B2M mutant. As none of the B2M mutant tumours in 
TCGA had  B2M  copy number gains or losses, LOH of  B2M  could easily be assessed by a simple 
calculation estimating the mutation’s copy number:  

A MutCN equal to 2 was considered to be consistent with LOH, as 
the most parsimonious explanation of such a result is the scenario in 
which al l tumour-derived reads spanning the region of 

the B2M mutation contain the mutation and none of the tumour-derived reads are WT. In analyses of 
patients in the DRUP and Hartwig datasets, LOH of B2M mutations was determined as an integrated 
functionality of PURPLE (v.2.34)47. When multiple  B2M  mutations were present within a sample, we 
manually phased the mutations through inspection of the  B2M-aligned reads using the Integrative 
Genomics Viewer (IGV)48. Here mutations were phased in case single reads were observed spanning the 
genomic locations of both mutations. We divided patients with multiple  B2M  mutations into three 
subgroups: (1) Biallelic, if (a) the multiple mutations were in trans AND the integer sum of the mutation copy 
numbers equalled (or exceeded) the integer copy number of the B2M gene (for mutations in cis, only one of 
these mutations was considered in the calculation); or (b) at least one of the mutations showed LOH. (2) 
Potentially biallelic, if the multiple mutations affected genomic locations too distant to be phased and the 
(integer) sum of the mutation copy numbers equalled (or exceeded) the integer copy number of 
the B2M gene (for mutations in cis, only one of these mutations was considered in the calculation) and 
none of the mutations showed LOH. (3) Not bi-allelic, if the integer sum of the mutation copy numbers was 
smaller than the integer copy number of the B2M gene (for mutations in cis, only one of these mutations 
was considered in the calculation) and none of the mutations showed LOH. In these analyses, mutations 
were considered to be subclonal in the case in which the probability of subclonality was >0.5 (the situation 
in which a mutation is more likely subclonal than clonal), as determined using PURPLE (v.2.34)47. 
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Association of B2M status with outcome and tumour characteristics 

To test whether somatic B2M  alterations were associated with the clinical benefit rate of patients with 
MMR-d tumours treated with ICB in the DRUP, we used a Fisher’s exact test (using the Python package 
Scipy49  (v.1.3.1)) for unadjusted analyses and logistic regression (as implemented by the Python package 
Statsmodels (https://pypi.org/project/statsmodels/; v.0.10.1) for analyses adjusted for the continuous TMB 
per Mb and/or the primary site of the tumour. The association of B2M status with TMB was tested using 
Scipy’s Wilcoxon rank-sum test. Associations of B2M  status with the primary site of the tumour or the 
biopsy location were tested using Scipy’s Fisher’s exact test. 

Association of TMB with ICB treatment outcome 

For the DRUP cohort, the association of clinical benefit with TMB was tested using Statsmodels’ Wilcoxon 
rank-sum test. 

Differential gene expression analysis 

Differential RNA expression of genes was tested in R using EdgeR50  (v.3.28.1) and Limma51  (including 
Voom52) (v.3.42.2). Raw read counts were filtered by removing low-expressed genes. Normalization factors 
were calculated using EdgeR to transform the raw counts to log2[counts per million reads (CPM)] and 
calculate residuals using Voom. Voom was then used to fit a smoothened curve to the √(residual standard 
deviation) by average gene expression, which was then plotted for visual inspection to confirm that the 
appropriate threshold was used for filtering of low-expressed genes (defined as the minimal amount of 
filtering necessary to overcome a dipping mean-variance trend at low counts). Next, Limma was used to 
calculate the differential expression of genes on the basis of a linear model fit, considering the smoothened 
curve for sample weights, and empirical Bayes smoothing of standard errors. FDR-adjusted P values were 
calculated using Benjamini–Hochberg correction of the obtained P values. 

TCGA 

Using TCGA data, we calculated the differential expression between tumours with and without mutations 
in  B2M, adjusting for tumour type, using the following design formula: expression  ∝  Primary_Site + 
B2M_status (+ intercept by default), for which Primary_Site was a three-levelled factor (COAD, STAD, or 
UCEC) and B2M_status was a two-levelled factor (mutated, or wildtype). 

NICHE study 

Using NICHE study data, we calculated differential expression between pre- and post-ICB treatment. To 
respect the paired nature of these data, we used the following design formula: expression ∝ Patient + ICB + 
intercept, where Patient is a factor for each individual patient and ICB is a two-levelled factor (ICB-treated, 
yes/no). 
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Immune marker gene set expression analysis 

To use RNA-seq data to obtain a relative estimate of the infiltration of specific immune cell types within 
tumours, we calculated the average log2[RPM  +  1] expression of marker genes that are specifically 
expressed in the immune cell types of interest. To this end, we used the previously published marker gene 
sets24, and extended this by (1) CD4 as a CD4+ T cell marker gene; (2) TRDV1 and TRDV3 as γδ1/3T cell 
marker genes; and (3) a killer-cell Ig-like receptor (KIR) gene set (comprising all genes of which the name 
starts with KIR and of which the name contains DL or DS). We  excluded the gene set ‘NK CD56dim cells’ 
of ref.24 (comprising IL21R, KIR2DL3, KIR3DL1 and KIR3DL2) from our analyses, as three out of four genes 
within this set were KIRs and this set therefore showed high collinearity/redundancy to our full KIR gene 
set. As XLC1 and XLC2 are highly expressed by tumour-infiltrating γδ T cells, these genes were removed 
from the NK cell marker gene set and replaced by KLRF1, which encodes the well-established NK cell 
marker NKp80. The resulting gene set consisted of NCR1 and KLRF1, encoding the well-established NK 
cell markers NKp46 and NKp80, respectively. Finally, we reduced the ‘cytotoxic cells’ marker gene set of 
r e f .  2 4 t o t h o s e g e n e s i n t h e s e t e n c o d i n g c y t o t o x i c m o l e c u l e s 
(GZMA,  GZMB,  GZMH,  PRF1,  GNLY,  CTSW). A list of the final collection of our marker gene sets is 
provided in Supplementary Table 2. 

Association of immune cell marker gene set expression with B2M alteration status (alteration yes/no) was 
calculated as follows: 
1. For TCGA-study-based analyses, we used (i) the Wilcoxon rank-sum test (for unadjusted analyses) and 
(ii) ordinary least squares linear regression (for analyses adjusted for tumour type; as implemented by the 
Python package ‘Statsmodels), using a similar design formula as for the differential gene expression 
analysis. 2. For DRUP-cohort-based analyses, we used a linear mixed effects model (as implemented by 
the lmer function of the R package Lme4 (v.1.1.26)), adjusting for tumour type and biopsy site as random 
effects, using the following design formula: expression ∝ B2M_status + (1|tumour_type) + (1|biopsy_site) + 
intercept. In subgroup analysis of CRC, we omitted tumour type in this formula: expression ∝ B2M_status + 
(1|biopsy_site)  +   intercept. 3. Hartwig data-based analyses, we used ordinary least squares linear 
regression (as implemented by the Python package Statsmodels) adjusting for tumour type, using the 
following design formula: expression ∝ Primary_Site + B2M_status + intercept. 4. For NICHE-study-based 
analyses, we used the Wilcoxon rank-sum test (as implemented by the Python package Scipy). 

Hierarchical clustering 

Hierarchical clustering of expression profiles of individual genes or immune marker gene sets of TCGA 
cohorts was performed on  Z-score-transformed log2[RPM  +  1] expression values, using the Python 
package Scipy49 , with Euclidean distance as the distance metric and using the Ward variance minimization 
algorithm. Here, we used the default settings with one exception—for visualization purposes, the colour 
threshold was halved in the TCGA-based clustering of individual genes. 

Patient samples 
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The DRUP study and the generation of the Hartwig database were initiated and conducted on behalf of the 
Center for Personalized Cancer Treatment (CPCT; ClinicalTrials.gov: NCT02925234, NCT01855477). These 
studies were approved by the Medical Ethical Committee of the Netherlands Cancer Institute in Amsterdam 
and the University Medical Center Utrecht, respectively, and were conducted in accordance with good 
clinical practice guidelines and the Declaration of Helsinki’s ethical principles for medical research. Written 
informed consent was obtained from all of the study participants. Moreover, primary colon cancer tissues 
from a total of 17 patients with colon cancer who underwent surgical resection of their tumour at the 
Leiden University Medical Center (LUMC, The Netherlands; Supplementary Table 4) were used for scRNA-
seq, IMC and functional assays. No patient with a previous history of inflammatory bowel disease was 
included. This study was approved by the Medical Ethical Committee of the Leiden University Medical 
Center (protocol P15.282), and patients provided written informed consent. Finally, primary colon cancer 
tissues from ten patients with colon cancer included in the NICHE study (NCT03026140)9 carried out at 
the Netherlands Cancer Institute (NKI, The Netherlands) were used for this study. All samples were 
anonymized and handled according to the ethical guidelines described in the Code for Proper Secondary 
Use of Human Tissue in the Netherlands of the Dutch Federation of Medical Scientific Societies. 

Processing of colon cancer tissues 

Details on the processing of colon cancer tissues have been described previously22 . In brief, macroscopic 
sectioning from the lumen to the most invasive area of the tumour was performed. Tissues were collected 
in IMDM + GlutaMax medium (Gibco) complemented with 20% fetal calf serum (FCS) (Sigma-Aldrich), 1% 
penicillin–streptomycin (Gibco) and fungizone (Gibco), and 0.1% ciprofloxacin (provided by apothecary 
LUMC) and gentamicin (Invitrogen), and immediately cut into small fragments in a Petri dish. Enzymatic 
digestion was performed using 1 mg ml−1  collagenase D (Roche Diagnostics) and 50 μg ml−1 DNase I 
(Roche Diagnostics) in 5 ml of IMDM + GlutaMax medium for 30 min at 37 °C in gentleMACS C tubes 
(Miltenyi Biotec). During and after incubation, cell suspensions were dissociated mechanically on the 
gentleMACS Dissociator (Miltenyi Biotec). Cell suspensions were filtered through a 70 μm cell strainer 
(Corning), washed in IMDM + GlutaMax medium with 20% FCS, 1% penicillin–streptomycin and 0.1% 
fungizone, and the cell count and viability were determined using the Muse Count & Viability Kit (Merck) on 
the Muse Cell Analyser (Merck). On the basis of the number of viable cells, cells in IMDM + GlutaMax 
medium were cryopreserved in liquid nitrogen until time of analysis complemented 1:1 with 80% FCS and 
20% dimethyl sulfoxide (Merck). 

Immunohistochemical detection of MMR, B2M and HLA class I proteins 

For the tumour tissue samples from the LUMC, tumour MMR status was determined by 
immunohistochemical detection of PMS2 (anti-PMS2 antibodies; EP51, DAKO) and MSH6 (anti-MSH6 
antibodies; EPR3945, Abcam) proteins53. MMR-deficiency was defined as the lack of expression of at least 
one of the MMR-proteins in the presence of an internal positive control. Tumour B2M status was 
determined by immunohistochemical detection of B2M (anti-B2M antibodies; EP2978Y, Abcam). 
Immunohistochemical detection of HLA class I expression on tumour cells was performed with HCA2 and 
HC10 monoclonal antibodies (Nordic-MUbio), and tumours were classified as HLA class I positive, weak or 
loss, as described previously16. For the tumour samples from the NICHE study, immunohistochemistry 
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analysis of the formalin-fixed paraffin-embedded (FFPE) tissue was performed on the BenchMark Ultra 
autostainer (Ventana Medical Systems). In brief, paraffin sections were cut at 3 μm, heated at 75 °C for 28 
min and deparaffinized in the instrument using EZ prep solution (Ventana Medical Systems). Heat-induced 
antigen retrieval was performed using Cell Conditioning 1 (CC1, Ventana Medical Systems) for 32 min at 95 
°C (HC10) or 64 min at 95 °C (B2M and HCA2). HLA class I heavy chain expression was detected using 
clone HCA2 (1:5,000, 60 min at room temperature; Nordic-Mubio) and clone HC10 (1:20,000, 32 min at 37 
°C; Nordic-Mubio). B2M was detected using clone D8P1H (1:1,500, 60 min at room temperature; Cell 
Signaling). Bound antibodies were detected using the OptiView DAB Detection Kit (Ventana Medical 
Systems). Slides were counterstained with haematoxylin and Bluing Reagent (Ventana Medical Systems). A 
PANNORAMIC 1000 scanner from 3DHISTECH was used to scan the slides at ×40 magnification. 

Sorting of γδ T cells from colon cancers and scRNA-seq 

scRNA-seq was performed on sorted γδ T cells from colon cancers (MMR-d) of five patients from the 
LUMC in the presence of hashtag oligos (HTOs) for sample ID and antibody-derived tags (ADTs) for 
CD45RA and CD45RO protein expression by CITE-seq54. Cells were thawed, rested at 37 °C in IMDM 
(Lonza)/20% FCS for 1 h, and then incubated with human Fc receptor block (BioLegend) for 10 min at 4 °C. 
Cells were then stained with cell surface antibodies (anti-CD3-PE (1:50, SK7, BD Biosciences), anti-CD45-
PerCP-Cy5.5 (1:160, 2D1, eBioscience), anti-CD7-APC (1:200, 124-1D1, eBioscience), anti-EPCAM-FITC 
(1:60, HEA-125, Miltenyi), anti-TCRγδ-BV421 (1:80, 11F2, BD Biosciences); and a 1:1,000 near-infrared 
viability dye (Life Technologies)), 1 μg of TotalSeq-C anti-CD45RA (HI100, BioLegend, 2 μl per sample) and 
1 μg of TotalSeq-C anti-CD45RO (UCHL1, BioLegend, 2 μl per sample) antibodies, and 0.5 μg of a unique 
TotalSeq-C CD298/B2M hashtag antibody (LNH-94/2M2, BioLegend, 1 μl per sample) for 30 min at 4 °C. 
Cells were washed three times in FACS buffer (PBS (Fresenius Kabi)/1% FCS) and kept under cold and 
dark conditions until cell sorting. Compensation was performed using CompBeads (BD Biosciences) and 
ArC reactive beads (Life Technologies). Single, live CD45+EPCAM–CD3+TCRγδ+ cells were sorted on the 
FACS Aria III 4L (BD Biosciences) system. After sorting, the samples were pooled. 

scRNA-seq libraries were prepared using the Chromium Single Cell 5′ Reagent Kit v1 chemistry (10x 
Genomics) according to the manufacturer’s instructions. The construction of 5′ gene expression libraries 
enabled the identification of γδ T cell subsets according to Vδ and Vγ usage. Libraries were sequenced on 
the HiSeq X Ten using paired-end 2 × 150 bp sequencing (Illumina). Reads were aligned to the human 
reference genome (GRCh38) and quantified using Cell Ranger (v.3.1.0). Downstream analysis was 
performed using Seurat (v.3.1.5) according to the author’s instructions55. In brief, cells that had less than 
200 detected genes and genes that were expressed in less than six cells were excluded. The resulting 
5,669 cells were demultiplexed on the basis of HTO enrichment using the MULTIseqDemux algorithm56. 
Next, cells with a mitochondrial gene content of greater than 10% and cells with outlying numbers of 
expressed genes (>3,000) were filtered out from the analysis, resulting in a final dataset of 4,442 cells, 
derived from HTO1 (n = 332), HTO6 (n = 105), HTO7 (n = 1,100), HTO8 (n = 1,842) and HTO9 (n = 1,063). 
Data were normalized using the LogNormalize function of Seurat with a scale factor of 10,000. Variable 
features were identified using the FindVariableFeatures function of Seurat returning 2,000 features. We next 
applied the RunFastMNN function of SeuratWrappers split by sample ID to adjust for potential batch-
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derived effects across the samples57. Uniform manifold approximation and projection (UMAP)58 was used 
to visualize the cells in a two-dimensional space, followed by the FindNeighbors and FindClusters functions 
of Seurat. Data were scaled, and heterogeneity associated with mitochondrial contamination was 
regressed out. Cell clusters were identified by performing differentially expressed gene analysis using the 
FindAllMarkers function, with min.pct and logfc.threshold at 0.25. The number of  TRDV1+  (Vδ1,  n  = 
1,927), TRDV2+  (Vδ2, n = 860) or TRDV3+  (Vδ3, n = 506) cells was determined as the percentage of all 
cells with an expression level of >1, with <1 for the other TCR Vδ chains. CRC96, 134 and 167 had less 
than ten  TRDV3+  cells, and were not included in the Vδ3 analysis. Transcripts of Vδ4 (TRDV4), Vδ5 
(TRDV5) and Vδ8 (TRDV8) cells were not detected. The percentage of cells positive for a certain gene was 
determined as all cells with an expression level of >1. 

IMC staining and analysis 

IMC analysis was performed on ICB-naive colon cancer tissues (MMR-d) of 17 patients from the LUMC; 5 
of these colon cancer tissues had B2M defects and the remainder were B2M-positive (Supplementary 
Table 4). Moreover, IMC was performed on ICB-naive and ICB-treated colon cancer tissues (MMR-d) of ten 
patients from the NICHE study; five of these colon cancer tissues were B2MWT and five were B2MMUT. 
Antibody conjugation and immunodetection were performed according to previously published 
methodology59. FFPE tissue (thickness, 4  μm) was incubated with 41 antibodies in four steps. First, 
sections were incubated overnight at room temperature with anti-CD4 and anti-TCRδ antibodies, which 
were subsequently detected using metal-conjugated secondary antibodies (1 μg ml−1, donkey anti-rabbit 
IgG and goat anti-mouse IgG, respectively; Abcam). Second, the sections were incubated with 20 
antibodies (Supplementary Table 6) for five hours at room temperature. Third, the sections were incubated 
overnight at 4 °C with the remaining 19 antibodies (Supplementary Table  6). Fourth, the sections were 
incubated with 0.125  μM Cell-ID intercalator-Ir (Fluidigm) to detect the DNA, and stored dry until 
measurement. For each sample, six 1,000 μm × 1,000 μm regions (two to three for pretreatment NICHE 
biopsies due to the small tissue size) were selected on the basis of consecutive haematoxylin and eosin 
stains and ablated using the Hyperion Imaging system (Fluidigm). Data were acquired using the CyTOF 
Software (v.7.0) and exported using MCD Viewer (v.1.0.5). Data were normalized using semi-automated 
background removal in ilastik60 (v.1.3.3), to control for variations in the signal-to-noise ratio between FFPE 
sections as described previously61. Next, the phenotype data were normalized at the pixel level. Cell 
segmentation masks were created for all cells in ilastik and CellProfiler62 (v.2.2.0). In ImaCytE63 (v.1.1.4), cell 
segmentation masks and normalized images were combined to generate single-cell FCS files containing 
the relative frequency of positive pixels for each marker per cell. Cells forming visual neighbourhoods in a t-
distributed stochastic neighbour embedding64  in Cytosplore65  (v.2.3.0) were grouped and exported as 
separate FCS files. The resulting subsets were imported back into ImaCyte and visualized on the 
segmentation masks. Expression of immunomodulatory markers was determined as all cells with a relative 
frequency of at least 0.2 positive pixels per cell. Differences in cells per mm2 were calculated using Mann–
Whitney tests in GraphPad Prism (v.9.0.1). Image acquisition and analysis were performed blinded to group 
allocation. 

Sorting of γδ T cells from colon cancers and cell culturing 
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γδ T cells from colon cancers (MMR-d) of five patients from the LUMC were sorted for cell culture. Cells 
were thawed and rested at 37 °C in IMDM (Lonza)/10% nHS for 1 h. Next, cells were incubated with human 
Fc receptor block (BioLegend) and stained with cell surface antibodies (anti-CD3-Am Cyan (1:20, SK7, BD 
Biosciences), anti-TCRγδ-BV421 (1:80, 11F2, BD Biosciences) and anti-PD-1-PE (1:30, MIH4, 
eBioscience)) for 45 min at 4 °C together with different additional antibodies for immunophenotyping (anti-
CD103-FITC (1:10, Ber-ACT8, BD Biosciences), anti-CD38-PE-Cy7 (1:200, HIT2, eBioscience); anti-CD39-
APC (1:60, A1, BioLegend), anti-CD45RA-PE-Dazzle594 (1:20, HI100, Sony), anti-CD45RO-PerCP-Cy5.5 
(1:20, UCHL1, Sony), anti-TCRαβ-PE-Cy7 (1:40, IP26, BioLegend), anti-TCRVδ1-FITC (1:50, TS8.2, 
Invitrogen) or anti-TCRVδ2-PerCP-Cy5.5 (1:200‘ B6, BioLegend). A 1:1,000 live/dead fixable near-infrared 
viability dye (Life Technologies) was included in each staining. Cells were washed three times in FACS buffer 
(PBS/1% FCS) and kept under cold and dark conditions until cell sorting. Compensation was performed 
using CompBeads (BD Biosciences) and ArC reactive beads (Life Technologies). Single, live 
CD3+TCRγδ+PD-1+ and PD-1– cells were sorted on the FACS Aria III 4L (BD Biosciences) system. For 
CRC94, all γδ T cells were sorted owing to the low number of PD-1+  cells. γδ T cells were sorted in 
medium containing feeder cells (1 × 106 per ml), PHA (1 μg ml−1; Thermo Fisher Scientific), IL-2 (1,000 IU 
ml−1; Novartis), IL-15 (10 ng ml−1; R&D Systems), gentamicin (50 μg ml−1) and fungizone (0.5 μg ml−1). 
Sorted γδ T cells were expanded in the presence of 1,000 IU ml−1  IL-2 and 10 ng ml−1  IL-15 for 3–4 
weeks. The purity and phenotype of γδ T cells were assessed using flow cytometry. We obtained a 
>170,000-fold increase in 3–4 weeks of expansion of γδ T cells (Extended Data Fig. 4c). 

