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

Werner Heisenberg
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General Introduction and Outline

The concept of leveraging the body's immune system to combat cancer has roots
dating back 133 years. In 1891, Wiliam 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
immunotherapy?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, respectivelyé.7.8. Meanwhile, Carl
June treated the first child with CAR-T cells against leukemia in 20129, These success
stories of immune checkpoint inhibitors (ICl) 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
203070,

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 (ICl) 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) tumorsé.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%712. 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 ICl as neoadjuvant treatment?3.

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 responsel4. MMR
deficiency, as well as TMB, enhances the probability of neocantigens presented by
cancer cells, which can be recognized by T cells?5. Blocking the inhibitory receptor
ligand pair PD-1/PD-L1 allows for T cell activation'6. 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 IFNy pathway lead to acquired resistance to anti-
PD1 immunotherapy in patients with melanoma'’. Additionally, they showed that for
melanoma, ICl response requires pre-existing intratumoral CD8+ T cells and that T
cell-induced IFNy is a main driver of clinical responsel819. 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
blockade=0.

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 conditions2!. Underlining the importance to investigate whether
certain resistance mechanisms or the influence of IFNy 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 IFNy
signaling resulted in enhanced immune response, partly mediated by natural killer
(NK) cells and the inhibiting effect of major histocompatibility complex (MHC) class |
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 ICl
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 kiling 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 y& 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 yo 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 V61/3 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 yo 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 treatment’2, 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 yo 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 IFNy on tumor recognition. Moreover,
using pairs of CRC PDTOs derived before and after ICl treatment revealed reduced
HSPC-NK' cell reactivity towards post ICl 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, | 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 yo T cells in ICI response or regulators
of HSPC-NK cell reactivity.
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Tumor organoids: Opportunities and challenges to guide precision medicine

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 Il 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; Diikstra 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.

Strengths Weaknesses

Establishment

Model system

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 versatie 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 Inouge, 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 II 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 (nGOC) 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 (Fl), 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
(Dikstra 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 detailled analysis of relevant immunotherapy
treatments. Tumor organocids 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.
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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.

38



Tumor organoids: Opportunities and challenges to guide precision medicine

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 organocids 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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Whole genome screens of PDTOs to identify mediators of autologous CD8+ T cell kiling

ABSTRACT

T cell-mediated kiling 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 IFNy in tumor killing is well described, we additionally
performed IFNy sensitivity screens using the same patient-derived tumor organoids.
We confirmed that alterations in the IFNy 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 B4AGALT7 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 immunotherapies’.
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 leveld. 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 pressure345, 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
modelst. 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 efforts?”:8,
whereas whole genome screens are routinely performed in cell lines®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 organoids™2.13,

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 exhaustion'415.16, 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 IFNy cytokine screens, as well
as a TNFa screen for one tumor organoid T cell pair. Both cytokines are secreted by
immune cells and can cause cancer cell death'”. Defects of TNF and IFNy sensing

pathways have been associated with tumor evasion and resistance mechanisms to
ICB18.19.20.21 |dentifying hits of cytokine and T cell killing screens allowed us to identify
IFNy and TNFa dependent and independent regulators of susceptibility to T cell
antitumor activity. Our data indicates that tumor killing is largely mediated by IFNy 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 described?2. 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 |, which was increased upon IFNy pre-stimulation. MHC class Il was not
expressed and immune checkpoint inhibitor PD-L1 only after stimulation with IFNy

(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 kiling 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.
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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/Il and PD-LL1 of
CRC-09 and CRC-12 at baseline or after 24h IFNy 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/ lonomycin) 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/ lonomycin,
blue). Error bars indicate SEM of two independent experiments (n=2).

Whole genome screen in tumor organoids confirms JAK1/2 and IFNyR1/2 as shared
resistance genes to IFNy stimulation.

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

independent regulators of T cell kiling. For CRC-09 we additionally performed a

whole-genome cytokine screen using TNFa 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 IFNy, TNFa

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 IFNy or TNFa, whereas depleted hits
indicated sensitizing genes (Fig. 2b, c; Extended Data Fig. 3b). CRC-09 TNFa screen

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

JAKT, JAK2, IFNyR1 and IFNyR2 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 IFNy and TNFa

resistance7:32,
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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 IFNy screen of CRC-09 comparing two

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

Correlation plot of CRC-09 cytokine screen with IFNy (top) or TNFa (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 IFNy and T cell co-culture screen showing overlay of identified resistance (red,

labelled) hits.

