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Predicting the toxicity of cancer immunotherapies preclinically is
challenging because models of tumours and healthy organs do not typically
fully recapitulate the expression of relevant human antigens. Here we show
that patient-derived intestinal organoids and tumouroids supplemented
withimmune cells can be used to study the on-target off-tumour toxicities
of T-cell-engaging bispecific antibodies (TCBs), and to capture clinical
toxicities not predicted by conventional tissue-based models as well as
inter-patient variabilities in TCB responses. We analysed the mechanisms

of T-cell-mediated damage of neoplastic and donor-matched healthy
epithelia at a single-cell resolution using multiplexed immunofluorescence.
We found that TCBs that target the epithelial cell-adhesion molecule led to
apoptosisin healthy organoidsin accordance with clinical observations,
and that apoptosisis associated with T-cell activation, cytokine release

and intra-epithelial T-cell infiltration. Conversely, tumour organoids were
moreresistant to damage, probably owing to areduced efficiency of T-cell
infiltration within the epithelium. Patient-derived intestinal organoids can
aid the study ofimmune-epithelial interactions as well as the preclinical and
clinical development of cancerimmunotherapies.

Cancer immunotherapy, which recruits immune cells in targeting
tumours, has emerged as one of the most promising strategies for
battling cancer?. However, despite instances of stunning clinical suc-
cess**, only afraction of patients and tumour subsets respond owing to
aconfluence of factors, including a low expression of neoantigens by
cancer cells and immunosuppressive tumour milieus’. In addition to

inconsistent antitumour efficacy,immune-related toxicities are amajor
roadblock to the clinical translation of cancer-immunotherapy drugs.
The enormous clinical potential of nearly all T cell-targeted approaches,
includingimmune checkpointinhibitors, chimaeric antigen receptor
(CAR) T cells and bispecific T-cell engagers, is undercut by on-target
activity in healthy tissues, ultimately resulting in serious adverse
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effects®®. These toxicities, ranging from cytokine release syndrome
toorgandamage, often lead to the termination of promising new clini-
cal programs and limit the broad application of approved therapies® .
However, most of these challenges are typically unforeseen by tradi-
tional preclinical toxicology models, including cell lines and animals,
whicheither fall short in capturing the complexity of native organs, or
lack human-specific tissue features and immunological responses'>".

Patient-derived organoids—three-dimensional (3D) structures
derived from primary healthy or tumour tissue samples—are coming
ofage as powerful preclinical models owing to their ability to preserve
morphological, genetic and functional features of the parental tis-
sue'*. The value of organoids in oncology research and personalized
medicine has been exemplified by studies demonstrating accurate
prediction of patient responses to anticancer drugs'®™". Although
organoids themselves are devoid of an immune compartment, sup-
plementation with immune cells has enabled their use for preclinical
testing of not only chemotherapies or targeted therapies but also
immunotherapies'®*°. These studies have provided compelling evi-
dence that organoids can be used to test and improve the efficacy of
cancer-immunotherapy drugs and tailor their clinical application to
patients with a high chance of response. However, organoid-based
immuno-oncology models have largely overlooked toxicity of cancer
immunotherapy in healthy tissues as a major hurdle in the effective
clinical translation of these drugs.

In this study, we applied healthy intestinal organoids to evalu-
ate the safety liabilities of cancer-immunotherapy drugs, using
T-cell-engaging bispecific antibodies (TCBs) as a model therapy. We
demonstrate that organoid-immune cell co-cultures are able to cap-
ture clinical toxicities overlooked by animal models and shed light
on the cellular mechanisms that underpin these effects. Combined
efficacy and safety studies in matched healthy and tumour organoids,
complemented with multiplexed immunofluorescence (mlIF) technol-
ogy, providedimportant and clinically relevant insightsinto the cellular
interactions (and differences therein) that mediate epithelial killing
during antitumour activity and immune-mediated damage of healthy
tissue. Finally, we show that organoids reveal donor-dependent differ-
ences in TCB safety liabilities, which could be attributed to variations
intarget expressionamong patients. Therefore, we present a versatile
and patient-relevant model for the preclinical safety-and-efficacy
testing of immunotherapies to help understand and therapeutically
exploit fundamental mechanisms of immune-triggered epithelial
killing and to guide the optimization of the clinical application of
immuno-oncology drugs.