Immunophenotyping of expanded γδ T cells by flow cytometry 

Expanded γδ T cells from colon tumours were analysed by flow cytometry for the expression of TCR Vδ 
chains, NKG2 receptors, NCRs, KIRs, tissue-residency/activation markers, cytotoxic molecules, immune 
checkpoint molecules, cytokine receptors and Fc receptors. In brief, cells were incubated with human Fc 
receptor block (BioLegend) and stained with cell surface antibodies (Supplementary Table 7) for 45 min at 4 
°C, followed by three wash steps in FACS buffer (PBS/1% FCS). Granzyme B and perforin were detected 
intracellularly using fixation buffer and intracellular staining permeabilization wash buffer (BioLegend). 
Compensation was performed using CompBeads (BD Biosciences) and ArC reactive beads (Life 
Technologies). Cells were acquired on the FACS LSR Fortessa 4L (BD Biosciences) system running 
FACSDiva software (v.9.0; BD Biosciences). Data were analysed using FlowJo (v.10.6.1; Tree Star). 

Cancer cell line models and culture 

Human colorectal adenocarcinoma cell lines HCT-15 (MMR-d), LoVo (MMR-d), HT-29 (MMR-p), SW403 
(MMR-p) and SK-CO-1 (MMR-p), as well as HLA-class-I-deficient human leukaemia cell line K-562 and 
Burkitt lymphoma cell line Daudi were used as targets for reactivity and immune cell killing assays. All of the 
cell lines were obtained from the ATCC. The cell lines were authenticated by STR profiling and tested for 
mycoplasma. HCT-15, LoVo, HT-29, K-562 and Daudi cells were maintained in RPMI (Gibco)/10% FCS. 
SW403 and SK-CO-1 were maintained in DMEM/F12 (Gibco)/10% FCS. All adherent cell lines were 
trypsinized before passaging. The  B2M-knockin HCT-15 and LoVo cell lines were generated using 
the B2M plasmid (pLV[Exp]-EF1A>hB2M[NM_004048.4](ns):T2A:Puro), produced in lentivirus according to 
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standard methodology. Cells were selected using puromycin and then FACS-sorted on the basis of HLA-A/
B/C expression using 1:100 anti-HLA-A/B/C-FITC (W6/32, eBioscience). 

Organoid models and culture 

Tumour organoids were derived from MMR-d CRC tumours of two patients through resection from the 
colon (tumour organoid 1) or peritoneal biopsy (tumour organoid 2) (Supplementary Table 5). Establishment 
of the respective organoid lines from tumour material was performed as previously reported66,67. In brief, 
tumour tissue was mechanically dissociated and digested with 1.5 mg ml−1  of collagenase II (Sigma-
Aldrich), 10 μg ml−1 of hyaluronidase type IV (Sigma-Aldrich) and 10 μM Y-27632 (Sigma-Aldrich). Cells 
were embedded in Cultrex RGF BME type 2 (3533-005-02, R&D systems) and placed into a 37  °C 
incubator for 20 min. Human CRC organoid medium is composed of Ad-DF+++ (Advanced DMEM/F12 
(GIBCO) supplemented with 2 mM Ultraglutamine I (Lonza), 10 mM HEPES (GIBCO), 100 U ml−1 of each 
penicillin and streptomycin (GIBCO), 10% noggin-conditioned medium, 20% R-spondin1-conditioned 
medium, 1× B27 supplement without vitamin A (GIBCO), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10 
mM nicotinamide (Sigma-Aldrich), 50  ng  ml−1  human recombinant EGF (Peprotech), 500  nM A83-01 
(Tocris), 3  μM SB202190 (Cayman Chemicals) and 10  nM prostaglandin E2 (Cayman Chemicals). 
Organoids were passaged depending on growth every 1–2 weeks by incubating in TrypLE Express (Gibco) 
for 5–10 min followed by embedding in BME. Organoids were authenticated by SNP array or STR analysis 
and were regularly tested for Mycoplasma using Mycoplasma PCR43 and the MycoAlert Mycoplasma 
Detection Kit (LT07-318). In the first two weeks of organoid culture, 1× Primocin (Invivogen) was added to 
prevent microbial contamination. Procedures performed with patient samples were approved by the 
Medical Ethical Committee of the Netherlands Cancer Institute–Antoni van Leeuwenhoek hospital 
(NL48824.031.14) and written informed consent was obtained from all of the patients. Mismatch repair 
status was assessed using a standard protocol for the Ventana automated immunostainer for MLH1 clone 
M1 (Roche), MSH2 clone G219-1129 (Roche), MSH6 clone EP49 (Abcam) and PMS2 clone EP51 (Agilant 
Techno log ies ) . The  B2MKO  t umour o rgano id l i nes were gene ra ted us ing sgRNA 
targeting  B2M  (GGCCGAGATGTCTCGCTCCG), cloned into LentiCRISPR v2 plasmid. The virus was 
produced using a standard method. 

Screening of cancer cell lines and tumour organoids by flow cytometry 

The cancer cell lines used in the reactivity and killing assays were screened for the expression of B2M, HLA 
class I molecules, NKG2D ligands, DNAM-1 ligands and butyrophilin using flow cytometry. In brief, cells 
were incubated with human Fc receptor block (BioLegend) and stained with the cell surface antibodies in 
different experiments (anti-CD112-PE (1:10, R2.525, BD Biosciences), anti-CD155-PE (1:10, 300907, R&D 
Systems), anti-CD277/BTN3A1-PE (1:50, BT3.1, Miltenyi), anti-B2M-PE (1:100, 2M2, BioLegend), anti-
HLA-A/B/C-FITC (1:100, W6/32, eBioscience), anti-HLA-A/B/C-AF647 (1:160, W6/32, BioLegend), anti-
HLA-E-BV421 (1:20, 3D12, BioLegend), anti-HLA-G-APC (1:20, 87G, BioLegend), anti-MICA/B-PE (1:300, 
6D4, BioLegend), anti-ULBP1-PE (1:10, 170818, R&D Systems), anti-ULBP2/5/6-PE (1:20, 165903, R&D 
Systems), anti-ULBP3-PE (1:20, 166510, R&D Systems) or anti-ULBP4-PE (1:20, 709116, R&D Systems)) 
for 45 min at 4 °C. A 1:1,000 live/dead fixable near-infrared viability dye (Life Technologies) was included in 
each staining. Cells were washed three times in FACS buffer (PBS/1% FCS). Compensation was performed 
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using CompBeads (BD Biosciences) and ArC reactive beads (Life Technologies). Cells were acquired on the 
FACS Canto II 3L or FACS LSR Fortessa 4L (BD Biosciences) system running FACSDiva software (v.9.0; 
BD Biosciences). Isotype or FMO controls were included to determine the percentage of positive cancer 
cells. Data were analysed using FlowJo v.10.6.1 (Tree Star). 

For organoid surface staining, tumour organoids were dissociated into single cells using TrypLE Express 
(Gibco), washed twice in cold FACS buffer (PBS, 5 mM EDTA, 1% bovine serum antigen), and stained with 
anti-HLA-A/B/C-PE (1:20, W6/32, BD Biosciences), anti-B2M-FITC (1:100, 2M2, BioLegend), anti-PD-L1-
APC (1:200, MIH1, eBioscience) and 1:2,000 near-infrared (NIR) viability dye (Life Technologies), or isotype 
controls (1:1,000 FITC; 1:20, PE; or 1:200, APC) mouse IgG1 kappa (BD Biosciences). For NKG2D ligand 
expression analysis, cells were stained with anti-MICA/MICB (1:300), anti-ULBP1 (1:10), anti-ULBP2/5/6 
(1:20), anti-ULBP3 (1:20), anti-ULBP4 (1:20) and 1:2,000 near-infrared (NIR) viability dye (Life Technologies). 
Tumour cells were incubated for 30 min at 4 °C in the dark and washed twice with FACS buffer. All of the 
samples were recorded with the BD LSR Fortessa Cell Analyzer SORP flow cytometer using FACSDiVa 
(v.8.0.2; BD Biosciences). Data were analysed using FlowJo (v.10.6.1; BD) and presented using GraphPad 
Prism (v.9.0.0; GraphPad). 

Reactivity assay of γδ T cells 

The reactivity of γδ T cells to the different cancer cell lines was assessed by a co-culture reactivity assay. γδ 
T cells were thawed and cultured in IMDM + GlutaMax (Gibco)/8% nHS medium with penicillin (100 IU ml−1) 
and streptomycin (100 μg ml−1) in the presence of low-dose IL-2 (25 IU ml−1) and IL-15 (5 ng ml−1) 
overnight at 37 °C. Cancer cell lines were counted, adjusted to a concentration of 0.5 × 105 cells per ml in 
IMDM + GlutaMax/10% FCS medium with penicillin (100 IU ml−1) and streptomycin (100 μg ml−1), and 
seeded (100 μl per well) in coated 96-well flat-bottom microplates (Greiner CellStar) (for 5,000 cells per well) 
overnight at 37 °C. The next day, γδ T cells were collected, counted and adjusted to a concentration of 1.2 
× 106 cells per ml in IMDM + GlutaMax/10% FCS medium. The γδ T cells were added in 50 μl (for 60,000 
cells per well) and co-cultured (12:1 effector:target ratio) at 37 °C for 18 h in biological triplicates. The 
medium (without cancer cells) was used as a negative control and PMA (20 ng ml−1)/ionomycin (1 μg ml−1) 
was used as a positive control. After co-culture, the supernatant was collected to detect IFNγ secretion by 
enzyme-linked immunosorbent assay (Mabtech) according to the manufacturer’s instructions. Moreover, 
cells were collected, incubated with human Fc receptor block (BioLegend) and stained with cell surface 
antibodies (anti-CD137-APC (1:100, 4B4-1, BD Biosciences), anti-CD226/DNAM-1-BV510 (1:150, DX11, 
BD Biosciences), anti-CD3-AF700 (1:400, UCHT1, BD Biosciences), anti-CD39-APC (1:80, A1, 
BioLegend), anti-CD40L-PE (1:10, TRAP1, BD Biosciences), or anti-PD-1-PE (1:30, MIH4, eBioscience), 
anti-TCRγδ-BV650 (1:40, 11F2, BD Biosciences), anti-NKG2D-PE-Cy7 (1:300, 1D11, BD Biosciences) and 
anti-OX40-FITC (1:20, ACT35, BioLegend)) for 45 min at 4 °C. A 1:1,000 live/dead fixable near-infrared 
viability dye (Life Technologies) was included in each staining. Cells were washed three times in FACS buffer 
(PBS/1% FCS). Compensation was performed using CompBeads (BD Biosciences) and ArC reactive 
beads (Life Technologies). Cells were acquired on the FACS LSR Fortessa X-20 4L (BD Biosciences) 
system running FACSDiva software (v.9.0; BD Biosciences). Data were analysed using FlowJo (v.10.6.1; 
Tree Star). All data are representative of at least two independent experiments. 

140

γδ T cells are effectors of immunotherapy in cancers with HLA class I defects 

5



Immune cell killing assay γδ T cells 

Killing of the different cancer cell lines by γδ T cells was visualized and quantified by a co-culture immune 
cell killing assay using the IncuCyte S3 Live-Cell Analysis System (Essen Bioscience). HCT-15, LoVo and 
HT-29 cells were transduced with IncuCyte NucLight Red Lentivirus Reagent (EF-1α, Puro; Essen 
BioScience) providing a nuclear-restricted expression of a red (mKate2) fluorescent protein. In brief, 
HCT-15, LoVo and HT-29 cells were seeded, transduced according to the manufacturer’s instructions and 
stable cell populations were generated using puromycin selection. The B2M-knockin cell lines were created 
under puromycin selection; therefore, stable NucLight Red-expressing cell populations were generated by 
sorting for mKate2 (the red fluorescent protein) in the PE Texas Red filter set instead. Cancer cell lines were 
counted, adjusted to a concentration of 1 × 105 cells per ml in IMDM + GlutaMax/10% FCS medium with 
penicillin (100 IU ml−1) and streptomycin (100 μg ml−1), and seeded (100 μl per well) in 96-well flat-bottom 
clear microplates (Greiner CellStar) (for 10,000 cells per well). The target cell plate was placed in the 
IncuCyte system at 37 °C to monitor for cell confluency for 3 days. On day 2, γδ T cells were thawed and 
cultured in IMDM + GlutaMax/8% nHS medium with penicillin (100 IU ml−1) and streptomycin (100 μg ml−1) 
in the presence of low-dose IL-2 (25 IU ml−1) and IL-15 (5 ng ml−1) overnight at 37 °C. The next day, γδ T 
cells were collected, counted and adjusted to a concentration of 7.2  ×  105  cells per ml in IMDM  + 
GlutaMax/10% FCS medium. After aspiration of the medium of the target cell plate, 100 μl of new medium 
containing 3.75 μM IncuCyte Caspase-3/7 Green Apoptosis Reagent (Essen BioScience) (1.5× final assay 
concentration of 2.5 μM) was added together with 50 μl of γδ T cells (for 36,000 cells per well). They were 
co-cultured (4:1 effector:target ratio) in the IncuCyte system at 37 °C in biological duplicates. Cancer cells 
alone and cancer cells alone with caspase-3/7 were used as negative controls. Images (2 images per well) 
were captured every hour at ×20 magnification with the phase, green and red channels for up to 4 days. 

Analysis was performed using the IncuCyte software (v.2020B) for each cancer cell line separately. The 
following analysis definitions were applied: a minimum phase area of 200 μm2, RCU of 2.0, and a GCU of 
2.0 (for HCT-15 cells) and 4.0 (for LoVo and HT-29 cells). Cancer cell apoptosis was then quantified in the 
IncuCyte software by counting the total number of green + red objects per image normalized (by division) 
to the total number of red objects per image after 12 h co-culture and displayed as a percentage (mean ± 
s.e.m.) of two wells with two images per well. For the comparison of the killing of B2M-knockin HCT-15 and 
LoVo cell lines versus the WT cell lines, Caspase-3/7 Red Apoptosis Reagent (Essen BioScience) was 
used. The transfection of the target reporter was not as successful in combination with the B2M-knockin. 
Thus, apoptosis was quantified by dividing the red area by the phase area and displayed as a percentage 
(mean ± s.e.m.) of two wells with two images per well. The following analysis definitions were applied: a 
minimum phase area of 100 μm2 and a RCU of 0.5 (for HCT-15 cells) and 0.75 (for LoVo cells). 

Tumour organoid recognition assay 

For evaluation of tumour reactivity towards B2MWT and B2MKO organoids and NKG2D ligand blocking 
conditions, tumour organoids and γδ T cells were prepared as described previously9,66,67. Two days before 
the experiment, organoids were isolated from BME by incubation in 2 mg ml−1  type II dispase (Sigma-
Aldrich) for 15 min before addition of 5 mM EDTA and washed with PBS before being resuspended in CRC 
organoid medium with 10  μM Y-27632 (Sigma-Aldrich). The organoids were stimulated with 200  ng 
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ml−1  IFNγ (Peprotech) 24 h before the experiment. For the recognition assay and intracellular staining, 
tumour organoids were dissociated into single cells and plated in anti-CD28-coated (CD28.2, eBioscience) 
96-well U-bottom plates with γδ T cells at a 1:1 target:effector ratio in the presence of 20 μg ml−1 anti-
PD-1 (Merus). As a positive control, γδ T cells were stimulated with 50 ng ml−1 of phorbol-12-myristate-13-
acetate (Sigma-Aldrich) and 1 μg ml−1  of ionomycin (Sigma-Aldrich). After 1 h of incubation at 37 °C, 
GolgiSTOP (BD Biosciences, 1:1,500) and GolgiPlug (BD Biosciences, 1:1,000) were added. After 4 h of 
incubation at 37 °C, γδ T cells were washed twice in cold FACS buffer (PBS, 5 mM EDTA, 1% bovine 
serum antigen) and stained with anti-CD3-PerCP-Cy5.5 (1:20, BD Biosciences), anti-TCRγδ-PE (1:20, BD 
Bioscience), anti-CD4-FITC (1:20, BD Bioscience) (not added in experiments with NKG2D ligand blocking), 
anti-CD8-BV421 (1:200, BD Biosciences) and 1:2,000 near-infrared (NIR) viability dye (Life Technologies) for 
30 min at 4 °C. Cells were washed, fixed and stained with 1:40 anti-IFNγ-APC (BD Biosciences) for 30 min 
at 4 °C, using the Cytofix/Cytoperm Kit (BD Biosciences). After two wash steps, cells were resuspended in 
FACS buffer and recorded with the BD LSR Fortessa Cell Analyzer SORP flow cytometer using FACSDiVa 
software (v.8.0.2; BD Biosciences). Data were analysed using FlowJo (v.10.6.1, BD) and presented using 
GraphPad Prism (v.9.0.0, GraphPad).  

Blocking experiments with cancer cell lines and tumour organoids.  

The reactivity of and killing by the γδ T cells was examined in the presence of different blocking antibodies 
to investigate which receptor–ligand interactions were involved. For DNAM-1 blocking, γδ T cells were 
incubated with 3 μg ml−1  purified anti-DNAM-1 (DX11, BD Biosciences) for 1 h at 37 °C. For γδ TCR 
blocking, γδ T cells were incubated with 3 μg ml−1 purified anti-TCRγδ (5A6.E9, Invitrogen) for 1 h at 37 °C; 
the clone that we used was tested to be the best for use in γδ TCR blocking assays68. NKG2D ligands 
were blocked on the cancer cell lines and single cells of tumour organoids by incubating the target cells 
with 12 μg ml−1  anti-MICA/B (6D4, BioLegend), 1 μg ml−1  anti-ULBP1 (170818, R&D Systems), 3 μg 
ml−1 anti-ULBP2/5/6 (165903, R&D Systems) and 6 μg ml−1 anti-ULBP3 (166510, R&D Systems) for 1 h 
at 37 °C before plating with γδ T cells. After incubation with the blocking antibodies, the γδ T cells were 
added to cancer cell lines HCT-15, LoVo and HT-29 as described above with a minimum of two biological 
replicates per blocking condition. For organoid experiments, anti-CD107a-FITC (1:50, H4A3, BioLegend) 
was added during incubation. 

As a control for Fc-mediated antibody effector functions, γδ T cells alone were incubated with the blocking 
antibodies in the presence of 2.5 μM IncuCyte Caspase-3/7 Green Apoptosis Reagent (Essen BioScience) 
in the IncuCyte system at 37 °C, and the number of apoptotic γδ T cells was quantified over time. 

Data analysis and visualization 

Bulk DNA-seq and RNA-seq data were analysed using Python (v.3) and R (v.3.6.1) in Jupyter Notebook 
(v.6.0.1). Numpy (v.1.17.2) and Pandas (v.0.25.1) were used for array and data frame operations, 
respectively. Data visualization was performed using Matplotlib (v.3.2.1) and Seaborn (v.0.9.0). scRNA-seq 
data were analysed using Cell Ranger (v.3.1.0), R (v.4.1.0) and Seurat (v.3.1.5). IMC data were analysed 
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using ilastik (v.1.3.3), CellProfiler (v.2.2.0), ImaCytE (v.1.1.4) and Cytosplore (v.2.3.0). Flow cytometry data 
were analysed using FlowJo (v.10.6.1). IncuCyte data were analysed using IncuCyte (v.2020B). Data 
visualization was performed using GraphPad Prism (v.9.0.0 and v.9.0.1). 

Reporting summary 

Further information on research design is available in the Nature Portfolio Reporting Summary linked to this 
article. 