Fully autologous model system reveals potential IFNy 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 IFNy dependent and

independent mechanisms. For the screen of CRC-09 tumor organoids, gene

knockouts conferring resistance to T cell killing equally conferred resistance to IFNy,
but not to TNF« (Fig. 2d). Indicating killing of CRC-09 tumor organoids by autologous
CD8+ T cells seemed to be largely mediated by IFNy secretion. CRC-12 co-culture
screens showed some overlap in resistance to IFNy 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 IFNy
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mediated killing, was observed. Suggesting that T cell kiling is dependent on IFNy

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 IFNy independent regulators of T cell killing.

Consequently, for hit selection we excluded significantly enriched or depleted hits that

were selected as hits of the IFNy 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). y
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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 IFNy.

B4GALT7 identified as novel resistance mediator of T cell kiling 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 | blocking antibody, lead to resistance to T cell
kiling. While putative sensitizing gene knockouts did not change viability upon T cell
exposure, especially one putative resistance genes increased tumor organoid viability
(Fig. 4a). BAGALT7 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 kiling assay of wildtype or BAGALT7 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 IFNy-dependent and

independent sensitizing and resistance genes of T cell killing. Our efforts confirmed an

important role of IFNy-mediated T cell cytotoxicity and defects in IFNy 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 IFNy signaling has been extensively studied in respect to

antitumor T cell responses and resistance to ICB1.1819.20,30,.31,32, Both of our cytokine
screens with tumor organoids CRC-09 and CRC-12 tumor confirmed key genes of

IFNy sensing pathways, such as JAK1/2 and IFNyR1/2. 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

IFNy response.
While hits of the IFNy screens largely correlated with other screening effortss2,

performing both cytokine and T cell kiling screens on the same tumor organoids,

allowed us to identify regulators independent of IFNy signaling. For CRC-09, hits

related to proteoglycan synthesis were among top hits of the T cell kiling screen.
Validation by killing assay of BAGALT7 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 BAGALT7 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
kiling 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 reported!9.20, In brief, tumor tissue was mechanically dissociated and
digested with 1.5 mg mI-' of collagenase Il (Sigma-Aldrich), 10 pyg ml-' of
hyaluronidase type IV (Sigma-Aldrich) and 10 pM 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 | (Lonza),
10 mM HEPES (GIBCO), 100 U miI-1 of each penicillin and streptomycin (GIBCO), 10%
noggin-conditioned medium, 20% R-spondini-conditioned medium, 1x B27
supplement without vitamin A (GIBCO), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10
mM nicotinamide (Sigma-Aldrich), 50 ng mi-' human recombinant EGF (Peprotech),
500 nM A83-01 (Tocris), 3 uM 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 (LTO7-318). In the first two weeks of
organoid culture, 1x 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),
MSH?2 clone G219-1129 (Roche), MSHG6 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, Tu39, 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 befores437. 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
uM Y27632. A day before coculture, organoids were stimulated with 200 ng/mL of
IFNy (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 pg/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 IFNy 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 2106 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 [I-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 IFNy 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 uM Y-27632 (Sigma-
Aldrich). The organoids were stimulated with 200 ng/mL IFNy (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 pg/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-IFNy-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 described?2.23,
Two days before the experiment, organoids were isolated from BME by washing with
cold PBS before being resuspended in CRC organoid medium with 10 uM Y-27632
The organoids were stimulated with 200 ng/mL IFNy 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 ug/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 kiling by T cells was evaluated as previously
described?2.23, 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 uM Y-27632 The organoids were stimulated with 200 ng/
mL IFNy 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 | blocking, tumor organoids were
beforehand pre-incubated with 50 mg/mL MHC class | 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 method?3, 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 ug mi-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 x 107 cells were transduced overnight, in suspension,
with an appropriate volume of the lentiviral-packaged whole-genome sgRNA library to
achieve 30% transduction efficiency (x 100 library coverage) and polybrene (8 ug
mi-1). To achieve high cell numbers, tumor organoids were cultured with 5%
extracellular matrix (ECM) in suspension as recently described?2. After 48 h organoids
were selected with puromycin (2 mg/ml). After 14 days, approximately 2 x 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 (TO), after cytokine exposure (200