Data availability 
The TCGA data used here are publicly available at the National Cancer Institute GDC Data Portal (https://
portal.gdc.cancer.gov; cohorts COAD, STAD and UCEC). Of the DRUP study participants included in this 
preliminary analysis across all (complete and incomplete) cohorts of the study, we included all clinical data, 
genomics data on B2M status and RNA expression data of marker gene sets in Supplementary Table 1. 
The raw sequencing data of the DRUP and Hartwig cohorts can be accessed through Hartwig Medical 
Foundation on approval of a research access request (https://www.hartwigmedicalfoundation.nl/en/data/
data-acces-request). As determined in the original publication, NICHE study RNA-seq and DNA-seq data 
have been deposited into the European Genome–Phenome Archive under accession 
number  EGAS00001004160  and are available on reasonable request for academic use and within the 
limitations of the provided informed consent. The scRNA-seq data have been deposited at the GEO 
(GSE216534) and are publicly available. All other data are available from the corresponding author on 
reasonable request. The GRCh38 primary assembly of the human reference genome was downloaded 
from Gencode (https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_42/
GRCh38.primary_assembly.genome.fa.gz) with Gencode’s matching v29 annotation file (https://
ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_29/gencode.v29.annotation.gtf.gz) for 
gene expression quantification. 
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SUPPLEMENTAL FIGURES
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Extended Data Fig. 1 Association of B2M status to clinical, genomic, and transcriptomic characteristics 
of MMR-d and MMR-p tumours. Biopsy site distribution in the DRUP cohort (n = 71 patients). Colours 
denote patients’ B2M  status (WT: wildtype,; ALT: altered). Fisher’s exact test-based two-sided P-values for 
enrichment/depletion of  B2M  altered tumours per biopsy site are shown.  b. Tumour mutational burden  vs 
B2M status. Wilcoxon rank sum test-based two-sided P-value is shown. Boxes, whiskers, and dots indicate 
quartiles, 1.5 interquartile ranges, and individual data points, respectively. c. As b, but for clinical benefit to ICB 
(x-axis). d. Volcano plots indicating differential gene expression between B2M-based subgroups (see title) of 
MMR-d cancers in TCGA COAD (colon adenocarcinoma; n = 57 patients), STAD (stomach adenocarcinoma; n 
= 60 patients) and UCEC (uterus corpus endometrial carcinoma; n = 122 patients) cohorts. Results were 
adjusted for tumour type and multiple hypothesis testing (Methods). e. Hierarchical clusters of expression of 
genes significantly (FDR <25%; see Fig. 1D) upregulated in MMR-d B2MMUT vs MMR-d B2MWT cancers in 
the TCGA COAD/STAD/UCEC cohorts. The blue dashed rectangle denotes the Vδ1/3 T cell cluster. f. Immune 
marker gene set expression in B2MWT (pink), and B2MMUT (red) MMR-d cancers in the TCGA COAD/STAD/
UCEC cohorts separately or combined (All). Boxes, whiskers, and dots indicate quartiles, 1.5 interquartile 
ranges, and individual data points, respectively. Wilcoxon rank sum test-based two-sided P-values are 
shown. g. As  f, but for MMR-d cancers in the DRUP cohort, for all cancers combined (All), only colorectal 
cancer (CRC), or all non-CRC cancers (Other). Two-sided P-values were calculated with linear regression 
adjusting for biopsy site and tumour type (Methods). h. Allelic alteration status of B2M in the Hartwig cohort of 
MMR-p cancers.  i. RNA expression of Vδ1+Vδ3 loci in MMR-p B2MWT  (grey), and MMR-p B2MMUT  (red) 
cancers in the Hartwig cohort, stratified per primary tumour location. Boxes, whiskers, and dots indicate 
quartiles, 1.5 interquartile ranges, and individual data points, respectively. The linear regression-based, two-
sided, primary tumour location-adjusted P-value for association of B2M status with Vδ1+Vδ3 loci expression is 
shown. 
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Extended Data Fig. 2: Characterization of γδ T cells and other immune cell populations infiltrating 
MMR-d colon cancers. a. FACS gating strategy for single, live CD45+ EpCAM– CD3+ TCRγδ+ cells from a 
representative MMR-d colon cancer sample showing sequential gates with percentages. b. Frequencies of 
positive cells for selected genes across Vδ1 (n = 1927), Vδ2 (n = 860), and Vδ3 (n = 506) cells as percentage 
of total γδ T cells from each MMR-d colon tumour (n = 5) analysed by single-cell RNA-sequencing. Vδ3 cells 
were present in two out of five colon cancers. Bars and dots indicate median ± IQR and individual samples, 
respectively. c. Frequencies of marker-positive γδ T cells, CD56+ NK cells, CD4+ T cells, and CD8+ T cells in 
treatment-naive β2m–  (n = 5) MMR-d colon cancers. CD56+ NK cells were present in four out of five β2m–
 cancer samples. Bars and dots indicate median ± IQR and individual samples, respectively. d. Frequencies of 
CD103+CD39+  γδ T cells, CD8+ T cells, and CD4+ T cells in treatment-naive β2m–  (n = 5) MMR-d colon 
cancers. Bars indicate median ± IQR and individual samples, respectively. 
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Extended Data Fig. 3: Distinct clusters of γδ T cells in MMR-d colon cancers by single-cell RNA-
sequencing. a. UMAP embedding showing γδ T cells (n = 4442) isolated from MMR-d colon cancers (n = 5) 
analysed by single-cell RNA-sequencing. Colours represent the functionally different γδ T cell clusters identified 
by graph-based clustering and non-linear dimensional reduction. Dots represent single cells.  b. UMAP 
embedding of (a) coloured by patient ID. Dots represent single cells.  c. Heatmap showing the normalized 
single-cell gene expression value (z-score, purple-to-yellow scale) for the top 10 differentially expressed genes 
in each identified γδ T cell cluster. 
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Extended Data Fig. 4 | Sorting and expansion of γδ T cells from MMR-d colon cancers. 
a. FACS gating strategy for single, live CD3+ TCRγδ+ cells from a representative MMR-d colon cancer sample 
showing sequential gates with percentages. b. Sorting of all γδ T cells from CRC94 (due to the low number of 
PD-1+ cells), and of PD-1–  (blue squares) and PD-1+  (orange squares) γδ T cells from CRC167, CRC134, 
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CRC96, and CRC154. Dots represent single cells. c. Table showing the number of γδ T cells isolated from 
MMR-d colon cancers (n = 5) at the time of sorting  vs  3-4 weeks after expansion, and the fold increase 
thereof. d. TCR Vδ chain usage after expansion of γδ T cells from CRC94 and CRC167 (first row), and at the 
time of sorting (left panel) as well as after expansion (right panel) of γδ T cells from CRC134, CRC96, and 
CRC154. PD-1– γδ T cells from CRC154 did not expand in culture. Dots represent single cells. 

Extended Data Fig. 5: Phenotype and reactivity of γδ T cells towards cancer cell lines. a. The percentage 
of positive cells for the  indicated markers on expanded γδ T cells from MMR-d colon cancers (n = 5).  b. 
Diagram showing the B2M status and surface expression of HLA class I, NKG2D ligands, DNAM-1 ligands, 
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and butyrophilin on cancer cell lines. c. Bar plots showing CD137 expression on γδ T cells upon co-culture 
with cancer cell lines. Medium was used as negative control and PMA/ionomycin as positive control. Bars 
indicate mean ± SEM. Data from at least two independent experiments except for CRC167, depending on 
availability of γδ T cells. d. Representative flow cytometry plots showing CD137 expression on γδ T cells from a 
MMR-d colon cancer upon co-culture with cancer cell lines as compared to medium only. Gates indicate 
percentage of positive γδ T cells. e. Bar plots showing the presence of IFNγ in the supernatant upon co-culture 
of γδ T cells from MMR-d colon cancers (n = 5) with cancer cell lines. Medium as negative control and PMA/
ionomycin as positive control are included. Bars indicate mean ± SEM of triplicates.  f. Bar plots showing the 
expression of OX40 (first row) and PD-1 (second row) on γδ T cells upon co-culture of γδ T cells with CRC cell 
lines. PD-1 expression is shown as difference from baseline (medium) condition. Bars indicate mean ± SEM. 
Data from at least two independent experiments. 




Extended Data Fig. 6: Reactivity of γδ T cells towards B2M-knockin vs -wildtype cancer cell lines. a. 
Flow cytometry gating strategy to validate β2m expression on HCT-15 and LoVo B2M-knockin (B2M-KI) cell 

151

γδ T cells are effectors of immunotherapy in cancers with HLA class I defects 

5



lines. Isotype controls were included as negative control. b. Bar plots showing the quantification of killing of 
HCT-15 B2M-KI vs wildtype (WT) cells upon co-culture with γδ T cells from MMR-d colon cancers (n = 5) in the 
presence of a red fluorescent caspase-3/7 reagent. Bars indicate mean ± SEM of two wells with two images/
well. Right panel shows representative time course of apoptosis. c. As b, but for LoVo B2M-KI vs WT cells. 
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Extended Data Fig. 7: Tumour organoid characterization and reactivity assay readout. Flow cytometry 
gating strategy on PDTO cells for analysis of surface staining. Selected cells were gated on single, live cells 
before quantification of staining signal. b. Histogram representation and count for surface staining of MHC-I, 
PD-L1, and β2m expression on two PDTO lines B2M WT and B2M KO after IFNγ pre-stimulation. Staining with 
isotype antibodies for each fluorochrome (PE, APC and FITC) were included as negative control. c. Flow 
cytometry gating strategy on γδ T cell samples for analysis of intracellular staining to test antitumour reactivity 
upon PDTO stimulation. Lymphocyte population was further gated on single cells, live and CD3+ cells, γδTCR+ 
cells and CD8+ as well as CD8-CD4- cells. Reactivity of the sample was based on IFNγ+ cells of the selected 
population. d. Histogram representation and count for surface staining of NKG2D ligands MICA/B, ULBP1, 
ULBP2/5/6, ULBP3, and ULBP4 on two PDTO lines B2M wt and B2M ko after IFNγ pre-stimulation. e. Flow 
cytometry gating strategy on γδ T cell samples for analysis of intracellular staining after stimulation with PDTOs 
in the presence of NKG2D ligand blocking. Lymphocyte population was further gated on single cells, live and 
CD3+ cells, followed by γδTCR+ and CD8+ as well as CD8- cells. Reactivity of final population was based on 
IFNγ+ or CD107a+ cells. 

Extended Data Fig. 8: 
Reactivity of γδ T cells 
towards cancer cell lines 
in the presence of NKG2D 
l i g a n d b l o c k i n g . a . 
R e p r e s e n t a t i v e fl o w 
cytometry plots showing 
NKG2D expression on γδ T 
cells from a MMR-d colon 
cancer upon co-culture with 
c a n c e r c e l l l i n e s a s 
compared to medium only. 
Gates indicate percentage of 
positive γδ T cells.  b. Bar 
p lo ts show ing NKG2D 
expression on γδ T cells from 
MMR-d colon cancers (n  = 
5) upon co-culture with 
cancer cell lines. Medium as 
negative control and PMA/
ionomycin as positive control 
are included. Bars indicate 
mean ± SEM. Data from at 
leas t two independent 
exper iments except for 
CRC167 (SW403, SK-
CO-1, K-562), depending 
on availability of γδ T cells. c. 
Bar plots showing the killing 
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of HT-29 cells upon co-culture with γδ T cells with or without NKG2D ligand blocking. Bars indicate mean ± 
SEM of two wells with two images/well.  d. Bar plots showing the expression of CD137 (first row), OX40 
(second row), and PD-1 (third row) on γδ T cells upon co-culture of γδ T cells with CRC cell lines with or without 
NKG2D ligand blocking. PD-1 expression is shown as difference from baseline (medium) condition. Bars and 
lines indicate mean and similar experiments, respectively. Data from two independent experiments for CD137 
and OX40. 

Extended Data Fig. 9: Loss of β2m protein expression on tumour cells in B2M-mutant MMR-d colon 
cancers. Immunohistochemical analysis of β2m protein expression in FFPE tissue from all five  B2M 
MUT MMR-d colon cancers of the NICHE cohort. A B2M WT case (GD02) staining positive for β2m is included 
as control. Details on the staining procedure can be found in Methods. 
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Extended Data Fig. 10: Distribution of immune cell populations in B2M- mutant and B2M-wildtype 
MMR-d colon cancers pre- and post-ICB treatment in the NICHE trial. a. Immune marker gene set RNA 

expression in MMR-d B2M WT (pink), and MMR-d B2M MUT (red) cancers, before (left) and after (right) 
neoadjuvant ICB. Boxes, whiskers, and dots indicate quartiles, 1.5 interquartile ranges, and individual data 
points, respectively. Wilcoxon rank sum test-based two-sided P-values are shown. b. Pre- (grey) and post-ICB 
(orange) RNA expression of KIRs in B2M MUT MMR-d cancers in the NICHE study (n = 5). Boxes, whiskers, 
and dots indicate quartiles, 1.5 interquartile ranges, and outliers, respectively. Two-sided P-values were 
calculated by Wilcoxon rank sum test. c. Pre- and post-ICB frequencies of γδ T cells by imaging mass 
cytometry in B2M WT (n = 5) and B2M MUT (n = 5) MMR-d colon cancers (corresponding to Fig. 4b). Lines 
indicate paired samples, dots represent individual samples. Wilcoxon rank sum test-based two-sided P-values 
are shown. d. Imaging mass cytometry-based frequencies of intraepithelial γδ T cells, CD56+ NK cells, CD4+ 
T cells, and CD8+ T cells in ICB-naive B2M WT (n = 5) and B2M MUT (n = 5) MMR-d colon cancers. Bars and 
dots indicate median ± IQR and individual samples, respectively. Wilcoxon rank sum test-based two-sided P-
values are shown. e. Cell counts (cells/mm2) of immune populations from the imaging mass cytometry of B2M 
WT(n = 5) and B2M MUT (n = 5) MMR-d colon cancers upon ICB treatment. Colour bar is scaled per immune 
population. f. Representative images of the detection of cytotoxic (granzyme B+), tissue-resident (CD103+), 
activated (CD39+), proliferating (Ki-67+), and PD-1+ γδ T cells by imaging mass cytometry in a B2M MUT 
MMR-d colon cancer upon ICB treatment. g. Frequencies of marker-positive γδ T cells, CD56+ NK cells, 
CD4+ T cells, and CD8+ T cells in the sole B2M MUT MMR-d colon cancer that contained cancer cells upon 
ICB treatment. h. Frequencies of CD103+CD39+ γδ T cells, CD8+ T cells, and CD4+ T cells in the sole B2M 
MUT MMR-d colon cancer that contained cancer cells upon ICB treatment.  
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ABSTRACT


Around 95% of metastatic colorectal cancer (CRC) patients have mismatch repair 
proficient (MMR-p) tumors. Unlike mismatch repair deficient (MMR-d) tumors, MMR-p 
tumors respond poorly to immune checkpoint blockade (ICB) treatment. It is 
commonly believed that higher tumor mutational load in MMR-d tumors, and hence 
increased probability for neoantigens, triggers CD8+ T cells. This explains part of the 
success of ICB in MMR-d CRC and the failure of ICB in MMR-p CRC. Recently 𝛾𝛿 T 

cells were identified as effectors of ICB in MMR-d CRC with HLA- class I defects. We 
therefore hypothesized that MMR-p CRC could be made visible to 𝛾𝛿 T cells by 

interfering with b-2 microglobulin (B2M), which leads to HLA class I deficiency. Here, 
we present our initial results how MMR status and B2M knockout, affected 𝛾𝛿 T cell 

reactivity. Our data indicates that HLA class I deficiency in MMR-p CRC cells can 
activate 𝛾𝛿 T cell reactivity in a similar manner as in MMR-d CRC. Interestingly, we 

also observed that microsatellite instability, as a result of mismatch repair deficiency, 
elicited higher g 𝛾𝛿 T cell reactivity compared to microsatellite stable CRC cells. These 

results suggest that interference with B2M may be exploited as an alternative strategy 
to elicit 𝛾𝛿 T cell reactivity in MMR-p CRC and that MMR-d/MSI status can influence 𝛾𝛿 T cell responses.  
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INTRODUCTION


The DNA mismatch repair (MMR) pathway is highly conserved across species and 
supports genomic stability by recognizing and repairing DNA base-base mismatches 
that can occur during replication, recombination or DNA damage1,2. MuTS homologs 
(MSH2, MSH3 and MSH6) and MuTL homologs (MLH1, MLH3, hPMS1 and hPMS2) 
are core proteins of the DNA mismatch repair system in human cells. MSH2 
heterodimerizes with MSH3 or MSH6 and initiates recognition of aberrant base 
mismatches while the heterodimer of MLH1 and hPMS2 acts as endonuclease during 
mismatch repair3,4. A defective mismatch repair system leads to accumulation of 
mutations in the genome, and is associated to a high tumor mutational burden (TMB) 
across cancer types and causes microsatellite instability (MSI)5,6. Germline mutations 
of MMR genes, especially of any gene encoding the mentioned core proteins, lead to 
a hereditary form of colon cancers, also known as Lynch syndrome7,8,9. MMR 
deficiency (MMR-d)/ MSI status of tumors is commonly tested using polymerase 
chain reaction (PCR) or immunohistochemistry as diagnostic methods10.  
Even though a dysfunctional MMR system promotes the development of a cancerous 
cell and increases the mutational load, MMR-d tumors share characteristics that allow 
for better recognition and elimination by immune cells compared to MMR-p tumors. A 
higher mutational load increases the probability of neoantigen expression and 
subsequent recognition by CD8+ T cells. This currently serves as an explanation for 
the success of immune checkpoint inhibitors in MMR-d deficient cancers11.  
Colorectal cancer (CRC) is a good example to compare ICB treatment response in 
relation to MMR status. Patients with MMR-d CRC generally respond well to ICB12. 
However, the vast majority of metastatic CRC patients has mismatch repair proficient 
(MMR-p) tumors which remain difficult to treat11. Equally in early-stage CRC patients, 
MMR-d tumors respond better to neoadjuvant ICB treatment than MMR-p tumors13.  
An important question is what can we learn from the response of MMR-d tumors to 
ICB treatment and how can we translate this success to MMR-p tumors. One 
strategy is to create an MMR-d/MSI signature in MMR-p tumors to increase 
immunogenicity and subsequent response to ICB. Temozolomide, and alkylating 
agent, has been shown to induce such signatures and increase tumor mutational 
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burden in mice models as well as in a clinical trial with colorectal cancer patients14,15. 
This method was designed to elicit an adaptive immune response via CD8+ T cell 
recognition. Lately, we have shown that 𝛾𝛿 T cells can act as effectors of ICB 

response in b-2 microglobulin (B2M) mutant MMR-d tumors, which are invisible to 
conventional T cells16. This conceptually opens up opportunities to nudge MMR-p 
tumors to a phenotype that is more accessible to certain innate immune cells such as 𝛾𝛿 T cells. As an immune cell type that bridges adaptive and innate immunity, 𝛾𝛿 T 

cells express a 𝛾𝛿 TCR that acts independent of MHC class I/II peptide presentation, 

share NK cell like features like NKG2D expression and their role in cancer immunity 
has been extensively described17. Importantly, although infiltration of CD103+ PD1+ 𝛾𝛿 

T cells is mostly observed in MMR-d CRC tumors, CD103+ PD1- 𝛾𝛿 T cells infiltrate 

MMR-p tumors as well18. It is however currently unclear whether the likely more 
activated CD103+ PD1+ 𝛾𝛿 T cells in MMR-d CRC are a result of the presence of 

other activated immune cells or whether MMR status does directly affect 𝛾𝛿 T cells. 

Moreover, a confirmed presence of 𝛾𝛿 T cells in MMR-p CRC, provides an opportunity 

to potentially activate them.  
Here, we aim to translate our findings of 𝛾𝛿 T cell reactivity in B2M mutant MMR-d 

tumors to MMR-p tumors by depletion of B2M. Furthermore, we will assess whether 
MMR status has an influence on 𝛾𝛿 T cells reactivity.  
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RESULTS


As a first step we aimed to systematically analyze the influence of MMR/ MSI status 
on V𝛿1 T cell reactivity. To do so we used an established model, generated by the 

Bardelli group, that introduced an MSI signature in an MMR-p/MSS CRC cell line. The 
MSI/MSS CRC model was established by MLH1 knockout of MMR-p CRC cell line 
HT29, which over time introduced an MSI signature thus generating isogeneic pairs of 
cells with and without MSI signature19 (Figure 1a). Confirmed by STR profile, HT29 
empty vector (EV) cells remained without MSI signature whereas MLH1 knockout cells 
presented with an MSI signature at day 841 but not at day 211. Using MSS/MSI 
signature pairs of HT29, we were able to address the question whether MMR 
deficiency is critical for V𝛿1 T cell reactivity.  

Figure 1: Schematic overview of HT29 model system combining isogenic pairs of MSS/MSI signature 
and B2M wt/ko including V𝛿1 T cell reactivity thereof. 
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a. Schematic overview of establishment of MLH1 knockout of HT29 colorectal adenocarcinoma cell line. 
Transfection of EV or MLH1 knockout at day 0 and culture until day 211 and day 841. MLH1 knockout lead to 
a MSI signature at the later time point. B2M knockouts were established of both EV and MLH1 knockout lines 
at day 211 and 841 before reactivity of V𝛿1 T cells was tested. b. Bar graphs showing MHC I and B2M 

surface expression on generated HT29 B2M wildtype and knockout pairs (n=2). Whiskers indicate SEM.  

After expansion of V𝛿1 T cells from healthy donor peripheral blood mononuclear cells 

(HD PBMCs), we stimulated V𝛿1 T cells with HT29 cells, with and without MLH1 

knockout derived from two time points d211and d841. HT29 MLH1 knockout d841 
elicited highest IFNg and CD107a expression of V𝛿1 T cells compared to HT29 EV 

cells or MLH1 knockout d211 (Figure 2b). Taken together, V𝛿1 T cells were most 

reactive towards HT29 cells with an MSI signature.  
  
Next, we introduced CRISPR Cas9 knockouts of B2M in all four HT29 samples 
(Figure 1b) to test if depletion of B2M, and hence HLA class I deficiency, has a 
stimulating effect on V𝛿1 T cells in MMR-p CRC as it does in MMR-d CRC. We 

stimulated V𝛿1 T cells with the isogenic HT29 B2M knockout and wildtype pairs. B2M 

knockout increased V𝛿1 T cell reactivity in all four samples regardless of MMR/MSI 

status. Lowest IFNg and CD107a expression was observed in three MSS signature 
lines without B2M knockout (HT29 EV d211, HT29 EV d841 and HT29 MLH1ko 
d211), while highest expression was observed in all B2M knockout lines and MSI 
signature HT29 MLH1ko d841 B2M wildtype (Figure 2a, c). Largest fold change in 
reactivity was achieved in HT29 EV d841 upon B2M knockout (Figure 2c).  
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Figure 2: V𝛿1 T cell reactivity towards generated MSS/MSI HT29 cells and their respective B2M 

knockouts. 

a. Representative flow cytometry dot plots of healthy donor V𝛿1 T cells unstimulated (alone) or when stimulated 

with B2M wildtype and knockout of either HT29 EV d841, representing a MSS signature, or HT29 MLH1ko 
d841, representing a MSI signature. Depicted after intracellular CD107a and IFNg expression. b. Bar graph 
comparing CD107a and IFNg expression of healthy donor V𝛿1 T cell when stimulated with HT29 MLH1 

wildtype (EV) and knockout cells. HT29 MLH1 day 841developed a MSI signature. Whiskers indicate SEM 
(n=2). c. Bar graph shows CD107a and IFNg expression of healthy donor V𝛿1 T cells when stimulated with 

isogenic B2M wildtype and knockout pairs of MLH1 wildtype (EV) and knockout HT29 cells established at day 
211 and day 841 (n=2). Whiskers indicate SEM.  
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DISCUSSION

There is an unmet need for better treatment options for MMR-p CRC. The success of 
ICB in MMR-d CRC has fuelled attempts to translate an effective immune response to 
tumors that are MMR-p, for example by creating an MSI signature to attract CD8+ T 
cells14,15. Here, we proposed an alternative strategy to overcome low immunogenicity 
in MMR-p CRC. We aimed to deplete HLA class I expression in order to activate V𝛿1 

T cells and circumvent the bottleneck of low TMB in MMR-p tumors.  
As a result of immune escape mechanisms to immune surveillance by CD8+ T cells, 
HLA class I loss is more frequently observed in MMR-d CRC tumors compared to 
MMR-p18,21.  
Based on our previous findings we identified 𝛾𝛿 T cells as effectors of ICB in B2M 

mutant MMR-d tumors16. Having identified the potential of HLA class I loss to activate 
specifically V𝛿1 T cells and the consideration that the majority of MMR-p expresses 

HLA class I, this provides a strategy to render MMR-p CRC sensitive to ICB. Because 
the mechanism through which V𝛿1 T cells are activated by cancer cells is not fully 

understood, we aimed to address two major questions. First, does MMR status 
influence V𝛿1 T cell reactivity and second, is B2M knockout activating V𝛿1 T cell 

reactivity in MMR-p CRC similar to MMR-d CRC. MMR status influences genomic 
stability and TMB, therefore likely generating more neoantigens which can be 
recognized by CD8+ T cells. Although the immunogenicity of MMR-d tumors may not 
be solely driven by the number of neoantigens, it is likely to be one of the drivers for 
ICB response in MMR-d tumors compared to MMR-p tumors. Increased neoantigen 
presentation by HLA class I, however, should not influence V𝛿1 T cell activation 

because 𝛾𝛿 T cells act independent of HLA class I. This leaves the question open if 

MMR status influences their activation. Interestingly, a MSI signature, established by 
long term culture of MLH1 knockout cells, increased V𝛿1 T cell reactivity. This is in line 

with previous findings by the de Miranda lab that showed higher infiltration of CD103+ 
PD1+ 𝛾𝛿 T cells in MMR-d compared to MMR-p CRC17. Future experiments should 
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aim to analyze the underlying mechanism which makes MMR-d tumors more 
recognizable to V𝛿1 T cells, which may facilitate the development of treatments that 

can increase immunogenicity in MMR-p tumors. In addition to the association of MMR 
deficiency/ MSI signature to V𝛿1 T cell reactivity, our data also provides proof that 

B2M knockout equally, or perhaps even better, activates V𝛿1 T cells. We hypothesize 

that HLA class I acts as negative regulator of V𝛿1 T cells but activation likely requires 

additional stimuli which could explain different fold changes of V𝛿1 T cell reactivity 

upon B2M knockout in different HT29 cell line samples. However, further experiments 
are required to validate the results using additional model systems such as patient-
derived tumor organoids. Our initial findings support the future direction of 
interference with HLA class I in MMR-p CRC to activate V𝛿1 T cells. Our study also 

has limitations. First, we need to confirm this effect in multiple tumor models and for 
different donor V𝛿1 T cells and second, the role of the MMR/MSI signature on V𝛿1 T 

cells remains incompletely understood. Once we have a good understanding of the 
mechanism through which V𝛿1 T cells are activated we may translate these findings 

into therapeutic strategies that interfere with HLA class I expression and V𝛿1 T cells. 
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METHODS  

Organoid culture  
  
Tumor organoids were derived from MMR-p or MMR-d CRC tumors. Establishment of 
the respective organoid lines from tumor material was performed as previously 
reported22,23. In brief, tumor tissue was mechanically dissociated and digested with 
1.5 mg ml−1  of collagenase II (Sigma-Aldrich), 10 μg ml−1  of hyaluronidase type IV 
(Sigma-Aldrich) and 10 μM Y-27632 (Sigma-Aldrich). Cells were embedded in Cultrex 
RGF BME type 2 (3533-005-02, R&D systems) and placed into a 37 °C incubator for 
20  min. Human CRC organoid medium is composed of Ad-DF+++ (Advanced 
DMEM/F12 (GIBCO) supplemented with 2  mM Ultraglutamine I (Lonza), 10  mM 
HEPES (GIBCO), 100  U  ml−1  of each penicillin and streptomycin (GIBCO), 10% 
noggin-conditioned medium, 20% R-spondin1-conditioned medium, 1× B27 
supplement without vitamin A (GIBCO), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10 
mM nicotinamide (Sigma-Aldrich), 50 ng ml−1 human recombinant EGF (Peprotech), 
500  nM A83-01 (Tocris), 3  μM SB202190 (Cayman Chemicals) and 10  nM 
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prostaglandin E2 (Cayman Chemicals). Organoids were passaged depending on 
growth every 1–2 weeks by incubating in TrypLE Express (Gibco) for 5–10  min 
followed by embedding in BME. Organoids were authenticated by SNP array or STR 
analysis and were regularly tested for Mycoplasma using Mycoplasma PCR43 and 
the MycoAlert Mycoplasma Detection Kit (LT07-318). In the first two weeks of 
organoid culture, 1× Primocin (Invivogen) was added to prevent microbial 
contamination. Procedures performed with patient samples were approved by the 
Medical Ethical Committee of the Netherlands Cancer Institute–Antoni van 
Leeuwenhoek hospital (NL48824.031.14) and written informed consent was obtained 
from all of the patients. Mismatch repair status was assessed using a standard 
protocol for the Ventana automated immunostainer for MLH1 clone M1 (Roche), 
MSH2 clone G219-1129 (Roche), MSH6 clone EP49 (Abcam) and PMS2 clone EP51 
(Agilant Technologies).  
  
HT29 model system generation  
  
Colorectal adenocarcinoma cell line HT29 was cultured in RPMI-1640 medium 
(Gibco) with 10% fetal calf serum (FCS) (Sigma Aldrich) and 1% penicillin and 
streptomycin (GIBCO). Depending on confluency cells were split twice per week. For 
generation of a MSI signature, HT29 cells were transfected with a plasmid containing 
Cas9, MLH1 single guide RNA and puromycin selection to achieve an MLH1 
knockout. Empty vector plasmid contained Cas9 and puromycin selection. After 
transfection with either MLH1 or empty vector plasmid at day 0, HT29 cells were kept 
in culture and then stored at day 211 and 841 to achieve a full MSI signature. HT29 
cells at day 211 resemble a MSS signature while cells at day 841 obtained a full MSI 
signature which was confirmed by OncoMate® MSI Dx Analysis System (Promega) as 
previously described19. Short tandem repeat (STR) analysis confirmed a 100% match 
of HT29 EV d211 and HT29 EV d841 with HT29 cell line, whereas HT29 MLH1 ko 
d211 is a 78.1 % match and HT29 MLH1 ko d841 65.1% indicating increased TMB 
and MSI signature. Generation of MLH1 knockout HT29 cells was performed in the 
Bardelli lab at the University of Turin, Italy.  
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𝛾𝛿 T cells generation  

  𝛾𝛿 T cells were isolate from frozen healthy donor PBMCs. After a washing step with 

phosphate-buffered saline (PBS), PBMCs were stained with anti-CD3-PerCPCy5.5 
(1:20, SK7, BD Biosciences), anti-ab TCR- BV421 (1:40, IP26, Biolegend), anti-Vd1-
PECy7 (1:40, TS8.2, Invitrogen), anti-Vd2-FITC (1:100, B6, Biolegend), anti-PD1-
AF647 (1:40, MIH4, BD Biosciences) and 1:2,000 near-infrared (NIR) viability dye (Life 
Technologies) for 30min in the dark at 4 degrees. Following two washing steps with 
PBS and resuspension in 0.1% PBSA (Sigma-Aldrich), cells were sorted with a BD 
LSR Fortessa Cell Analyzer SORP using FACSDiVa (v.8.0.2; BD Biosciences). Sorted 
V𝛿1 cells were expanded over three to four weeks in presence of feeder cells (2 × 
106 per ml), PHA (1 μg ml−1; Thermo Fisher Scientific), IL-2 (1,000 IU ml−1; PeproTech), 
IL-15 (10 ng ml−1; PeproTech). 
  
B2M CRISPR Cas9 knockout of tumor organoids and HT29 cells 
  
The  B2MKO  tumor organoid and HT29 cell lines were generated using sgRNA 
targeting B2M (GGCCGAGATGTCTCGCTCCG), cloned into LentiCRISPR v2 plasmid. 
The virus was produced using a standard method. Tumor organoids and cell lines 
were dissociated to single cells and resuspended at 1*106 cells/mL in AD+++ or 
RPMI-1640 10% FCS respectively. Undiluted viral suspension was added 1:1 to 
tumor organoids or HT29 cells plus 1:1000 protamine sulfate (Sigma-Aldrich). 10 μM 
Y-27632 was added to tumor organoids to prevent anoikis. Spinfection was 
performed in 48-well plates for 1h at room temperature before cells were incubated 
over night at 37 degrees. Next day cells were resuspended in their respective culture 
medium and plated as usual. Puromycin was added as selection after 2 days. B2M 
knockout was confirmed by flow cytometry analysis of surface expression of B2M 
and MHC class I.  
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Surface expression analysis  
  
For organoid surface staining, tumor organoids were dissociated into single cells 
using TrypLE Express (Gibco), washed twice in cold FACS buffer (PBS, 5 mM EDTA, 
1% bovine serum antigen), and stained with anti-HLA-A/B/C-PE (1:20, W6/32, BD 
Biosciences), anti-B2M-FITC (1:100, 2M2, BioLegend), anti-PD-L1-APC (1:200, 
MIH1, eBioscience) and 1:2,000 near-infrared (NIR) viability dye (Life Technologies), or 
isotype controls (1:1,000 FITC; 1:20, PE; or 1:200, APC) mouse IgG1 kappa (BD 
Biosciences). For NKG2D ligand expression analysis, cells were stained with anti-
MICA/MICB-PECy7 (1:20, 6D4, Biolegend), anti-ULBP1-AF647 (1:20, 170818, R&D), 
anti-ULBP2/5/6-BV421 (1:20, 165903, BD Biosciences), anti-ULBP3-PE (1:10, 
166510, R&D), anti-ULBP4-PE (1:10, 709116, R&D) and 1:2,000 near-infrared (NIR) 
viability dye (Life Technologies). Tumor cells were incubated for 30 min at 4 °C in the 
dark and washed twice with FACS buffer. All of the samples were recorded with the 
BD LSR Fortessa Cell Analyzer SORP flow cytometer using FACSDiVa (v.8.0.2; BD 
Biosciences). Data were analysed using FlowJo (v.10.6.1; BD) and presented using 
GraphPad Prism (v.9.0.0; GraphPad). 
  
  
Reactivity assay  
  
For evaluation of Tumor reactivity towards B2MWT and B2MKO organoids and NKG2D 
ligand blocking conditions, Tumor organoids and γδ T cells were prepared as 
described previously13,22,23. Two days before the experiment, organoids were isolated 
from BME by incubation in 2 mg ml−1 type II dispase (Sigma-Aldrich) for 15 min before 
addition of 5 mM EDTA and washed with PBS before being resuspended in CRC 
organoid medium with 10  μM Y-27632 (Sigma-Aldrich). The organoids were 
stimulated with 200 ng ml−1  IFNγ (Peprotech) 24 h before the experiment. For the 
recognition assay and intracellular staining, Tumor organoids were dissociated into 
single cells and plated in anti-CD28-coated (CD28.2, eBioscience) 96-well U-bottom 
plates with γδ T cells at a 1:1 target:effector ratio in the presence of 20 μg ml−1 anti-
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PD-1 (Merus). As a positive control, γδ T cells were stimulated with 50 ng ml−1  of 
phorbol-12-myristate-13-acetate (Sigma-Aldrich) and 1 μg ml−1 of ionomycin (Sigma-
Aldrich). After 1 h of incubation at 37 °C, GolgiSTOP (BD Biosciences, 1:1,500) and 
GolgiPlug (BD Biosciences, 1:1,000) were added. After 4 h of incubation at 37 °C, γδ 
T cells were washed twice in cold FACS buffer (PBS, 5 mM EDTA, 1% bovine serum 
antigen) and stained with anti-CD3-PerCP-Cy5.5 (1:20, BD Biosciences), anti-TCRγδ-
PE (1:20, BD Bioscience), anti-CD4-FITC (1:20, BD Bioscience) (not added in 
experiments with NKG2D ligand blocking), anti-CD8-BV421 (1:200, BD Biosciences) 
and 1:2,000 near-infrared (NIR) viability dye (Life Technologies) for 30 min at 4 °C. 
Cells were washed, fixed and stained with 1:40 anti-IFNγ-APC (BD Biosciences) for 
30 min at 4 °C, using the Cytofix/Cytoperm Kit (BD Biosciences). After two wash 
steps, cells were resuspended in FACS buffer and recorded with the BD LSR 
Fortessa Cell Analyzer SORP flow cytometer using FACSDiVa software (v.8.0.2; BD 
Biosciences). Data were analysed using FlowJo (v.10.6.1, BD) and presented using 
GraphPad Prism (v.9.0.0, GraphPad). 
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ABSTRACT


Natural killer (NK) cells can eliminate cancer cells in a highly effective manner. 
However, their activation depends on a fine-tuned balance of inhibitory and activating 
ligands. Here, we used patient-derived tumor organoids (PDTOs) and CD34+ 
hematopoietic stem and progenitor cell-derived NK cells (HSPC-NK cells) to capture 
tumor-specific determinants of NK cell reactivity. Notably, we observed that allogeneic 
HSPC-NK cells were consistently reactive toward PDTOs compared to autologous 
patient-derived blood NK cells which showed more heterogenous responses. 
Interestingly, we observed reduced HSPC-NK cell reactivity towards tumor organoids 
derived from tumors exposed to immune checkpoint inhibitor (ICI) compared to their 
pre-treatment counterparts. Differential gene expression analysis revealed that 
chondroitin sulfate proteoglycan 4 (CSPG4) was consistently upregulated in these 
post-ICI tumor samples, potentially reflecting changes in post-ICI tumors associated 
with reduced susceptibility to NK cell reactivity. Furthermore, IFN𝛾 stimulation of tumor 

organoids decreased HSPC-NK cell reactivity suggesting a context-dependent dual 
role of IFN𝛾 in anti-tumor immune responses. Overall, this study points out relevant 

drivers of HSPC-NK cell activation, a negative influence of IFN𝛾 on HSCP-NK tumor 

recognition and decreased reactivity towards tumor organoids derived from post-ICI 
tumors.  
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INTRODUCTION


With the clinical success of cellular therapies and immune checkpoint inhibitor (ICI) 
treatment, T cells have been in the spotlight of cancer immunotherapies. However, 
common tumor-intrinsic mechanisms of immune escape and resistance to ICI, such 
as loss of human leukocyte antigen (HLA) class I, aberrations in the antigen 
presenting machinery or IFN𝛾 signaling pathway inactivation, limit an effective T cell 

response1,2. Utilizing the innate immune system might be especially valuable for 
tumors less susceptible to T cell recognition. For example, gd T cells, a cell type with 
features of both the innate and adaptive immune system, have recently been 
identified as effectors of ICI response in cancers with HLA class I deficiency3. NK cells 
have also been reported to be activated and mediate the effect of ICI in in vivo 
models4. Such observations point towards the involvement of innate immune cells in 
tumor recognition and effective anti-tumor response upon ICI. Importantly, while loss 
of HLA class I is a common mechanism to prevent tumor recognition by T cells, it 
conversely enhances the potential of tumors to be recognized by NK cells via the 
‘missing self’ principle5,6. Likewise IFN𝛾 has been shown to lower NK cell anti-tumor 

reactivity in in vivo models by upregulation of HLA class I7, whereas it is associated 
with increased tumor recognition by T cells and relevant for mediating an ICI response 
due to upregulation of the antigen processing and presenting machinery8. However, 
the role of IFN𝛾 is complex as it can also promote NK cell cytotoxicity by upregulation 

of ICAM-1 expression which facilitates adhesion of NK cells to cancer cells9. Overall 
suggesting that a better understanding of the influence of IFN𝛾 on NK cells responses 

towards tumors can be valuable to further improve ICB response.  
Although NK cells are well known for their capability to exert cytotoxicity and kill 
cancer cells10, several challenges hamper the development of clinically successful NK 
cell-directed therapies, such as a suppressive tumor microenvironment11, low NK cell 
homing and tumor infiltration12, a dysfunctional phenotype13 and various tumor 
escape mechanisms. One approach to overcome for example dysfunctional NK cells 
is the use of highly functional ex vivo-generated NK cells from CD34+ hematopoietic 
stem- and progenitor cells (HSPC). A HSPC-NK cell product offers the benefit of off-
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the-shelf availability, better expansion potential compared to peripheral blood NK cells 
and the possibility of optimization by genetic engineering, overcoming a potential 
dysfunctional state of autologous NK cells14,15,16.  
Here, we aim to understand the determining factors of tumor recognition by HSPC-
NK cells in greater detail by using patient-derived tumor organoids (PDTOs) from 
colorectal cancer (CRC) and non-small cell lung cancer (NSCLC). Furthermore, we 
use pairs of pre- and post-ICI colon cancer PDTOs to evaluate changes upon ICI 
therapy and explore changes in NK cell modulating mechanisms. Finally, we zoom in 
on the effects of IFN𝛾 stimulation of PDTOs in respect to anti-tumor reactivity of 

HSPC-NK cells.  