ng/mL IFNy or 100 ng/mL TNFa) 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 ampilification, lllumina sequencing
(19-bp single-end sequencing with custom primers on the HiSeg2000 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
analysis?’, 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 Drugz2® to calculate gene-level normalized Z-scores and FDR
values. To perform gene-set enrichment analysis (GSEA), we utilized the GSEA
software obtained from the Broad Institute GSEA portal (http://
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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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 | 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 ¢. 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 biclogical 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 IFNy screen to normalized CRC-09 IFNy 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 TNFa 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 IFNy mediated

cytotoxicity associate proteoglycan biosynthesis or metabolism processes related to hit selection.
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T cell dynamics in patient-derived tumor organoid co-cultures

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 cells!.
Especially, immune checkpoint inhibitor (ICl) 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
cancers234, Despite great success of ICI, there are limitations. When considering
metastatic melanoma, as a posterchild of ICl, 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
ICIe. In order to improve response to ICl 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 generated’. 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 clones89, 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 cells'0. This suggested that T cell response to PD-1
blockade may rely on peripheral T cell recruitment as well'*. 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 response’ and that the epigenetically stable state of exhausted T cells is
difficult to reinvigorate3.14,

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 response’5. Epigenetic changes determine the fate
of a T cells behavior and, with that, dysfunctionality during tumor response6. 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 immunity™” or more recently how depletion of
chromatin remodeling complex PBAF in CD8+ T cells increases their anti-tumor
response’8. Tackling T cell exhaustion will likely be a game-changer for improving ATC
therapies, ICl 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 days'®. 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 PBMGCs that elicited high CD8+ T cell cytotoxicity (Fig. 1¢). 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 IFNy 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 IFNy+ 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 O to
74% of CD3+ T cells at day 14 (Fig. 1d). PDTO-01 MMR-d CRC organoids expressed

MHC class | at baseline, which increased after IFNy stimulation. MHC class Il and PD-

L1 expression were observed after IFNy stimulation (Fig. 1e).

86



T cell dynamics in patient-derived tumor organoid co-cultures

MFI (background subtracted)

[}
S

3
S

=3
3

S
S

da st + po
y MMR-d CRC P N O‘ﬁ

Co-culture autologous PBMCs and PDTOs
PDTOs from

1 1y
I ™™
Day o 14
Collect PBMCs Il }
PBMC-01 PBMC-01
PBMC-02 PBMC-02 +/- PDTOs
AN J

20y

single cell or bulk ATAC |
sequencing and analysis

250K 10 10% 105
0
200K 2 —
4 (VY
% sond 21 Live 3 I
1) 5 85,3 o
] 5 & 1o
100 . & a
Single Cells | 5 O i
50K , a il Lk | CD4
[$) . s | 451
” o
50K 100K 150K 200K 250K 050K 100K 150K 200K 250K o5 o 03 10d 105 0 T2 103 108 105
FSC-A SSC-H NIR CD4-FITC IFNy-APC
CD8" T cells CD8" T cells CD8' T cells d PBMC-01 day 0
alone +PDTO-01 +PMA/lonomycin 104
'y CD8+ T cells
o
Day 0
] coss 7cols
Sor
u ey e
g " IR
g PBMC-01 day 14
a .
0 o Wi, A5
] e
i >
@
Day 14 a
(5]
Q3
13
PNy <APC CD4-FITC
RNy
MHC class | MHC class Il PD-L1
300 800 RNy
= 3
ﬁ §6m
2 200 E
g H
3 § 400
§ 100 H
L EZOO
. 0 == .
PDTO-01 PDTO-02 PDTO-01 PDTO-02 PDTO-01 PDTO-02

87



T cell dynamics in patient-derived tumor organoid co-cultures

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 O, 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 IFNy and CD107a for reactivity assay. ¢. Representative dot plots of CD8+ T cells

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

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

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 O
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 O 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 naive T
cells, was accessible in cluster 1 and 5 which overlaps with day O 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 O (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 O and day 14. ¢. 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 O 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 O (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 O 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 ICl responding MMR-d CRC tumor (Extended Data Fig, 1b) with a
similar surface expression profile as PDTO-01. MHC class | was expressed at

baseline and increased upon IFNy pre-stimulation, whereas MHC class Il and PD-L1
was only expressed after IFNy pre-stimulation (Fig. 1e). Co-culture of PDTO-02 with

autologous PBMCs elicited tumor reactive CD8+ T cells as observed by increased

IFNy 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 IFNy and CD107a expression upon PDTO-02 stimulation

and PMA/lonomycin stimulation nearly exclusively increased CD107a expression.