RESULTS 


HSPC-NK cell reactivity towards patient-derived tumor organoids. 

First, we aimed to compare the reactivity of autologous peripheral blood derived NK 
cells (PB-NK cells) with HSPC-NK cells to assess whether HSPC-NK cells 
demonstrate more consistent reactivity towards PDTOs and are suitable for 
subsequent experiments. Using our established co-culture model system17,18, we first 
tested the reactivity of different populations of autologous peripheral blood-derived 
NK cells to matching PDTO’s (Extended Data Fig. 1a, d). We examined five PDTO’s, 
derived from two mismatch repair deficient colorectal cancers (MMR-d CRC), 
PDTO-06 and -07 pre, and three non-small cell lung cancers (NSCLC), PDTO-11, 
-05, -12. We observed differential NK cell reactivity ranging from no to high reactivity, 
measured by intracellular IFN𝛾 expression (Extended Data Fig.1 e, f). The highest and 

most consistent NK cell reactivity was observed in the CD56bright CD16- population 
which, across all samples, represented, on average, 14.5 % ranging from 2.6 – 
24.2% of all CD3- cells (Extended Data Fig. 1e, f; Extended Data Table 3). Given the 
potency and high translational efficacy of HSPC-NK cells as previously 
described14,15,16, we next sought to determine their reactivity towards the same set of 
PDTOs. Reactivity assessment of HSPC-NK cells was generally performed on the 
CD56+ Perforin+ cell population. Notably, when HSPC-NK cells were co-cultured with 
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PDTOs, we observed a more homogeneous reactivity compared to autologous NK 
cells as assessed by IFN𝛾 expression (Extended Data Fig. 1 b). More consistent 

tumor reactivity and easier product availability demonstrated advantages of HSPC-NK 
cells over autologous PB-NK cells, which are difficult to derive from patient’s PBMCs 
at high numbers and seem more heterogenous and less functional in their tumor 
response.  
As a next step, we tested the robustness of our model system using HSPC-NK cells 
and PDTOs to determine activating and inhibitory mechanisms of tumor reactivity (Fig. 
1a). HSPC-NK cells, derived from two independent donors and co-cultured with four 
different PDTOs, demonstrated reproducible reactivity independent of the donor, 
measured by expression of IFN𝛾 and the degranulation marker CD107a on HSPC-NK 

cells (Extended Data Fig. 2b). The only difference between independent HSPC-NK 
cell donors was the magnitude of response, but differential response across targets 
were very similar. To exclude that such responses were solely based on an allogeneic 
human leukocyte antigen (HLA) mismatch, we tested three pairs tumor organoids and 
matched normal organoids from the same patient. 
HSPC-NK cell reactivity was significantly lower towards two out of three normal 
organoids compared to their tumor counterpart (Fig. 1b). Furthermore, we observed a 
striking cytotoxic activity of HSPC-NK cells towards NSCLC tumor organoids 
PDTO-03 whereas the matched normal organoids, PDO-03, were not affected (Fig. 
1c). Next to normal and tumor pairs, we included two tumor organoids which were 
derived from two independent colorectal tumors occurring in the same patient. 
PDTO-10 MMRd was established pre-ICI from a mismatch repair-deficient (MMR-d) 
tumor and PDTO-10 MMRp was derived post-ICI from a second tumor which 
retained mismatch repair-proficiency (MMR-p) (Extended Data Table 1). Notably, both 
tumor organoids expressed similar levels of major histocompatibility complex class I 
and II (MHC I/II) (Extended Data Fig. 2g), but PDTO-10 MMRd consistently elicited a 
higher HSPC-NK cell response compared to PDTO-10 MMRp (Fig. 1d, e).  
Overall, we using HSPC-NK cells and PDTOs offers an opportunity to understand 
tumor reactivity of HSPC-NK cells in greater detail and dissect possible mechanisms 
of resistance.  
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Figure 1: Utilizing patient derived (tumor) organoids, autologous and HSPC-NK cells to dissect tumor 
specific immune responses. a. Schematic overview of the experimental set up of HSPC-NK cell reactivity 
assays. Patient derived (tumor) organoids were established from lung or colorectal tumors, depending on the 
assay pre-stimulated with IFN𝛾 and exposed to NK cells which were primed for one week prior to the readout. 

b. Bar plots showing IFN𝛾 and CD107a expression of HSPC-NK cells when stimulated with three pairs of 

normal and tumor organoids (PD(T)O-03, -01, -02). Background signal of unstimulated NK cells has been 
subtracted from the respective IFN𝛾 and CD107a signal of stimulated NK cells. Data is shown for three 

biological replicates (n=3) and whiskers indicate SEM. Statistical significance between normal and tumor 
organoids was tested using Welch’s t-test. Not significant (n.s.) p > 0.05; * p < 0.05; ** p < 0.01; *** p < 
0.001. c. Representative microscopy images of 48h killing assay comparing HSPC-NK cell killing of tumor 
(right) and normal (left) organoids (PD(T)O-03). Top images show tumor/normal organoid cultures without NK 
cells and bottom images show tumor/normal organoid cultures in presence with NK cells. Scale indicates 
100mm. d. Bar plots showing IFN𝛾 and CD107a expression in unstimulated HSPC-NK cells (alone) and upon 

stimulation with MMR-d and MMR-p PDTO-10 tumor organoids derived from two independent tumors of the 
same patient (n=4). Whiskers indicate SEM. Statistical significance between MMR-p and MMR-d PDTO-10 
organoids was tested using Welch’s t-test and indicated by not significant (n.s.) p > 0.05; * p < 0.05; ** p < 
0.01; *** p < 0.001. e. Representative flow cytometry plots of HSPC-NK cells indicating IFN𝛾 and CD107a 

expression in unstimulated condition (NK cells alone), upon stimulation with MMR-p and MMR-d PDTO-10 and 
positive control. 
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Determinants of HSPC-NK cell activation and inhibition towards PDTO

We next set out to identify drivers of HSPC-NK cell activation and understand to what 
degree they followed known modulators of NK cell tumor reactivity. We tested HSPC-
NK cell reactivity towards a panel of seven PDTOs and ranked them by their ability to 
induce a response, as measured by expression of IFN𝛾 and CD107a (Fig. 2a). Using 

flow cytometry, we measured the expression of a panel of 15 known NK cell surface 
ligands on those seven PDTOs. Highest reactivity of HSPC-NK cells was elicited by 
PDTO-03 and PDTO-12 resulting in 25.0% and 17.8% CD107a+ IFN𝛾+ cells 

respectively. Lowest reactivity was elicited by PDTO-13 and PDTO-10 MMRp with 
5.1% and 4.4% CD107a+ IFN𝛾+ cells respectively (Fig. 2a, c).  

We specifically focused on NKG2A, NKG2D and DNAM-1 ligands for PDTO 
phenotyping as the receptors for these ligands were highly expressed on HSPC-NK 
cells (Extended Data Table 5). In line with previous reports on the relevance of NKG2D 
ligands for NK cell activation19, surface expression levels of activating NK cell ligands, 
such as MICA/B, ULBP3 and ULBP4, aligned well with the observed HSPC-NK cell 
reactivity gradient (Fig. 2b). Expression of those ligands was highest on PDTO-03 and 
PDTO-12 and nearly absent on PDTOs which elicited lower responses (Fig. 2b). In 
contrast, expression of inhibitory NK cell ligand ULBP2/5/6 was increased on PDTOs 
that induced lower reactivity. DNAM-1 ligand CD155, a bivalent NK cell ligand with 
reported activating and inhibitory functions, and Fas, a cell surface receptor involved 
in apoptosis, both showed higher expression on PDTOs associated with higher 
HSPC-NK cell reactivity (Fig. 2b, Extended Data Fig. 3b). The significance of MICA/B 
and ULBP ligands, and the bivalent CD155, was tested by blocking both NKG2D 
(receptor of MICA/B and ULBPs) and DNAM-1 (receptor of CD155) on five PDTOs 
using blocking antibodies. For one out of five PDTOs, PDTO-03, HSPC-NK cell 
reactivity was reduced after blocking of NKG2D and DNAM-1 and two additional 
lines, PDTO-08 and -09, showed a trend towards reduced reactivity (Extended Data 
Fig. 2c). Relevance of DNAM-1 expression for HSPC-NK cell reactivity towards 
ovarian cancer has been previously described20. 
In line with low KIR expression of HSPC-NK cells15,21, neither the expression levels of 
inhibitory NK cell ligands HLA-C or HLA-E, nor presence or absence of MHC class I/II 

184

7

Determinants of HSPC-NK cell reactivity towards patient-derived tumor organoids



was associated with reduced HSPC-NK cell reactivity (Extended Data Fig. 2g, 3b). To 
challenge this, we tested PDTO-08, derived from a b-2-Microglobulin (B2M) mutant 
colorectal tumor and thus MHC class I negative (Extended Data Fig. 2g), which 
induced reactivity similarly to the other four tested MHC I proficient PDTOs (Extended 
Data Fig. 2c).  
In addition to flow cytometry analysis, we performed RNA sequencing on the seven 
tested PDTOs and identified genes whose expression was linearly associated with the 
measured HSPC-NK cell reactivity ranking (Extended Data Fig. 5). To identify potential 
ligands of HSPC-NK cells, we filtered for genes whose product belong to the Gene 
Ontology terms GO:0009986 (‘cell surface’) and/or GO:0009897 (‘external side of 
plasma membrane’), meaning gene products that are known to be located on the cell 
surface. This resulted in 28 genes for which gene expression was significantly linearly 
associated with HSPC-NK cell reactivity and where the gene product was located on 
the cell surface (Fig. 2d). Of specific interest were carcinoembryonic antigen-related 
cell adhesion molecules (CEACAMs) -5 and -6, whose expression was enriched on 
PDTOs with reduced HSPC-NK cell reactivity. Some members of the CEACAM family, 
like CEACAM1 and CEACAM5 are already known inhibitory NK cell ligands22,23. To 
further support this finding, we used publicly available gene expression data for 597 
colorectal cancer patients from The Cancer Genome Atlas - Colorectal Adenoma and 
Rectal Adenoma (TCGA-COADREAD) datasets annotated with the abundance (tissue 
fraction) of activated NK cells per sample as a proxy for NK cell reactivity (Methods). 
In the TCGA-COADREAD datasets, tumors with a low (below median) abundance of 
activated NK cells also had a significantly higher expression of CEACAM5 
(p=0.00096) or CEACAM6 (p=0.028), compared to tumors with a high (above 
median) abundance of activated NK cells (Extended Data Fig. 4f). Collectively, these 
data indicate that CEACAM-5 and -6 expression seems to negatively correlated with 
NK cell reactivity. Overall, these findings highlight the potential of the HSPC-NK cell 
and PDTOs platform to identify known and novel activating or inhibitory NK cell 
ligands for further experimental validation.  
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Figure 2: HSPC-NK cell tumor organoid specificity and identification of drivers of tumor visibility. a. Bar 
plots of IFN𝛾 and CD107a expression of unstimulated HSPC-NK cells (alone) and upon stimulation with a panel 

of seven tumor organoids (PDTO-03, -12, -06, -10 MMRd, -04, -13 and -10 MMRp) ranked from high to low 
signal. Bars indicate mean ± SEM of three biological replicates (n=3). b. Five bar plots indicating D MFI of 
surface expression of NK cell ligands MICA/B, CD155, ULBP2/5/6, ULBP3 and ULBP4 on tumor organoids 
ranked from high to low NK cell reactivity, as determined in Fig. 2a. Surface expression analysis was performed 
on tumor organoids without IFN𝛾 (mint color) and with IFN𝛾 pre-stimulation (coral color). Bars show mean of two 

biological replicates (n=2). c. Representative flow cytometry plots of unstimulated HSPC-NK cells (alone), 
stimulated with tumor organoids eliciting high NK cell responses (left: PDTO-03, -12), stimulated with tumor 
organoids eliciting low NK cell responses (right: PDTO-10 MMRp, -13) and positive control. d. Heatmap of 
normalized RNA expression (column z-scores) of genes whose expression was linearly associated with the 
order of HSPC-NK cell reactivity in the tested PDTOs (decreasing from top-to-bottom) per Fig. 2a. The depicted 
genes encode for proteins expressed on the external side of the plasma membrane. 
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ICI treatment makes PDTOs less visible to HSPC-NK cells 

To elucidate how treatment with ICI affects HSPC-NK cell reactivity towards PDTOs, 
we analyzed HSPC-NK cell reactivity towards four pre- and on/post ICI treatment 
CRC PDTO pairs (Extended Data Table 2).  
Interestingly, for three out of four PDTO pairs (PDTO-02, 07 and 09), co-culture of 
HSPC-NK cells with tumor organoids derived from patients treated with ICI resulted in 
reduced reactivity compared to tumor organoids derived from the same tumor, prior 
to ICI treatment (Fig. 3a, d; Extended Data Fig. 2e). While per pair changes in ligand 
expression occurred, no ligand seemed to be commonly up- or downregulated 
across all four pairs (Fig. 3f). To expand on the surface ligand flow cytometry analysis, 
we performed differential gene expression analysis on the pairs of pre and post/on-ICI 
PDTOs. When focusing the analysis on the three PDTO pairs that had decreased 
HSPC-NK cell reactivity post/on-ICI, we identified, for example, a higher differential 
expression of UGT1A1, SMOC2 and DRD2 in pre-treatment organoids, while CSPG4 
and MELTF had a higher differential expression in post-treatment organoids (Extended 
Data Fig. 4b, g). The only gene that was consistently upregulated in all four pairs of 
PDTOs post/on-ICI was Chondroitin Sulfate Proteoglycan 4 (CSPG4) (Fig. 3b). To 
validate our finding, we tested the upregulation of CSPG4 gene expression in a larger 
patient cohort of 19 pre- and post/on-ICI MMR-d CRC tumor samples from the 
recently published NICHE study24. In line with our PDTO data, CSPG4 was 
significantly upregulated in post-ICI tumors compared to pre-ICI (Fig. 3c). Surface 
staining of CSPG4 of PDTO-07 also confirmed higher surface expression on post-ICI 
PDTOs (Extended Data Fig. 4e). Importantly, in our TCGA-COADREAD dataset, 
tumors with a low abundance of activated NK cells also had a significantly higher 
expression of CSPG4 compared to tumors with a high abundance of activated NK 
cells (Fig. 3e; Extended Data Fig. 4c). Additionally, as determined by Thorsson et al.35 
in the TCGA-COADREAD dataset there was a striking correlation between CSPG4 
expression and TGFb response gene signature (Extended Data Fig. 4d).  
Taken together, our data suggests that clinical treatment with ICI promotes tumor 
changes that may lead to a decreased PDTO mediated activation of HSPC-NK cells. 
CSPG4 RNA expression, was consistently upregulated in CRC tumors post/on-ICI 
and this may suggest an involvement in tumor escape from NK cell recognition.  
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Figure 3: Comparison of HSPC-NK cell reactivity towards patient-derived tumor organoids pre- and 
post-ICI therapy. a. Bar plots indicating the mean relative change of background-subtracted IFN𝛾 and 

CD107a expression of HSPC-NK cells after co-culture with post-ICI therapy derived PTDOs compared to 
pre-ICI therapy derived PDTOs (n=3; PDTO-09 n=4). Bars pointing to the left indicate reduced HSPC-NK 
cell reactivity. Whiskers indicate SEM. b. Volcano plot indicating differential gene expression between post-
ICI and pre-ICI therapy PDTOs (4 pairs). Vertical and horizontal dotted lines indicate absolute 1.5-fold 
change differential expression threshold and 10% false discovery rate (FDR) threshold, respectively. c. 
Boxplot showing CSPG4 expression of pre and post ICI MSI CRC tumor pairs from NICHE study (n=19 
patients). Boxes, whiskers, and dots indicate quartiles, 1.5 interquartile ranges, and individual data points, 
respectively. Two-sided Wilcoxon rank sum test-based P-value is shown. d. Representative flow cytometry 
plots of HSPC-NK cells indicating IFN𝛾 and CD107a expression in unstimulated condition (NK cells alone), 

upon stimulation with pre-treatment tumor organoids (PDTO-07 pre), post-treatment tumor organoids 
(PDTO-07 post) and positive control. e. CSPG4 expression in TCGA-COADREAD samples with high or low 
abundance of activated NK cells (n=597). f. Heatmap depicting mean fold change of background-
subtracted surface expression (DMFI) of the indicated NK cell ligands on post-ICI therapy PDTOs 
compared to matched pre-ICI therapy PDTOs. PDTOs were pre-incubated with (coral color) or without 
IFN𝛾 (mint color). Red color indicates increased DMFI in post-ICI therapy PDTOs (value > 0), whereas blue 
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color indicates decreased DMFI in post-ICI therapy PDTOs compared to pre-ICI therapy PDTOs (value < 0). 
Box plots indicate the median (line), interquartile range (box), minima and maxima (whiskers). Statistical 
significance was tested with a two-sided Wilcoxon rank sum test. 

IFN𝛾 inhibits HSPC-NK cell PDTO recognition


We next sought to determine the effect of IFN𝛾 on NK cell reactivity, as this is a 

master regulator of (ICI-mediated) anti-tumor immune response. To do so CRC and 
NSCLC tumor organoids were pre-stimulated with or without IFN𝛾 24h prior to the 

NK cell reactivity assays. A trend of decreased HSPC-NK cell reactivity upon IFN𝛾 

exposure was observed in six out of seven tumor organoids (Fig. 4b, Extended Data 
Fig. 2d). PDTO-10 MMRp showed the opposite effect and induced higher HSPC-NK 
cell recognition upon IFN𝛾 pre-stimulation (Fig. 4b, Extended Figure 2d). Although 

exploratory, this case is particularly interesting because both tumor organoids, 
PDTO-10 MMRd and MMRp, were derived from the same patient but from two 
different primary tumors at different time points (Extended Data Table 1). While the NK 
cell ligand phenotype of both tumor organoids is similar, IFN𝛾 stimulation increased 

HLA-DP and HLA-E to greater extent in PDTO-10 MMRd, whereas ICAM-1 
expression is dramatically increased in PDTO-10 MMRp likely facilitating better 
adhesion as previously described9 (Extended Data Fig. 3a, b).  
When we tested IFN𝛾 stimulation in a panel of 15 tumor organoids, NK cell ligand 

expression showed a decrease in expression of TRAILR2 and activating ligand MICA/
B for the majority of tumor organoids and an increase of ICAM-1 as well as the 
inhibiting ligands HLA-C and HLA-E, potentially causing reduced HSPC-NK cell 
activation (Fig. 4a). Notably, HLA-E was one of the most consistently upregulated 
inhibitory ligand across our tumor organoid panel (Fig. 4a, c, Extended Data Fig. 3b). 
PD-L1 was also increased upon IFN𝛾 stimulation but unlikely relevant because of lack 

of PD-1 expression on HSPC-NK cells (Extended Data Fig. 1g). Moreover, we 
observed lowest ICAM-1 increase upon IFN𝛾 stimulation and diminished TRAIL-R2 

and MICA/B expression in both PDTOs (PDTO-03 and -13) that show most notable 
fold change of decreased HSPC-NK cell activation upon IFN𝛾 pre-stimulation (Fig. 4c; 

Extended Data Fig. 2g).  
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Taken together, HSPC-NK cell reactivity towards PDTOs can be decreased upon IFN𝛾 

stimulation of tumor organoids. Particularly, protein surface expression of MICA/B and 
TRAIL-R2 was decreased by IFN𝛾 while expression of inhibiting NK cell ligands, 

especially HLA-E, increased. Most notably is the increase of ICAM-1 which seems to 
tip the balance to better HSPC-NK cell recognition.  