CD4+ T cells showed minor IFNy increase upon PDTO-02 stimulation (Extended Data

Fig. 1a). After collection of samples at day O 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 O 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
data?! 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 O 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 IFNy and CD107a expression of CD8+ T cells unstimulated (alone), stimulated
(+PDTO-02) or simulated with positive control (+PMA/lonomycin). b. Flow cytometry dot plots indicating
fractions of CD4+, CD8+ and DP T cells of autologous PBMCs at day O (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 O (top left), day
14 with PDTO-02 presence during co-culture (day 14 + organoid) compared to day O (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 ICl 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 O 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 O 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 O 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 exhaustion?. 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 O 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 reported!2. In brief, tumor tissue was mechanically
dissociated and digested with 1.5 mg ml-1 of collagenase Il (Sigma-Aldrich), 10 ug
ml-1 of hyaluronidase type IV (Sigma-Aldrich) and 10 uM 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 | (Lonza), 10 mM HEPES (GIBCO), 100 U ml-! of each penicillin and
streptomycin (GIBCO), 10% noggin-conditioned medium, 20% R-spondini-
conditioned medium, 1x 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 uM 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
(LTO7-318). In the first two weeks of organoid culture, 1x 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, Tu39, 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 before! 23, 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 uM Y27632. A day before coculture, organoids were stimulated
with 200 ng/mL of IFNy (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 O, 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 pg/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 previously'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 pM Y-27632 (Sigma-Aldrich). The organoids were stimulated with
200 ng/mL IFNy (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 pg/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-IFNy-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 Flowdo (v.10.6.1, BD) and presented using GraphPad Prism (v.9.0.0,
GraphPad).

SCATAC

sCiATACseq was performed as previously described4. In brief, 2-5x10° cells were
lysed for 3min in 500uL of RSB buffer (Tris-HCI pH 7.5 10mM, NaCl 10mM,
MgClz 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-HCI pH 7.5 10mM, NaCl 10mM, MgCl> 3mM, Tween-20
0.1% and protease inhibitor cocktail) by inverting the tube 3 times and spinning at
500g for 10min at 4°C. Next, the buffer was removed and 2500 nuclei were
resuspended in 7.6uL of cold PBS and pipetted in a well of a 96-well plate with 1uL
of i7 and i5 transposons and 10.4uL of transposition mix containing 10uL of 2xTD
buffer (20 mM Tris, 10 mM MgCI2, 20% dimethylformamide, pH adjusted to 7.6),
0.2uL digitonin 1% and 0.2uL Tween 10%. The tagmentation was carried at 55°C for
30min, nuclei were pooled and stained with 3uM 4',6-diamidino-2-phenylindole
(DAPI). The reaction was stopped by incubation at 37°C for 15 min with 20uL 40 mM
EDTA supplemented with spermidine TmM. Next, 25 nuclei were sorted into either
one or four 96 well plates (see run details) containing 11uL of EB buffer (Qiagen) and
1uL of Proteinase K 10 mg/ml (Roche). Decrosslinking was carried overnight at 65°C
and PCR was performed by adding 25uL of KAPA HiFi HotStart ReadyMix (Roche),
5uL of P5 and P7 primers (see oligonucleotides list)., 1uL of BSA 10mg/mL and 2 pL
H-O. The thermocycler was set up as follows: 72°C for 3min, 98°C for 30s, 21 cycles
of 98°C for 10s, 63°C for 30s,72°C for 1min and finally 72°C 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 (lllumina) using a customized
protocol® (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-HCI 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 5, i7, P5 and P7
barcodes (further referred to as ‘barcode’) from fastg 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 -g 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 mem?23. 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. DESeq22® 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 scDblFinder'® 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 scores'!, 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 TSS2 (exclude
promoter bit). Term frequency — inverse document frequency (TF-IDF) with a log
transformation on the TF'1, term was used as a weighting scheme for the binarized
count matrix. The irlba package' 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 package', 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 package' 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 detection?. 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 package’® with the
argument ‘k = 15°. The ‘cluster_leiden’ function from the igraph'” 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 package's. 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 the'® 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 motifmatchr2021 R/
Bioconductor package. Motif Z-scores stabilized for GC bias were then computed
using the chromVAR R/Bioconductor2? 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 package?6. Then ‘motifmatchr’2? 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 dataset?9, 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 IFNy and
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CD107a expression of CD4+ or DP T cells unstimulated (alone), stimulated (+PDTO-02) or simulated with
positive control (+PMA/lonomycin). b. Table summarizing patient-derived tumor organoid data of PDTO-01 and
PDTO-02. ¢. Barcode quality control of scATAC experiment indicating initial total valid read count of samples
generated at day O (blue) and day 14 (yellow). d. Quality control analysis of unique reads after removing of PCR
duplicates for samples generated at day O (blue) and day 14 (yellow). e. Quality control analysis of barcodes
per sample generated at day O (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 datas®.
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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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v6 T cells are effectors of immunotherapy in cancers with HLA class | defects

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)'2. Here, in contrast to other cancer types345 we observed
that 20 out of 21 (95%) MMR-d cancers with genomic inactivation of 32-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 y& T cells in
MMR-d cancers. These y6 T cells mainly comprised the V61 and V&3 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+ yo 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 yo T cells in B2M-deficient cancers. Taken together, these data indicate
that y& 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 y& 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 instabilityé.7.6.9. 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 genomes?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 cells'9.11.12, However, MMR-d colon cancers
frequently lose HLA-class-I-mediated antigen presentation due to silencing of HLA
class | genes, inactivating mutations in 32-microglobulin (encoded by B2M) or other
defects in the antigen processing machinery'3.14.1516  which can render these
tumours resistant to CD8+ T-cell-mediated immunity345.17, Notably, early evidence
has indicated that B2M-deficient, MMR-d cancers can obtain durable responses to
PD-1 blockade’8, 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 Kkill
tumour cells, include natural killer (NK) cells and y& T cells. yo T cells share many
characteristics with their aB T cell counterpart, such as cytotoxic effector functions,
but express a distinct TCR that is composed of a y and a & chain. Different subsets of
yo T cells are defined by their TCR & chain use, of which those expressing V61 and
V&3 are primarily ‘tissue-resident” at mucosal sites, whereas those expressing V62
are mainly found in blood?®. Both adaptive and innate mechanisms of activation—for
example, through stimulation of their yd TCR or innate receptors such as NKG2D,
DNAM-1, NKp30 or NKp44—have been described for y& T cells?0. Killer-cell
immunoglobulin-like receptors (KIRs) are expressed by y& T cells and regulate their
activity depending on HLA class | expression in target cells2!. Furthermore, yo 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 y& 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-
¢ 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 cancers'8. 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 tumours'8. 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 V61 and V&3 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. ¢, 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, 1.5x 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).

V61 and V63 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 x 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 | 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 context'® (Fig.1d). Notably, we
found TRDV1 and TRDV3, which encode the variable regions of the 61 and &3 chains
of the yo 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 x 10-8 for all of the cohorts combined; two-sided linear
regression, P = 4.7 x 10-6, adjusted for tumour type; Fig.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 x 10-6 for all cohorts combined; two-sided
linear regression, P = 4.7 x 10-5, adjusted for tumour type; Fig.1d-f). Together, these
results suggest that ICB-naive B2MMUT MMR-d cancers show increased levels of
V&1 and V&3 T cells as well as increased numbers of these or other immune cells

expressing KIRs—a potential mechanism of recognition of HLA class | 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 V61 and V63 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 database?®, 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 x 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 V&1 and V63 T cells and expression of KIRs.
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V&1 and V83 T cells are activated in MMR-d CRC