Figure 4: IFN𝛾 pre-stimulation of tumor organoids lowers tumor recognition of HSPC-NK cells changing 

activating and inhibiting ligands landscape. a. Heatmap depicting mean fold change of background-
subtracted surface expression (DMFI) of the indicated NK cell ligands on PDTOs after incubation with IFN𝛾 

versus without IFN𝛾. Red color indicates increased DMFI after incubation with IFN𝛾 (value > 0), whereas blue 

color indicates decreased DMFI after incubation with IFN𝛾 (value < 0). b. Bar plots indicating the mean relative 

change of background-subtracted IFN𝛾 and CD107a expression of HSPC-NK cells after co-culture with 

PDTOs pre-incubated with IFN𝛾 compared to no IFN𝛾 pre-incubation (n=3). Bars of PDTO-03, -12, -06, -10 

MMRd, -04 and -13, pointing to the left, indicate decreased HSPC-NK cell reactivity to IFN𝛾 pre-incubated 

PDTOs (value < 0). The bar of PDTO-10 MMRp, pointing to the right, indicates increased HSPC-NK cell 
reactivity to IFN𝛾 pre-incubated PDTOs (value > 0). Whiskers indicate SEM. c. Bar plots indicating the mean 

background-subtracted surface expression (DMFI) of NK cell ligands PD-L1, HLA-E, HLA-C and HLA-DP on 
PDTOs, ranked from high to low HSPC-NK cell reactivity, per Fig. 2a. Analysis was performed on PDTOs pre-
incubated with IFN𝛾 (coral color) or without IFN𝛾 (mint color). Data is shown for two biological replicates (n=2).  

190

7

Determinants of HSPC-NK cell reactivity towards patient-derived tumor organoids



DISCUSSION


To advance our understanding of personalized tumor recognition using HSPC-NK 
cells as potential therapeutic product in ACT, we employed PDTOs established from 
NSCLC and CRC. Our approach unveiled several key insights: i) allogeneic HSPC-NK 
cells are more reactive toward PDTOs compared to autologous PB-NK cells, ii) known 
activating ligands for NK cells also trigger HSPC-NK cell activation by PDTOs; ii) IFN𝛾 

pre-stimulation of PDTOs can decrease tumor reactivity of HSPC-NK cells; and iii) 
PDTOs from tumors exposed to ICI treatment exhibited reduced visibility to HSPC-NK 
cells. 
Remarkably, the latter observation indicated that HSPC-NK cells exhibited decreased 
IFN- and CD107a expression when stimulated with CRC PDTOs derived from post-
ICI treated tumors compared to their pre-treated counterparts. This implies a potential 
active role of NK cells in ICI response, as previously reported in mouse models4, and 
a subsequent tumor escape mechanism from NK cells during ICI treatment. 
Alternatively, pressure from other immune cells may lead to changes in the tumor that 
indirectly affecting NK cell recognition. To delve deeper into the role of NK cells during 
ICI, we propose a detailed phenotyping of tumor-infiltrating NK cells pre- and post-
ICI. 
Our analysis revealed that the surface proteoglycan CSPG4 was significantly 
upregulated in post-ICI PDTOs and post-ICI tumors from a patient cohort with 19 
matching pre- and post-ICI colon cancer samples. Previously, CSPG4 has been 
associated with tumor progression and lower immune cell infiltration25. Interestingly, 
using the TCGA-COADREAD dataset, we found that CSPG4 expression correlated 
with TGF-b response, which may be in line with an inhibitory effect on NK cells26. 
Although the full mechanism of how tumors become less visible to HSPC-NK cells 
remains to be identified, our findings offer a novel perspective on potential escape 
mechanisms that could be explored to enhance the design of future HSPC-NK cell 
products. 
Similarly, our data underscore a primarily negative role of IFN𝛾 in tumor recognition by 

HSPC-NK cells, which could be considered in future immunotherapies. This underlies 
a dual role of IFN𝛾 signaling for tumor immune responses. IFN𝛾 stimulation of the 

191

Determinants of HSPC-NK cell reactivity towards patient-derived tumor organoids

7



majority of PDTOs resulted in decreased HSPC-NK cell reactivity and was associated 
with decreased expression of MICA/B and TRAIL-R2 as well as an increased 
expression activating ligand ICAM-1 and of inhibitory ligands such as HLA-E, PD-L1, 
or classical MHC class I. Demonstrating the fine-tuned balance of activating and 
inhibiting ligands that determines NK cell activation. Of note, PD-L1 increase does not 
interfere with HSPC-NK cell reactivity as they do not express PD-1. Supporting our 
findings on reduced reactivity upon IFN𝛾 stimulation, a recent in vivo CRISPR screen 

on immune evasion mechanisms by Dubrot et al. linked the loss of IFN𝛾 signaling to 

immune sensitization mediated by NK cells and CD8+ T cells7. They also identified 
HLA-E as one of the most broadly upregulated immune inhibitory checkpoints, 
leading to CD8+ T cell inhibition, hence supporting the potential of inhibitory NKG2A 
antibodies, such as monalizumab, which is currently being tested in clinical studies, 
as a combination with ICI treatment27. Additionally, CRISPR Cas9 knockout of 
NKG2A in primary NK cells facilitated their cytotoxic potential against multiple 
myeloma28.  
Beyond the surface expression of known inhibitory ligands, TCGA-COADREAD and 
PDTO gene expression data of CEACAM-5 and -6 correlated with lower HSPC-NK 
cell activation by PDTOs. An inhibitory effect of CEACAM-1/5 on NK cell reactivity has 
been reported previously18,19, supporting our data and hinting at similar properties for 
CEACAM-6. Conversely, surface expression of activating ligands like MICA/B and 
ULBP3/4 positively correlated with HSPC-NK cell reactivity, suggesting these may be 
targets to enhance immune responses through NK cell activation.  
While HSPC-NK cells and PDTOs provide a promising model system to understand 
drivers of NK cell reactivity and differences between pre- and post-ICI treatment 
samples, translating these findings to intratumoral NK cells should be considered 
carefully. Although a detailed comparison to patient NK cells is out of scope for our 
work, our findings suggest that HSPC-NK cell generally outperform autologous 
derived NK cells from peripheral blood. Though it has to be noted that the autologous 
NK cells were primed with IL-2 instead of IL-15 and IL-12, an enhanced HSPC-NK 
cell reactivity could imply possible dysfunction of patient-derived NK cells or generally 
improved tumor reactivity of HSPC-NK cells.  
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In summary, our findings contribute to improve the design of future HSPC-NK cell 
products to overcome tumor escape mechanisms, such as the expression of 
inhibitory ligands or resistance mechanisms that arise during ICI therapy. Furthermore, 
our data suggests a potential benefit of combining ICI therapy with treatments 
targeting NK cells to improve immune responses. 
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METHODS 


Organoid models and culture  
Tumor organoids were established from resection or biopsy material of NSCLC, 
MMR-d and MMR-p CRC tumors (Extended Data Table 1). Normal organoids were 
derived from healthy colon of lung tissue. Establishment of the organoids was 
performed as previously reported17,18,24. In short, tumor or normal tissue was 
dissociated mechanically and by digestion with 1.5 mg/mL of collagenase II (Sigma-
Aldrich), 10 mg/mL of hyaluronidase type IV (Sigma-Aldrich) and 10 mM Y-27632 
(Sigma-Aldrich). After dissociation, cells were embedded in Cultrex® RGF BME Type 
2 (cat no. 3536-005-02, R&D systems) and incubated at 37° upside down for 20 min. 
In the first two weeks of organoid culture establishment 1x Primocin (Invivogen) was 
added to prevent microbial contamination. Depending on tissue origin organoids were 
cultured in presence of the respective medium. Human CRC organoid 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). For normal 
colon organoids, the base medium composition was adjusted to 50% Wnt3A-
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conditioned medium, 20% Ad-DF+++, 10% Noggin-conditioned medium and 20% R-
spondin1-conditioned medium. NSCLC and normal airway organoid 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, 10% R-spondin1-
conditioned medium, 1x B27 supplement with vitamin A (GIBCO), 1.25 mM N-
acetylcysteine (Sigma-Aldrich), 10 mM nicotinamide (Sigma-Aldrich), 25 ng/mL 
human recombinant FGF-7 (Peprotech), 100 ng/mL human recombinant FGF-10 
(Peprotech), 500 nM A83-01 (Tocris), 1 μM SB202190 (Cayman Chemicals) and 5 
mM Y-2763 (Sigma-Aldrich). Depending on the growth, organoids were passaged 
every 1-2 weeks by incubation with TrypLE Express (Gibco) for 5-15 min followed by 
embedding in BME, 20 min incubation at 37° and addition of the respective culturing 
medium. Medium was changed every 3-4 days. Organoids were authenticated by 
SNP array or STR profile and frequently tested for Mycoplasma using Mycoplasma 
PCR43 and the MycoAlert Mycoplasma Detection kit (cat no. LT07-318). Procedures 
performed with patient specimens were approved by the Medical Ethical Committee 
of the Netherlands Cancer Institute – Antoni van  Leeuwenhoek hospital (study 
NL48824.031.14 and previously reported clinical trial NCT030261402). Written 
informed consent was obtained from all patients.  
  
Phenotyping of tumor organoids by flow cytometry  
To analyze surface protein expression, tumor organoids were dissociated to single 
cells using pre-warmed TrypLE (Gibco). After sufficient dissociation cells were washed 
with cold PBS and filtered through a 40 mm filter (Corning). Cold FACS buffer (PBS 
(Gibco), 5 mM EDTA (Lonza), 1% bovine serum albumin (Sigma-Aldrich)) was used for 
a second washing step and as staining buffer. For NK cell ligand phenotyping cells 
were stained with ULBP1-AF647 (1:20, 
170818, R&D Systems), ULBP3-PE (1:10, 166510, R&D Systems), ULBP2/5/6-
BV421 (1:20, 165903, R&D Systems), CD112-AF488 (1:20, 610603, R&D Systems), 
PD-L1-APC (1:200, MIH1, Invitrogen), ULBP4-PE (1:10, 709116, R&D Systems), 
HLA-E-BV421 (1:20, 3D12, BD Biosciences), CD155-FITC (1:100, SKIL4, 
BioLegend), MICA/B-PECy7 (1:20, 6D4, BioLegend), HLA-C-PE (1:10, DT9, BD 
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Biosciences), Fas-BV421 (1:20, DX2, BioLegend), ICAM-FITC (1:80, HCD54, 
BioLegend), CD58-APC (1:20, TS2/9, BioLegend), HLA-A, B, C-PE (1:20, W6/32, BD 
Biosciences), HLA-DP-BV421 (1:40, B7/21, BD Biosciences), CD80-PECy7 (1:30, 
2D10, BioLegend), TRAIL-R2-PE (1:20, DJR24, BioLegend), FasL-BV421 (1:20, 
NOK1, BioLegend), HLA-DP, DQ, DR-FITC (1:20, TU39, BD Biosciences), TRAIL-R1-
APC (1:40, DJR1. BioLegend) and near-infrared viability dye (1:2000, Life 
Technologies Thermo Fisher). Cells were incubated for 30 min at 4°C in the dark and 
washed twice with cold FACS buffer before recording a Becton Dickinson Fortessa.  
  
Reactivity assay autologous NK cells  
PBMCs were isolated from peripheral blood using Ficoll-Paque and cryopreserved for 
later usage. For further analysis PBMCs were thawed one day prior to the experiment. 
Isolation of untouched NK cells from PBMCs was performed using a MicroBeads NK 
cell isolation kit (Miltenyi) according to manufacturer’s protocol. To test NK cell 
reactivity, either PBMC’s or isolated NK cells were co-cultured with tumor organoids 
similarly to a previous publication from our group (Extended Data Table 3)17,18. In brief, 
one day prior to the experiment PBMCs were thawed and resuspended at 2*106 
cells/mL in culture medium (RPMI (Gibco) supplemented with 10% human serum 
(Sigma-Aldrich), 1% Ultraglutamine I (Lonza), 1% Penicillin/Streptomycin (GIBCO)) and 
150 U/mL IL-2 (Peprotech). 200 ng/mL IFN𝛾 (Peprotech) was added to tumor 

organoids 24h before reactivity assay. The next day, tumor organoids were 
dissociated to single cells using TrypLE Express (Gibco) and resuspended at 5*104 

cells/mL in culture medium. Then either PBMCs or NK cells, isolated from PBMCs 
using a microbeads untouched NK cell isolation kit (Miltenyi Biotec), were 
resuspended at 1*106 cells/mL in culture medium before plating at a 1:1 ratio tumor 
organoids in a 96-well round bottom plate and 150 U/mL IL-2.   Culture medium 
including IL-2 was refreshed after 2-3 days. Reactivity readout was performed after 
one week. Tumor organoids were again pre-stimulated with IFN𝛾 24h before readout, 

dissociated to single cells and resuspended at 1*106 cells/mL in culture medium. 
PBMCs or NK cells were collected and resuspended at 2*106 cells/mL in culture 
medium before 50ml were added to a 96-well round bottom plate. Depending on the 
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condition 50ml of tumor organoid suspension, culture medium alone or PMA (Sigma-
Aldrich) / Ionomycin (Sigma-Aldrich) was added. CD107a-PE (1:50, H4A3, BD 
Biosciences) was added to all conditions before one hour incubation at 37°C and 
subsequent addition of 4x GolgiSTOP/PLUG (BD Biosciences). After 3.5 hours cells 
were washed with FACS buffer and stained for surface marker CD3-FITC (1:50, SK7, 
BD Biosciences), 1:40 CD16-AF700 (1:40, B73.1, BioLegend), CD56-BV605 (1:40, 
HCD56, BioLegend). Intracellular staining with IFN𝛾-APC (1:40, B27, BD Biosciences) 

was performed after fixation/ permeabilization solution kit (BD Biosciences). After 
appropriate washing steps, cells were resuspended in FACS buffer and recoded at a 
Becton Dickinson Fortessa. 
  
HSPC-NK cell establishment and phenotyping 
HSPC-NK cells were derived from CD34+ progenitor cells isolated from UCB units. 
These units were either derived from the Radboudumc cord blood bank (banked after 
written informed consent) (donor 1) or collected at caesarean sections after written 
informed consent (approved by the Radboudumc Committee for Medical Research 
Ethics CMO 2014/226) (donor 2-4). 
NK cells were cultured and phenotype was determined at the end of the 35-day 
culture process as previously described method15. Donor 1 was cultured and stained 
according to the GMP compliant method, while donor 2-4 were cultured and stained 
according to the pre-validation method. Briefly, isolated CD34+ cells were cultured in 
NK MACS medium (Miltenyi Biotec) with 10% Human serum (HS, Sanquin 
Bloodbank, Amsterdam, The Netherlands), that contained a specific mix of TPO (25 
ng/ml, Immunotools, 500 U/ml, Miltenyi Biotec), FLT3L (25 ng/ml, Immunotools or 25 
U/ml, Miltenyi Biotec), SCF (25 ng/ml, Immunotools or 25 U/ml, Miltenyi Biotec), IL7 
(25 ng/ml, Immunotools or 2000 U/ml, Miltenyi Biotec), IL15 (50 ng/ml, Immunotools 
or 1000 U/ml, Miltenyi Biotec), IL12 (0.2 ng/ml, Immunotools or 0.25 U/ml, R&D 
systems) and/or SR1 (5 µM, Ardena) as described. Donor 1 was cultured in VueLife 
118 (day 1-7) and 750 AC (day 7-35) cell culture bags (Saint-Gobain) with cytokines 
in U/ml, while donor 2-4 were cultured in 6-well plates (Corning) with cytokines in ng/
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ml. Every 3-4 days, cell were diluted to around 2 million/ml based on Trypan Blue cell 
counting by adding fresh culture medium in a 1:3, 1:4 or 1:5 ratio.  
For phenotyping, cells were stained for CD56-BV510 (Biolegend, #318340), NKG2A-
PE-Cy7 (Beckman Coulter, #B10246), DNAM-1-FITC (Biolegend, #337104), NKp46-
PE (Biolegend, #311908) and NKG2D-APC (Biolegend, #320808) (donor 1) or CD56-
PE-Cy7 (Biolegend, #318318), NKG2A-APC (Beckman Coulter, #A60797), DNAM-1-
FITC (BD, #559788), NKp46-PE (Biolegend, #331908) and NKG2D-APC (Biolegend, 
#320808) (donor 2-4). Approximately 200.000 cells were stained in PBS/0.5% BSA at 
40C for 30 min. Cells were washed before staining and twice after staining. Cells were 
then resuspended in PBS/0.5% BSA containing 7-AAD (1:1000, Sigma, #A9400) 
(donor 1) or PBS/0.5% BSA containing Sytox Blue (1:5000, Invitrogen, #S34857) 
(donor 2-4). Cells were acquired using the Navios (donor 1) or Gallios (donor 2-4) flow 
cytometers and analyzed by Kaluza V2.1.3.  
PD-1 expression was determined on 3 different HSPC-NK cell donors generated 
using the pre-validation method. Briefly, approximately 200.000 cells were stained for 
CD56-BV510 (Biolegend, #318340) and CD279-BV421 (BD, #562516) and eFluor 
780 (Invitrogen, #2082592, 1:1000 diluted) in PBS/0.5% BSA at 40C for 20 min. Cells 
were washed before staining and twice after staining. Cells were resuspended in 
PBS/0.5% BSA and acquired using the Gallios flow cytometer and analyzed by 
Kaluza. 
  
Reactivity assay HSPC-NK cells  
HSPC-NK cells were thawed one week prior to the reactivity assay and resuspended 
at 1.5x106 cells/mL in NK MACS medium (Miltenyi Biotec) supplemented with 10% 
human serum, 1% Penicillin/Streptomycin, 50 ng/mL IL-15 (Peprotech) and 0.2 ng/
mL IL-12 (Peprotech). HSPC-NK cells were plated in a 6-well plate at 3 mL/ well and 
1 / 1.5mL of NK MACS medium including supplements was added at day 2 and 5 
respectively. At the day of the reactivity assay HSPC-NK cells were resuspended at 
2*106 cells/mL in NK cell medium (IMDM (Gibco), 10% human serum, 1% Penicillin/
Streptomycin). For comparison of the effect of IFN𝛾 tumor organoids were or were not 

pre-stimulated with 20 ng/mL IFN𝛾 24h prior to the readout. Then, tumor organoids 
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were dissociated to single cells and resuspended at 1*106 cells/mL in NK cell 
medium. CD107a-FITC (1:50, H4A3, BioLegend) and PMA/Ionomycin control were 
prepared in NK cell medium. Depending on the desired condition, 50 mL of NK cell 
medium, for the alone control, tumor organoid suspension or PMA/Ionomycin were 
added to 50 mL of HSPC-NK cells and 50 ml CD107a staining solution in a 96-well 
round bottom plate. Cells were incubated for one hour at 37°C before adding 
GolgiSTOP/PLUG to a total volume of 200 mL/well. After 3.5h cells were first stained 
with CD56-BV605 (1:40, HCD56, BioLegend), followed by intracellular staining of 
Perforin-PE (1:50, DG9, BioLegend) and IFN𝛾-APC (1:40, B27, BD Biosciences) after 

permeabilization and fixation. Finally, cells were resuspended in FACS buffer and 
recoded at a Becton Dickinson Fortessa. 
  
Killing assay HSPC-NK cells  
HSPC-NK cells were thawed and prepared as described above and resuspended at 
0.3*106 cells/mL in NK cell medium. Tumor organoids were collected and similarly to 
the previously described protocol14 adjusted to a concentration of 0.3*106 single cell 
equivalents/mL in NK cell medium with 10 mM Y-2763. 100 mL of HSPC-NK cells or 
NK cell medium, for the alone control, were then added to 100 mL of tumor organoid 
suspension in a 96-well flat bottom plate. Light microscopy pictures were taken using 
a Axio Vert.A1 (Zeiss) immediately after plating and after 48h.  
  
NICHE study data 
Raw RNA reads (FASTA files) of microsatellite instable cancers before and after dual 
immune checkpoint blockade (anti-PD-1 plus anti-CTLA-4) were obtained from the 
NICHE study24 (ClinicalTrials.gov: NCT03026140) and aligned to the human reference 
genome (GRCh38) with STAR (v.2.7.7a)29 using the default settings in two-pass 
mode. For gene expression quantification, we used the gencode.v35.annotation.gtf 
annotation file. 
  
Differential gene expression analysis (NICHE) 
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Differential RNA expression of CSPG4 between microsatellite instable cancers in the 
NICHE trial before and after dual immune checkpoint blockade was tested using 
EdgeR30  (v.3.28.1) and Limma/Voom31 (v.3.42.2), following standard procedures: (i) 
filtering of low-expressed genes, (ii) normalization factors calculation using EdgeR, (iii) 
residual calculation using Voom, (iv) differential expression testing using Limma with 
empirical Bayes smoothing. 
  