To investigate which y& 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 y& T cells isolated from five MMR-d colon cancers (Extended
Data Figs. 2 and 3 and Sup- plementary Table 4). Three distinct V& subsets were
identified (Fig. 2a)— V&1 T cells were the most prevalent (43% of y& T cells), followed
by V62 (19%) and V&3 T cells (11%) (Fig. 2b). PDCD1 (encoding PD-1) was
predominantly expressed by V61 and V&3 T cells, whereas V&1 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 yo T cells (expressing
MKIB7) were especially observed in the Vo1 and V&3 subsets (Fig. 2c). Other
distinguishing features of the V61 and Vo3 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 V61 and V&3 sub- sets as compared to V62 T
cells (Fig. 2c¢). Almost all yo 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 yd 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 y& 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, Yo T cells showed frequent intragpithelial 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, ydo 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* aB T cells in a variety of cancers®®.
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Fig. 2 | Tumour-infiltrating V&1 and V&3 T cell subsets display hallmarks of cytotoxic activity in MMR-d
colon cancers. a, UMAP embedding showing the clustering of y& T cells (n = 4,442) isolated from MMR-d
colon cancers (n = 5) analysed using scRNA-seq. The colours represent the TCR V6 chain usage. The
functionally distinct yo T cell clusters are shown in Extended Data Fig. 3. Dots represent single cells. b, The
frequencies of TCR V6 chain use of the yo T cells (n = 4,442) analysed using scRNA-seq as a percentage of
total y& T cells. ¢, The frequencies of positive cells for selected genes across Vo1 (n=1,927), Vo2 (n = 860)
and Vo3 (n =506) cells as the percentage of total yd T cells from each MMR-d colon tumour (n = 5) analysed
using scRNA-seq. Vo3 cells were present in two out of five colon cancers. Data are median + IQR, with

118


https://www.nature.com/articles/s41586-022-05593-1#Fig7

yo T cells are effectors of immunotherapy in cancers with HLA class | defects

individual samples (dots). d, The frequencies of yo 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 yo 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
+1QR, 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+y& T cells (white arrows) by IMC
analysis of a treatment-naive MMR-d colon cancer with B2M defects. Scale bar, 20 um.

PD-1+ V61 and V&3 T cells kill HLA-class-I- CRC cells

We next sought to determine whether tumour-infiltrating yé T cells can recognize and
kill CRC cells. We isolated and expanded PD-1-and PD-1+ y& 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+ yo T cell populations lacked V&2+ cells and
comprised the V61+ or V63+ subsets, whereas the PD-1- fractions contained
V&2+ or a mixture of V61+, V62+ and V&3+ populations (Fig. 3a and Extended Data
Fig. 4d). Detailed immunophenotyping of the expanded y& 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+ yo T cells (V61 or V63+), consistent
with the scRNA-seq results of unexpanded populations. We measured the reactivity
of the expanded y& 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 IFNy) was largely restricted to PD-1+ y& T cells (Vo1 or V63+), whereas
activation of PD-1- yo T cells (V62+) was generally not detected (Fig. 3c and
Extended Data Fig. 4). PD-1+ y& T cell (V&1 or V&3+) 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- yo T cells, we co-cultured the y& 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+ yo T cells (V&1 or V&3+) 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+ y& T cells (V&1 or V&3+) cells (Extended Data Fig. 6),
suggesting that B2M loss increases the sensitivity to yo 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 | (Extended Data Fig. 7). We exposed two B2MKO lines and their
parental B2ZMWT lines to the expanded yo T cell subsets, and quantified y& T cell
activation by determination of IFNy expression. Similar to our cell line data, yo T cells
displayed increased reactivity to B2MKO PDTOs in comparison to
the B2MWT PDTOs (Fig. 3f,g). Furthermore, y& T cell reactivity to B2MKO tumour
organoids was preferentially contained within the PD-1+ population of y& T cells
(Fig. 3g). Thus, a lack of HLA class | antigen presentation in MMR-d tumour cells can

be effectively sensed by y& T cells and stimulates their antitumour response.

Expression of NKG2D on y& T cells decreased during co-culture with target cells
(Extended Data Fig. 8a,b), suggesting the involvement of the NKG2D receptor in yo 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+ yo T cells, we performed blocking experiments focused on (1)
NKG2D, (2) DNAM-1 and (3) yd6 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+ y& T cells (Fig. 3h and
Extended Data Fig. 8c,d), confirming the mechanistic involvement of the NKG2D
receptor in y& T cell activation in this context. Moreover, blocking NKG2D ligands on
MMR-d CRC PDTOs reduced the PDTO-directed tumour reactivity of y& T cells from
CRC94 and CRC134 (Fig. 3i). Together, these results show that y& T cell reactivity to
MMR-d tumours is partly dependent on NKG2D/NKG2D-ligand interactions.
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Fig. 3: y& 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 yo
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. ¢,
CD137 expression on yo 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
cels by yo T cells in the presence of a green fluorescent caspase-3/7 reagent. Cancer cell apoptosis is
visualized in yellow. Scale bar, 50 um. e, Quantification of the killing of CRC cell lines after co-culture with y& 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
IFNy expression in y& T cells unstimulated (alone) and after stimulation with two B2MWT and B2MKO CRC
MMR-d organoids. g, IFNy expression in y& T cells after stimulation with two B2MWT and B2MKO CRC MMR-
d organoids, shown as the difference compared with the unstimulated yo T cell sample. Data are from two
biological replicates, except for a single biclogical replicate of CRC134 PD-1-. NA, not available. h, The killing
of CRC cell lines after 12 h co-culture with y& T cells with or without NKG2D ligand blocking. Data are mean +
s.e.m. of two wells with two images per well. i, IFNy (left) and CD107a (right) expression in y& 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 V&1 and V63 T cells in B2M MUT CRC

We subsequently studied how ICB influences y& 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 trial® , 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 clinical 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
significantly associated with higher post-treatment expression
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 aBTCRs (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 yé T cells (Fig. 2¢).
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 y& 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 y6 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) necadjuvant ICB in the NICHE study. The
boxes, whiskers and dots indicate quartiles, 1.5 x 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 yo 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. ¢,

Representative images of granzyme-B-positive yo T cells infiltrating the tumour epithelium (white arrows) by IMC
analysis of a B2MMUT MMR-d colon cancer after ICB treatment. Scale bar, 50 um.
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Importantly, a large proportion of these yo T cells showed an intragpithelial localization
in B2ZMMUT 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 y& 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 y& T
cells (Fig. 4c). These y& 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 yo T cells at the tumour site, especially when these cancers are B2M-

deficient, highlighting y& T cells as effectors of ICB treatment within this context.

DISCUSSION

CD8+ af T cells are major effectors of ICB11.1227 and rely on HLA class | antigen
presentation of target cells. We confirm and shed light on the paradox that patients
with HLA class | 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 yo T cells in ICB-naive tumours; (2) an increased presence of
tumour-infiltrating y& T cells after ICB treatment; (3) in vitro activation of tumour-
infiltrating yo T cells by CRC cell lines and PDTOs; and (4) kiling of tumour cell
lines by yo T cells, in particular by V&1 and V63 subsets expressing PD-1.
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Different subsets of y& 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 yo T cells. Here we
isolated V61/3-expressing PD-1+ T cells as well as V&2-expressing PD-1- T cells
from MMR-d tumour tissues. Our data suggest that especially tumour-infiltrating V&1
and V&3 T cells can recognize and kil HLA-class-I-negative MMR-d tumours,
whereas Vy9Vé2 cells, the most studied and main subset of yo 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 V&1 cells generally outperforms their V62
counterpartsdo-34, Notably, reports of the cytotoxicity of tumour-infiltrating V&3 cells
have been lacking. Furthermore, the observation that PD-1+ yo6 T cells (V61 and V63
phenotype) demonstrated clearly higher levels of antitumour reactivity compared with
their PD-1- counterparts (V62 phenotype) suggests that, as for CD8+ af T cells3s,
PD-1 expression may be a marker of antitumour reactivity in yo T cells.

The mechanisms of activation of y& T cells are notoriously complex and diverse=0.
Specifically, for V61+ 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 yo T cell
activation and cytotoxicity. This suggests a role for the activating receptor NKG2D in
yo6 T cell immunity to MMR-d tumours. Future research should address the
outstanding question of how y& 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 yo 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+ y& T cells (V61 or
V&3+ subsets), which demonstrated anti-tumour activity. Whether the lack of KIR-
mediated signaling promotes the survival of y& 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 y& T-cell-based antitumour immunity. Second, the
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presence or absence in tumours of specific yd T cell subsets (such as Vo1 or V&3)
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 | defects, such as stomach adenocarcinoma3® and Hodgkin’s
lymphoma40. Third, our results suggest that MMR-d cancers and other tumours with
HLA class | defects may be particularly attractive targets for V61 or V&3 T-cell-based
cellular therapies.

Although we have provided detailed and multidimensional analyses, it is probable that
yo 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 models4), and may also support y& T-cell-
driven responses. Notably, no subset equivalent to V61 or V63 T cells has been
identified in mice, which complicates their investigation in in vivo models. In
conclusion, our results provide strong evidence that y& T cells are cytotoxic effector
cells of ICB treatment in HLA-class-I-negative MMR-d colon cancers, with
implications for further exploitation of y& T cells in cancer immunotherapy.
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