RNA sequencing tumor organoids 
Cells were homogenized in the RLT buffer (79216, Qiagen) and total RNA was 
isolated using the RNeasy Mini Kit (74106, Qiagen) including an on-column DNase 
digestion (79254, Qiagen), according to the manufacturer’s instructions. Quality and 
quantity of the total RNA was assessed on the 2100 Bioanalyzer instrument following 
manufacturer’s instructions “Agilent RNA 6000 Nano” (G2938-90034, Agilent 
Technologies). Total RNA samples were subjected to TruSeq stranded mRNA library 
p r e p a r a t i o n , a c c o r d i n g t o t h e m a n u f a c t u r e r ' s i n s t r u c t i o n s 
(Document  #  1000000040498 v00, Illumina). The stranded mRNA libraries were 
analyzed on a 2100 Bioanalyzer instrument following the manufacturer’s protocol 
“Agilent DNA 7500 kit” (G2938-90024, Agilent Technologies), diluted to 10nM and 
pooled equimolar into multiplex sequencing pools for paired end sequencing on the 
NovaSeq 6000 Illumina sequencing instrument. Paired-end sequencing was 
performed using 54 cycles for Read 1, 19 cycles for Read i7, 10 cycles for Read i5 
and 54 cycles for Read 2, using the NovaSeq6000 Reagent Kit v1.5 (100 cycles) 
(20028401, 20028318, Illumina). On average 20 M paired reads per sample were 
generated. Reads were processed using the nf-core RNAseq analysis pipeline 
(v3.1.20)32. Briefly, raw reads were first filtered for low sequencing quality and read 
length using Trim Galore  (v0.6.7). Next reads were then aligned to the 
GENCODE  human reference genome (GRCh38, v35)  using STAR (v2.7.9a)29 
with  default settings  in two-pass mode. Lastly, gene abundances were quantified 
from alignments using feature Counts (v2.0.1). 
  
Differential gene expression analysis (PDTOs, TCGA) 
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Count normalization and differential gene expression analysis was performed using 
DESeq2 (v.1.38.3)33 after pre-filtering genes with low expression (<10 counts across 
samples). The lfcShrink function with the apeglm (v.1.20.0)34 package was used to 
shrink log2 fold changes. Pre/post-ICB organoids were compared using a paired 
design (expression ~ patient + timepoint). In the tumor organoid panel, to identify 
genes for which expression was linearly associated with the level of HSPC-NK cell 
reactivity, a linear regression of log2 gene expression on NK reactivity rank was 
performed (expression ~ NK_reactivity_rank). Genes were defined as significantly 
differentially expressed at a Benjamini-Hochberg/FDR adjusted P value <0.1, and for 
the pre/post-ICB organoid comparison, additionally an absolute (shrunken) fold 
change >1.5. Raw counts were vst-normalized for subsequent principal component 
analysis (PCA) and generation of heatmaps. Genes encoding for surface-expressed 
proteins were defined as those belonging to the gene ontology (GO) terms GO: 
0009986 (‘cell surface’) and/or GO: 0009897 (‘external side of plasma membrane’). 
  
TCGA data and abundance of activated NK cells 
Public RNA gene expression data (raw counts) from The Cancer Genome Atlas 
(TCGA) colorectal adenocarcinoma (COADREAD) datasets were downloaded through 
the GDC data portal (https://portal.gdc.cancer.gov). Samples were matched to the 
COADREAD samples used in the extensive immunogenomic analysis published by 
Thorsson et al., which includes the data on the tissue fraction (abundance) of 
activated NK cells and immune gene expression signature scores used in this work35. 
This resulted in a total of 597 samples available for downstream analysis.  
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Extended Data Fig. 1: Phenotyping of autologous and HSPC-NK cells and reactivity of autologous sub-
populations by flow cytometry. a. Schematic overview of the experimental setup and readout of the 
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autologous NK cell reactivity assays. NK cells derived from PBMC’s were stimulated with tumor organoids, 
which were established from tumor material of the same patient as the collected PBMCs. Tumor reactivity of 
the autologous NK cells was assessed by IFN𝛾 expression. Representative flow cytometry plots showcase a 
tumor reactive, PDTO-11, and non-reactive, PDTO-12. b. Bar plots indicating mean background-subtracted 
IFN𝛾 expression of HSPC-NK cells after co-culture with PDTOs. Data is shown for 3 or more biological 
replicates (n³3). Whiskers indicate SEM. c. Flow cytometry gating strategy for single, live, CD56bright CD16- NK 
cells of a representative autologous NK cell sample showing sequential gating including percentages. Indicated 
gating strategy was used for all autologous NK cell reactivity assays to determine IFN𝛾 expression. d. Top: 
Representative flow cytometry plot of autologous NK cells (aNK-11) derived from patient PBMCs showing 
distribution of three sub-populations (CD56bright CD16-, CD56dim CD16- and CD56dim CD16). Bottom: Bar plots 
presenting mean percentage of autologous NK cell sub-populations (CD56bright CD16-, CD56dim CD16- and 
CD56dim CD16+) after priming at the time of reactivity assay with respective tumor organoids. e. IFN𝛾 
expression of unstimulated NK cells of each sub-population (top) and IFN𝛾 expression of NK cells stimulated 
with respective tumor organoids PDTO-11 (bottom). f. Three bar plots of IFN𝛾 expression of autologous NK cell 
sub-populations (left to right: CD56bright CD16-, CD56dim CD16+ and CD56dim CD16-) upon tumor organoid 
stimulation. Background signal of unstimulated NK cells has been subtracted from respective IFN𝛾 signal. Data 
is shown for at least 3 biological replicates (n³3) except for PDTO-12, -07 pre (n=2). g. Flow cytometry gating 
strategy shows an example of the gating strategy used to determine markers expressed by the NK cells. First, 
a scatter gate is placed to gate out debris. Next, live cells are gated followed by gating on CD56+. Receptor 
expression is then determined by gating within the CD56+ cells based on IgG isotype controls which were set 
between 1 and 2% as shown for NKG2A-APC. Right flow cytometry plot showing PD-1 expression.  
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Extended Data Fig. 2: Extended analysis of HSPC-NK cell tumor organoids reactivity, including 
mutational profile of tumor organoid panel and MHC-I/II expression. a. Flow cytometry gating strategy for 
single, live, CD56+ Perforin+ NK cells of a representative HSPC-NK cell donor sample showing sequential 
gating including percentages. Indicated gating strategy was used for all HSPC-NK cell reactivity assays to 
determine IFN𝛾 and CD107a expression. b. Bar plots of IFN𝛾 and CD107a expression of two HSPC-NK cell 

donors (donor 1 and 2) and three independent experiments upon stimulation with PDTO-03, -04, -08, -10 
MMRp or no tumor organoids stimulation (NK cells alone). Bars indicate mean of two technical replicates. c. 
Bar plots indicating IFN𝛾 and CD107a expression of unstimulated HSPC-NK cells (alone) or stimulated with 

tumor organoids (PDTO-03, -04, -08, -09 pre and -10 MMRp) in presence (sand color) or absence (blue color) 
of combined NKG2D and DNAM-1 ligand blocking (n=2). d. Bar plots indicate D IFN𝛾 and CD107a expression 

of HSPC-NK cells upon stimulation with tumor organoids (PDTO-03, -12, -06, -10 MMRd, -04, -13 and -10 
MMRp) with (+) or without (-) IFN𝛾 pre-stimulation for 24h (n=3). Whiskers indicate SEM. e. Bar plots indicate D 

IFN𝛾 and CD107a expression of HSPC-NK cells upon stimulation with tumor organoids derived pre and on/

post ICB treatment (n=3 except PDTO-09 with n=4). Whiskers indicate SEM. f. Flow cytometry gating strategy 
for single and live cells from a representative tumor organoids sample showing sequential gating including 
percentages. Indicated gating strategy was used for NK cell ligand and MHC surface expression analysis. g. 
Two bar plots indicating D MFI of MHC-I (left) and MHC-II (right) surface expression on tumor organoids. 
Surface expression analysis was performed on tumor organoids without IFN𝛾 (blue color) and with IFN𝛾 pre-

stimulation (sand color).  
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Extended Data Fig. 3: Extensive NK cell ligand surface expression phenotyping of tumor organoids. a. 
Heatmap presenting fold change of NK cell ligand surface expression of tumor organoid pair PDTO-10 MMR-d 
and MMR-p stimulated with IFN𝛾 compared to no IFN𝛾 stimulation. Red color indicates increased DMFI upon 

IFN𝛾 stimulation (value > 0), whereas blue color indicates decreased DMFI upon IFN𝛾 stimulation (value < 0). 

Rows indicate tumor organoid samples and columns indicate NK cell ligands. b. Bar plots indicating D MFI of 
surface expression of whole NK cell ligand panel on tumor organoids included in HSPC-NK cell reactivity 
assays. Surface expression analysis was performed on tumor organoids without IFN𝛾 (mint color) and with IFN𝛾 

pre-stimulation (coral color). Bars show mean of two biological replicates (n=2). 
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Extended Data Fig. 4: RNA expression analysis of patient-derived tumor organoids. a. PCA plot of the 

gene expression profiles of the four pre/post-ICI therapy PDTO pairs. b. Volcano plot indicating differential gene 

expression between post-ICI and pre-ICI therapy PDTOs of three pairs which elicited lower HSPC-NK cell 

reactivity by stimulation with post-ICI PDTOs. Vertical and horizontal dotted lines indicate absolute 1.5-fold 

change differential expression threshold and 10% false discovery rate (FDR) threshold, respectively. c. Boxplot 

depicting the dichotomization of the abundance of activated NK cells in the TCGA-COADREAD dataset 

(n=597). The dotted line indicates the median, used to define low and high abundance of activated NK cells. d. 

Dot plot depicting the normalized expression of CSPG4 and the TGF-beta response signature score in the 

TCGA-COADREAD samples (n=597). A two-tailed Spearman correlation analysis was performed. ρ = 

Spearman correlation coefficient. e. Bar plots indicating surface expression of CSPG4 of PDTO-07 pre vs. post 

ICI (n=2). Whiskers indicate SEM. f. CEACAM5 and CEACAM6 expression in TCGA-COADREAD samples with 

high or low abundance of activated NK cells (n=597). g. Paired boxplots depicting the normalized expression 

level of selected differentially expressed genes between pre-ICI and post-ICI therapy PDTOs. Box plots indicate 

the median (line), interquartile range (box), minima and maxima (whiskers). Statistical significance was tested 

with a Wilcoxon signed-rank test. 

Extended Data Fig. 5: Genes linearly associated 
with order of HSPC-NK cell reactivity. a. Heatmap 
of normalized RNA expression (column z-scores) of 
genes whose expression was linearly associated with 
the order of HSPC-NK cell reactivity in the tested 
PDTOs (decreasing from left-to-right) per Fig. 2a. 
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Extended Data Table 1: Patient derived (tumor) organoid information


Extended Data Table 2: Information pre and on/post samples for PDTOs and 
patient treatment response.
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Extended Data Table 3: Autologous NK cell reactivity by sub-populations.


Extended Data Table 4: Antibodies used for phenotyping of PB-NK cells and 
PDTO’s. 
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Extended Data Table 5: Phenotyping of HSPC-NK cells.  

213

Determinants of HSPC-NK cell reactivity towards patient-derived tumor organoids

7



 

Each and every one of us has been born into a given historical reality, ruled by 
particular norms and values, and managed by a unique economic and political 
system. We take this reality for granted, thinking it is natural, inevitable and 
immutable. We forget that our world was created by an accidental chain of 
events, and that history shaped not only our technology, politics and society, but 
also our thoughts, fears and dreams. The cold hand of the past emerges from the 
grave of our ancestors, grips us by the neck and directs our gaze towards a 
single future. We have felt that grip from the moment we were born, so we 
assume that it is a natural and inescapable part of who we are. Therefore, we 
seldom try to shake ourselves free, and envision alternative futures.  

Yuval Noah Harari 



 

8General Discussion and 
Summary






The success stories of cancer immunotherapy in the past decade have undoubtedly 
changed clinical treatment of cancer patients and allowed scientists to dream bigger. 
From trispecific NK cell engagers1 over epigenetic engineering of chimeric antigen 
receptor (CAR) T cells2 to in vivo gene immunotherapy using RNA interference 
(RNAi)3, the possibilities seem endless.  
In this thesis we focused to a large extent on immune checkpoint inhibitor (ICI) 
treatment, which utilizes antibodies that block certain inhibiting signals to unleash 
anti-tumor immune responses. Even though it will be difficult to find any cancer 
immunotherapy publication that does not cite the impressive patient response rate to 
ICI treatment (rightfully so)4,5,6,7,8, the underlying principle is rather simple compared to 
the above-mentioned cancer immunotherapy strategies. So why is there no end in 
sight of research on ICI treatment? Why are we still in the dark when it comes to 
accurate treatment response prediction? I don’t have the full answer, but I believe it is, 
at least to some extent, due to the fact that we try to decipher the interplay of two 
unique and vastly complex systems – the immune system and the tumor.  
In order to capture such complexity and facilitate translation to clinical therapies, 
choosing the right model system is of high importance. Using patient-derived tumor 
organoids not only allowed us to capture characteristics of the original tumor9,10 but 
also to use autologous immune cells to dissect personalized immune responses.  
In this thesis, we present our initial findings of a whole genome CRISPR Cas9 screen 
in tumor organoids which identified a novel resistor gene to autologous CD8+ T cell 
killing. Further, we explored the potential of combining tumor organoid and 
autologous co-cultures with chromatin accessibility analysis to better characterize T 
cell subsets and relevant regulatory elements for anti-tumor responses. By looking 
beyond T cells, we were able to explain how tumors invisible to CD8+ T cells can 
respond to ICI treatment and how tumors may evade NK cell recognition. Although 
the research of this thesis covers only a tiny area of the field of cancer 
immunotherapy, it provides an idea of the complexity we embark on.  

In Chapter 2, Emile Voest and I provide an extensive overview of the potential of 
patient-derived tumor organoids for precision medicine. Summarizing immense efforts 
in preclinical and fundamental research, we describe the opportunities that tumor 
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organoids offer for a better understanding of, for example, immunotherapies, genomic 
screens or proteomic focused approaches. Their versatility makes them accessible for 
numerous technologies and drug testing. However, we considered clinical 
implementation more challenging due to sometimes slow establishment rates, 
missing prospective studies and lack of a tumor microenvironment or vascular 
system. Since the review was published in mid 2021, genomic screens and CRISPR 
engineering of tumor organoids have gained further popularity11. Notable is the recent 
enthusiasm from the Pharma industry to invest in organoids for drug discovery and 
development, as done by Roche12. Although limitations of organoid cultures should 
not be neglected and a combination of different model systems, as well as integrated 
clinical data, is likely most beneficial for cancer research, tumor organoids are help us 
improve our understanding of personalized cancer biology.  
Given those considerations and opportunities of tumor organoids, we embarked on a 
mission to perform a fully autologous whole genome CRISPR Cas9 knockout screen 
in patient-derived tumor organoids to identify mediators of T cell killing. This effort and 
its initial results are described in Chapter 3. Tumor reactive CD8+ T cells were 
generated as previously described13,14 and then co-cultured with library transduced 
tumor organoids. Using this screening effort in combination with an IFN𝛾 cytokine 

screen, showed that T cell killing was mainly mediated by IFN𝛾 and identified 

galactosyltransferases as potential modulators. The technical challenge of this 
endeavor was mainly the production of sufficient autologous tumor reactive T cells, 
since only a few pairs of tumor organoids and PBMCs elicit high T cell cytotoxicity 
and expansion potential can deviate. Using a minimal whole genome library improved 
the feasibility of using an autologous system but future screens may consider tissue 
specific or otherwise targeted screens to reduce complexity. Another obstacle, which 
needs to be addressed by future experiments, were missing hits in the antigen 
presenting machinery pathway. Likely as a result of T cell unrelated cell death due to a 
bystander effect or culture conditions, demonstrated challenges of this project and 
highlight the importance of validation experiments. Currently, additional screens of 
other pairs are being performed and analyzed as they should help to evaluate shared 
or patient model specific hits. Of special interest for future research is also to unveil 
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the role of proteoglycans, specifically galactosyltransferase B4GALT7, in respect to 
anti-tumor T cell responses.  
While Chapter 3 looked at influences of T cell cytotoxicity on the tumor side, in 
Chapter 4 we focused on the changes of T cells upon tumor organoid interaction. 
Here, we assessed the feasibility of scATAC sequencing of co-culture cell products, 
which comes with some challenges. Autologous PBMCs from cancer patients are a 
limited source. To ensure true representation of all T cell populations each condition 
should be established with a cell count that sufficiently represents the various T cell 
populations, hence the number of conditions needed to be carefully considered. Also, 
while taking into account that a certain loss of cells will occur during sample 
processing. Using a plate-based approach, which requires sorting of single cell nuclei, 
turned out to be not optimal for handling of small and perhaps fragile PBMCs. We 
speculated that a droplet-based approach, as offered by 10x Genomics, could 
improve our readout. Furthermore, our comparison to bulk ATAC taught us that this 
approach was technically more feasible but deconvolution of smaller immune sub-
sets is dependent on available ATAC datasets, which are scarce compared to RNA 
sequencing data. An optimal setting for future experiments is likely to first select 
optimal conditions, including time points which represent T cell changes upon tumor 
organoid interaction and to lesser extent of culturing conditions, and then scaling up 
to a larger sample size. Such experiments could perhaps be based on RNA 
sequencing as deconvolution of sub-populations would be easier, a combination with 
bulk ATAC to reduce costs and then performing scATAC with an improved protocol 
as the final readout. A combination of scATAC with scRNA sequencing would be ideal 
but is costly. This approach could eventually facilitate the identification of T cell 
subsets and regulatory elements which are crucial for anti-tumor immune responses. 
Moreover, it would be interesting to test if such T cell subsets differ between ICI 
treatment responder or non-responder as it may has predictive value to treatment 
response. Overall, I believe that there is much more to learn from PBMCs, especially 
peripheral blood T cells, than we are currently grasping.  
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In Chapter 5 we step away from conventional T cells and focus on 𝛾𝛿 T cells, an 

immune cell type that bridges the adaptive and innate immunity. Starting with a riddle 
of how HLA class I deficient MMR-d CRC can respond to ICI treatment when CD8+ T 
cells are excluded as effectors, we identified V𝛿1 T cells as potential mediators of ICI 

response. We combined extensive phenotype analysis by scRNA sequencing of 
tumor infiltrating 𝛾𝛿 T cells, data analysis on large patient’s cohorts including ICI 

responder and non-responder, B2M wildtype and knockout isogeneic tumor organoid 
models and imaging mass cytometry on patient tumor samples from the NICHE study 
pre and post ICI treatment, in an outstanding team effort. Our results expand our 
knowledge on cellular mechanisms that drive ICI response and suggest that 𝛾𝛿 T cell 

therapies may overcome limitations of conventional T cells. However, the insights we 
gained led to even more questions. The full mechanism of tumor recognition by V𝛿1 T 

cells remains unclear and identification of the respective TCR is under investigation. A 
possible immune cell-cell crosstalk with, for example, CD4+ T cells is another avenue 
that may be pursued in the future. Moreover, it is yet to be determined if the presence 
of likely more active CD103+ PD1+ 𝛾𝛿 T cells in MMR-d tumors15 is a result of 

presence of other activated immune cells or if MMR/MSI status has a direct effect on 𝛾𝛿 T cell.  

This brings us to Chapter 6 which follows up on this open question. Here, we present 
initial findings that indeed CRC cells with an MSI signature seem to elicit stronger V𝛿1 

T cell reactivity compared to CRC with an MSS signature. Using an isogenic HT29 cell 
line model system, established by the Bardelli group, we also showed that 
interference with B2M in MMR-p/MSS CRC cells increases V𝛿1 T cell reactivity. To 

confirm the results and draw more conclusions we first need to expand our findings 
to a larger sample size of V𝛿1 T cells and tumor models. However, these initial results 

will be interesting to follow up on as they suggest that a. in depth mechanistic 
characterization why and how MMR/MSI status influences V𝛿1 T cell reactivity can 

open up opportunities to make MMR-p tumors more immunogenic and b. therapies 
targeting B2M or other components of the HLA class I could improve V𝛿1 T cell 

responses in patients that are currently not responding to ICI treatment.   
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Lastly, in Chapter 7 we fully transition to innate immunity and focus on NK cells, more 
specifically CD34+ progenitor cell derived HSPC-NK cells. Compared to autologous 
NK cells, HSPC-NK cells offer the benefit of an unlimited off-the-shelf product which 
can be genetically engineered to improve its anti-tumor response. We, demonstrate 
the potential of combining patient-derived tumor organoids and HSPC-NK cells to 
discover relevant mediators of HSPC-NK cell reactivity. Following up on our findings 
and gaining mechanistic insights into a possible inhibiting role of CSPG4 on NK cells 
and its upregulation in post ICI treatment tumors, could provide rationale for genetic 
engineering of HSPC-NK cells to overcome an inhibitory effect. Moreover, our results 
emphasize the delicate balance of activating and inhibiting receptor ligand pairs that 
influence NK cell reactivity and make it challenging to identify and target the ‘most 
relevant’ ones. IFN𝛾 overall seemed to negatively influence HSPC-NK cell reactivity, 

which is in line with recent findings of an in vivo CRISPR screen on immune evasion 
mechanisms16. Chapter 3 touched upon the relevance of IFN𝛾 signaling for effective T 

cell responses which underlines the dual role of IFN𝛾 in the context of anti-tumor 

immunity. Demonstrating that a therapy with sole focus on one immune cell type 
might reduce the reactivity of another immune cell type. Although this is speculative, I 
could foresee that in some cases strategic targeting of different immune cell types 
yield improved anti-tumor responses.  

Final remarks 

All chapters of this thesis focus on the attempt to increase our understanding of anti-
tumor immune responses. We analyzed conventional T cells, with a focus on CD8+ T 
cells, 𝛾𝛿 T cells and HSPC-NK cells in respect to their interaction mostly with patient-

derived tumor organoids. Our work generated a wealth of insights but even more 
questions and unknowns became apparent. This taught me how I am only grasping 
the complexity of anti-tumor immunity. Understanding the immune system and its 
fine-tuned balance and then leveraging the power of its network to eliminate cancer 
cells is something truly beautiful. That said, I cannot wait to find myself right in the 
middle of the exciting world of cancer immunotherapy research and its future 
innovations.  
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Who we are cannot be separated from where we’re from  

Malcolm Gladwell, Outliers: The Story of Success 
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NEDERLANDSE SAMENVATTING  

Dit proefschrift heeft als doel de anti-tumoractiviteit van verschillende type 
immuun cellen te begrijpen, waarbij de complexiteit van tumor-immuun cel 
interacties zorgvuldig wordt overwogen. Om anti-tumorimmuniteit op een 
gepersonaliseerde manier te onderzoeken, wat kan bijdragen aan de vertaling 
naar de kliniek, is het kiezen van het juiste modelsysteem van groot belang. Van 
patiënt-afkomstige tumor organoïden (patient-derived tumor organoids; PDTO) 
hebben dezelfde fenotypische en genetische kenmerken als de oorspronkelijke 
tumor en maken het onderzoeken van autologe immuunreacties mogelijk. Omdat 
PDTO's van fundamenteel belang zijn voor het onderzoek van dit proefschrift, zal 
Hoofdstuk 2 de kansen en uitdagingen belichten die verbonden zijn aan het 
modelsysteem met betrekking tot gepersonaliseerde geneeskunde. De review zal 
een uitgebreid overzicht bieden van de huidige staat van organoïden in het 
kankeronderzoek, waarbij hun voorspellende waarde voor kankerbehandelingen 
kritisch wordt geëvalueerd en de voortgang van de implementatie van dit 
modelsysteem in het veld van immuuntherapie wordt samengevat. 
Na het beschrijven van de mogelijkheid om PDTO’s te gebruiken voor onderzoek 
naar genetische screens en immuuuntherapie tegen kanker, rapporteert 
Hoofdstuk 3 onze studie waarbij we een CRISPR Cas9 knock-out screen van het 
hele genoom uitvoeren op PDTO's om modulatoren van tumorcel doding door 
autologe CD8+ T-cellen te identificeren. Op basis van twee onafhankelijke, 
volledig autologe screens van microsatelliet instabiele (MSI) colorectale kanker 
(CRC) PDTO's met tumor-reactieve CD8+ T-cellen werden genen betrokken bij het 
stimuleren en remmen van het doden van tumorcellen door T-cellen 
geïdentificeerd en gevalideerd. Deze ambitieuze onderneming bracht talloze 
optimalisaties met zich mee, die in dit methode-gerichte hoofdstuk worden 
beschreven. 
Overeenkomstig met het doel om het doden van tumorcellen door- en de 
reactiviteit van T-cellen beter te begrijpen, zal Hoofdstuk 4 de dynamiek van T-
cellen tijdens co-kweek met PDTO's onderzoeken, echter uitgevoerd op kleinere 
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schaal. Hier probeerden we de verschillen in T-cel reactiviteit te begrijpen op 
basis van expressie- en chromatinetoegankelijkheidsprofielen. Daarnaast 
bespreken we recente ontwikkelingen bij het identificeren van relevante T-cel 
statussen voor tumorrespons en beschrijven we de mogelijkheden van ons 
modelsysteem om dit verder te onderzoeken. 
In hoofdstuk 5 presenteren we hoe tumoren, onzichtbaar voor CD8+ T-cellen, 
kunnen reageren op ICI-behandeling. Na een uitgebreide multi-omics-analyse van 
MMR-d CRC tumoren met genetische mutaties in B2M en klinische patiënten data, 
identificeerden we γδ T-cellen als effectoren van ICI-respons. Differentiële 
genexpressieanalyse van twee onafhankelijke patiënten cohorten behandeld met 
ICI, fenotypering van oppervlaktemarkers en single-cell RNA-analyse van tumor-
infiltrerende γδ T-cellen, samen met in vitro experimenten gebruikmakend van 
CRC-cellijnen en isogene B2M-mutante/ knock-out PDTO's, bevestigde een 
cytotoxisch fenotype en verhoogde reactiviteit van Vδ1/3 T-cellen tegen MMR-d 
CRC-tumoren met genetische mutaties in B2M. Met deze veelbelovende 
bevindingen verschuift dit proefschrift de focus naar immuun cellen anders dan 
conventionele T-cellen. 
Om de ontdekkingen uit Hoofdstuk 5 een stap verder te brengen, hebben we 
onderzocht of onze bevindingen van verhoogde γδ T-cel tumorreactiviteit in de 
context van MMR-d CRC toepasbaar zijn op MMR-p CRC. Deze tumoren reageren 
over het algemeen niet goed op ICI-behandeling12, en elke ontwikkeling in het 
initiëren van een betere immuunreactie zou een veelbelovende vooruitgang zijn. 
Hoofdstuk 6 beschrijft onze meest recente bevindingen over het introduceren van 
een B2M-mutatie in MMR-p CRC met als doel om de γδ T-celreactiviteit te 
verhogen. 
Ten slotte beschrijft Hoofdstuk 7 de reactiviteit van hematopoietische stam- en 
voorlopercel-afgeleide NK-cellen (HSPC-NK-cellen) op PDTO's om activerende en 
remmende liganden te karakteriseren, evenals het onderzoek naar de rol van IFNγ 
bij tumorherkenning. Deze studie, gebruikmakend van paren CRC-PDTO's 
afgeleid vóór en na ICI-behandeling, bracht aan het licht dat HSPC-NK-cellen 
verminderde reactiviteit laten zien op PDTO’s gegenereerd na ICI-behandeling. 
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Overeenkomstig met Hoofdstuk 4 zou dit kunnen wijzen op de betrokkenheid van 
immuun cellen anders dan conventionele T-cellen, bij de respons op 
immuuntherapie. 
Samengevat presenteren de bovenstaande hoofdstukken een reis door de 
complexiteit van anti-tumorimmuniteit, die we, zoals ik geloof, nog maar net 
beginnen te begrijpen. Te beginnen met de uitdaging om onze grenzen te 
verleggen van het begrijpen van T-celreacties naar meer onontdekte wegen, zoals 
de relevantie van γδ T-cellen in respons op ICI of regulatoren van HSPC-NK-cel 
reactiviteit. 
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special to you too. I wish you and Julia all the best for your family and your future. 
Georgi, I will not let you pick an airbnb again but I am happy we are alive! It was a 
fun trip and, Alex, I was very happy to meet someone else with that much food 
enthusiasm. Last but not least, Nils, I have no idea how you keep up with all of us 
but you are truly doing an exceptional job. Thank you and don’t ever lose your 
excellent sense of humor!  
Brenda, although not at B6 anymore, it was my pleasure to have met you 
especially because we share the Hannover experience.  

Ton, Daniel and Daniela, I believe you would all agree if I say that B6 is a very 
unique place and although we are all fighting for space, at the end of the day it is 
amazing to have that many talented people around. Thank you for your excellent 
input, willingness to share your advice and keeping the scientific standard high!  

Leila, I am extremely happy that Emile was spot on when he pointed me into your 
direction after I told him that I am looking for mentorship. He believed I would 
listen to you and, according to him, that is a rare occasion - I would probably have 
to agree. I appreciate your directness, honesty and sharpness. Next to excellent 
scientific advice, I look up to you for the way you manage your lab and navigate 
yourself in the academic world. You provided me with clarity when needed and I 
am grateful for the time and guidance you offered. Thank you!  
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Karin, it was my pleasure to have you in my PhD committee as you guided me with 
your expertise. Jonas, thank you for being so approachable and always happy to 
make time to share your advice. Either for Shannon and my Entrepreneur Club 
endeavors or my questions about starting your own lab and grants. Thank you! 
Talking about the Entrepreneur Club, Henri you were the one who made it possible 
and I am very thankful for you enthusiasm and help. 

There would not exist one single chapter (okay besides the review), if it would not 
be for the amazing Flow Cytometry team. You guys rock! Your facility is 
outstanding and I don’t know what to do without you. Good that I have some of 
your phone numbers, because rest assured I will make use of them when I’m 
stuck at the flow in my next lab. Martijn, Frank, Guido, Anita and Saurabh, thank 
you so, so much!  
Another facility without whom our research would not be possible and we could all 
go home is the Cryobank. If you guys didn’t know, your hilarious emails are 
famous among our group and I so much appreciate you for all your work and 
flexibility. Thank you Minze, Erwin and Jufry! 
Marja Nieuwland and the team of the Genomics Facility, it should not be left 
unsaid how much I appreciate your dedication and help you have provided to 
design experiments and provide me with guidance. Thank you.  

Maarten, I already miss our ritual in me bringing you a tiny piece of tumor and 
every other time sending you a disappointed email about how we did not receive 
any material. Thank you for your help and flexibility! 

Luca, Elzo and Moreno, thank you for taking the time, keeping up with my ideas 
and providing me with your advice. You guys have delivered all the way and I was 
impressed how perfectly structure and forthcoming you helped me when it came 
down to putting all the data together. Luca, I wish you all the best for your own lab 
and hope to stay in touch. Good luck! 
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Harry and Paul, it was my pleasure to learn more about HSPC-NK cells and 
collaborate with you. It made me happy to see how enthusiastic you are about 
your research and thank you for your kind help.  

… coming to the people who bring joy to my daily life and signed up for one hell of 
a ride. Thank you for keeping up with my insanity! 

Marieke, ich bin davon überzeugt, dass wenn ich mich damals in der 9. Klasse 
nicht neben dich gesetzt hätte, die zweite hälfte meines bisherigen Lebens um 
einiges grauer gewesen wäre. Du bist ein so unglaublich toller Mensch, den ich 
für so viele Aspekte endlos wertschätze. Danke, dass du da bist, ich mich auf 
dich verlassen kann und es jedes mal wieder einfach nur pure Freude und Spass 
ist wenn wir uns wiedersehen. Vor dir kann ich Schwäche zeigen und mich fallen 
lassen. Ohne eine Freundschaft wie unsere wären die letzten Jahre mal so schwer 
gewesen. Danke! … ich hoffe der Wein steht kalt, weil wenn du das liest bin ich 
sehr wahrscheinlich bald zu Besuch.  

Sarah, ich denke es ist fair zu sagen, dass weder deine noch meiner Mutter 
damals in der Krabbelgruppe ahnen konnten wie sich unsere Wege immer wieder 
kreuzen und nie auseinander gehen. Es ist absolut spannend zu sehen wie wir 
beide uns Entwickelt haben. Auf der einen Seite fühlt es sich wie gestern an, als 
wir beide noch in Steyerberg gewohnt haben, aus dem Kreml kamen und ich den 
nächsten morgen wieder mit Brötchen vor eurer Tür stand, aber sobald ich 
darüber nachdenke was wir alles erlebt haben?! Wir sind durch Höhen und Tiefen 
gegangen, gemeinsam oder jeweils am anderen Ende der Welt. Allein wie viele 
andere Leute jeweils in meinem oder deinem Leben in der Zwischenzeit 
gekommen und gegangen sind… wir waren da und ich freue mich auf Alles was 
noch kommt. Auch wenn die letzten Wochen mir nichts gezeigt haben was ich 
nicht sowieso schon von dir weiss, du hast wieder bewiesen wie sehr du mir den 
Rücken stärkst, für mich da bist und wie selbstlos du sein kannst wenn es um 
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andere geht. Danke! Ich freue mich so unglaublich sehr, dass sich unsere Wege 
wenigstens für ein paar Monate wieder kreuzen.  

Freddy, wirklich 12 Jahre schon? Das interessante bei uns beiden ist, dass ich dir 
nicht sagen kann ob du oder ich mehr Durchhaltevermögen hast es so lange mit 
mir/ dir auszuhalten. Vielleicht war es deine anfängliche mütterliche Art als ich dir 
eine mehr als widerliche Alkoholpraline in die Hand spucken durfte, die mir mein 
generelles Misstrauen gegenüber Menschen genommen hat. Das wird definitiv mit 
reingespielt haben, aber vermutlich auch deine (sehr) direkte, ehrliche und vor 
allem loyale Art. Auf dich kann ich mich verlassen und das angenehme dabei ist, 
du kannst auch noch richtig gut denken und bringst mich zum lachen. Ich bin 
stolz auf dich, unsere Freundschaft und danke, dass du immer ein offenes Ohr 
hast.  

Isaac, jetzt gerade glaube ich nicht daran, dass es jemals fertig wird. Aber falls du 
noch am Leben bist, wenn du das hier liest, kann ich wider erwartend bestätigen, 
dass es tatsächlich ein Ende gibt. Wir haben zusammen angefangen und obwohl 
wir beide es nicht lange an dem Ort ausgehalten, bin ich SO dankbar dich kennen 
gelernt zu haben. Ohne dich hätte mich entweder Ben Li Zang umgebracht, ich 
wär im Airbnb eingesperrt oder es gäbe meinen Fuss nicht mehr. Ich werde dir für 
immer für deine Hilfe und Fürsorge dankbar sein. Wobei noch viel mehr, für all den 
Wein (es war so viel Wein), die Dinner am Freitag die ab montags geplant wurden 
und für deinen ausnahmslos schwarzen und sehr unangemessene Humor. Danke! 
… und jetzt, mehr Wein! 

Jule, du kennst mich so lange wie meine Eltern mich kennen. In manchen Dingen 
könnten wir uns nicht unterschiedlicher sein und dann wieder rum sind es knapp 
32 Jahre später, wir beide sitzen and unserer Doktorarbeit und ich hab deine 
Stimme im Kopf “Oh Vivien”. Ich muss zugeben manchmal die Zeit zu vermissen 
als wir dachten ein Sandwich mir Zitrone und Salami ist das was eine Kochshow 
braucht. Du hast meine Kindheit geprägt wie niemand sonst und ich bin so froh, 
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dass wir uns nie ganz aus den Augen verloren haben. Ich hoffe du weisst, dass 
ich immer für dich da sein werde. Danke, dass es dich gibt.  
Wiebke, paar Jahre später und paar Häuser vor Jule’s… Die drei aus Hoppi’s 
Klasse und es ist jedes Jahr wieder schön wenn wir alle beisammen sind.  

Cathi, ich brauch dir nicht sagen wie es mir gerade geht…Ich bin sehr stolz auf 
dich wie du deinen Weg die letzten Jahre gegangen bist! Absolut Hut ab und ich 
wünsche dir ganz viel Erfolg für die nächsten Schritte in deiner Karriere. Am 
meisten freue ich mich auf den Moment wenn wir beide bei einem Glas 
Champagner sagen können, dass es sich gelohnt hat. Bis dahin, danke für dein 
offenes Ohr, egal wie banal die Probleme waren, deinen guten Geschmack in 
Wein und Essen und deine offene, ehrliche und unkomplizierte Art.  

Niggel, na wie lang waren deine Acknowledgments? Freddy wollte erst gross 
prahlen, dass er der einzige Mann sei der es mit mir seit 12 Jahren aushält. Er 
musste es mit einem Zusatz korrigieren. Du hast mir vor allem in den letzten 
Jahren das gegeben was ich selber nicht so gut kann, Vertrauen in mich selbst. 
Immer wenn es schwer wird, bist du da und sagst mir, dass die Welt nicht gegen 
mich ist. Danke!  

Trieu, war ich froh, dass du auch weiss magst und mich die Gästehandtücher 
nach meinem Belieben falten lassen hast. Das war eine schöne Anfangszeit hier in 
Amsterdam und genauso schön war es als wir während Corona festgestellt haben 
keine Hobbys zu haben. Du bist über die Jahre eine wirklich tolle Freundin 
geworden und kannst so stolz auf deinen spektakuläre Karriere sein. Alles mehr 
als verdient also erlaub dir stolz auf dich selbst zu sein.  

Alex, you are just so much fun to have around and so absolutely caring for other 
people. It was very wise when you once said that I would go crazy living with you, 
you were right because I’m still not recovered after watching you color your nails, 
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but besides that I am very happy to have you as a friend. Thank you for all your 
supportive words.  

Max, ja glaubt es einer? Da bin ich fertig. Es kann sicher nur an deinem Ansporn 
von day 1 an gelegen haben. Ich glaube ich hatte den Vertrag noch nicht einmal 
und du hast schon gefragt “bist jetzt endlich fertig?”. Motivational skills 10/10. 
Danke! 

Linda: Es ist so toll, dass wir uns kennen gelernt haben! Ich werde nicht in Details 
gehen und Floskeln aus unserer Stuttgardia Zeit erzählen… Ich finde es schön, 
dass wir uns nicht aus den Augen verloren haben und danke dir für deine stets 
fröhliche und sorgsame Art.  

Toni: Ich freue mich so sehr wenn wir uns das nächste mal sehen und beide auf 
unseren Erfolg anstossen können! Toll, dass es dich gibt und es tat gut zu hören 
das wir gleichzeitig durch den thesis Schreibmarathon gegangen sind.  

Frau Dr. Tommek, dank Ihnen habe ich die Schule gewechselt und konnte meiner 
Leidenschaft nachgehen - Chemie. Ich weiss nicht ob Ihnen bewusst ist wie 
bedeutsam das damals für mich war, aber ich hoffe diese Doktorarbeit zeigt zu 
einem gewissen Anteil wie gut Sie Ihren Job gemacht haben. Das gleiche gilt 
auch für Sie, Herr Kohlstedde, ich habe Ihre Buchvorschläge, insbesondere den 
Mortimer, damals verschlungen. Vielen Dank, dass Sie meine Interessen erkannt 
und gefördert haben. In Erinnerung auch an Herrn Adolf.   
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Mike, Bruderherz. Im Vergleich zu Opa, hatte ich nie Zweifel ‘ob aus dir etwas 
wird’. Du kannst extrem stolz auf dich sein und darauf was du erreicht hast. Eins 
deiner Talente, was bei mir ab und an zu kurz kommt, ist es mit Leuten 
umzugehen. Dazu kommt dein Humor, den haben wir von Papa, und deine 
Arbeitsmoral, da macht Mama uns nichts vor. Ich hoffe dich nie zu Enttäuschen 
und das ist tatsächlich einer meiner Gedanken der mich anspornt mehr zu 
erreichen. Danke für dein Vertrauen in mich!  

Opa, ich wünschte Oma hätte den Moment noch miterlebt. Ich bin stolz auf dich 
wie du seitdem das Leben meisterst, weiter machst und für uns alle da bist. 
Danke, dass du all deine Enkel so nimmst wie wir sind und mir das Gefühl gibst, 
dass ich auf dich zählen kann.  
In Erinnerung an Opa Holland, auch wenn ich leider 1 Jahr zu lange gebraucht 
habe. 

Papa: Das grösste Geschenk was du mir in meinem Leben gegeben hast, war 
dass ich mich, seitdem ich denken, von dir ernst genommen fühle. Danke! Auch 
wenn du mein Interesse an der Wissenschaft nicht nachempfinden kannst, 
verstehst du meinen Drang nach Freiheit, Unabhängigkeit und das Streben nach 
einem Leben was mich erfüllt. Danke für all die Lektionen die du mir mit auf den 
Weg gegeben hast!  

Mama: Du hast alles richtig gemacht. Du hast mir ein Leben lang ein Gefühl von 
bedingungsloser Liebe vermittelt und ich bin mir sicher, dass ich es dir nicht 
immer leicht gemacht habe. Es gibt kaum eine Person, die so stark ist, so viel 
Energie hat (Mike und ich haben keine Ahnung wie du das machst) und so 
selbstlos ist wie du. Danke für deine Geduld, deine Hingabe und konstante 
Unterstützung. Ich hoffe du bist stolz auf dich.  
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