Results

TCBs are antibodies engineered to recognize two different epitopes:
a cancer antigen and, typically, the CD3 T-cell receptor?-*%. By physi-
cally crosslinking the target to the effector cells, the latter are potently
activated and instructed to lyse the malignant cells. However, target
antigens arerarely restricted to tumours; they are often also expressed
inhealthy organs, resulting in off-tumour T-cell activation and damage
to the target-expressing healthy cells”. For example, TCBs targeting
the epithelial cell-adhesion molecule (EpCAM) and carcino-embryonic

antigen (CEA), were developed to treat solid tumours, but were found
to trigger diarrhoea in phase I clinical trials, suggesting on-target
off-tumour intestinal reactivity, consistent with EpCAM and CEA
expression in the healthy intestine****. Endoscopic examination of a
patient treated with the EpCAM TCB revealed epithelial celldamage and
mononuclearimmune-cellinfiltrationinto the mucosa, accompanied
by elevated serum levels of inflammatory cytokines IFNy, IL-6 and IL-8
(ref. 23). Importantly, these effects were not captured by preclinical
invitro and animal models, probably owing to immunological differ-
encesbetween the species and the absence of human-specificisoforms
or tissue-relevant expression of targets in non-human primates and
mice*?°, We sought to examine whether patient-derived intestinal
organoids canbe used torecapitulate clinical toxicities that were trig-
gered by EpCAM TCB and model toxicities of CEA-targeting TCBs that
are under development.

Small intestinal (SI) and colon organoids were established from
healthy margins of patient surgical resections”. We used immunohisto-
chemistry (IHC) to characterize the Sland colon organoids towards the
tissue of origin. By IHC, the presence of both intestinal stem cells and
differentiated cell types (enterocytes and goblet cells) was confirmed,
the latter increasing from day 3 to day 5 after switching to organoid
differentiation conditions (Supplementary Fig. 1a,b). A time-course
evaluation revealed the best treatment time to be between day 3 and
day 5 of culture, optimizing between cell differentiation stages and
viability (Supplementary Fig. 1b). Next, we assessed the expression of
TCB target proteins CEA and EpCAM within organoids and compared
it to that of parental intestinal samples. Histological IHC evaluation
revealed the presence of EpCAM and CEA in both the healthy Sl and
colon, confirming the availability of the indicated target for TCB bind-
ing (Fig. 1a). Both target proteins were likewise expressed in Sl and
colon organoids at physiologically relevant morphological patterns
(Fig.1b): EpCAM exclusively localized to cellular junctions, whereas CEA
showed apicallocalization, akin to that observed in parental samples.
The physiological expression of target antigens within intestinal orga-
noids qualifies these models for the assessment of target-dependent
effects associated with TCBs.

Bearing in mind that TCBs exert their effects by simultaneous
engagement of epithelial and immune cells, we supplemented the
intestinal organoid culture with an immune compartment compris-
ing allogeneic human peripheral blood mononuclear cells (PBMCs)
(Fig. 1c). However, instead of culturing immune cells and organoids
in suspension or aggregating them at the bottom of wells, as done
conventionally?®*%, we co-encapsulated them in solid 3D hydrogels.
The solid extracellular matrix (ECM) surrounding the organoids and
PBMCs is a more faithful mechanical representation of intestinal tis-
sue and allows simulating crucial immunological processes beyond
contact-dependent targeting, including bystander signalling, immune
cell migration and infiltration.

Next, we treated the immunocompetent organoid model with
EpCAM TCB and monitored immune-mediated epithelial cell lysis
by caspase-3/7 induction (Fig. 1d and Supplementary Fig. 1c,d),
on the basis of clinical observations of epithelial damage among
TCB-treated patients®. In addition, we evaluated potential toxicities

Fig.1|Patient-derived intestinal organoids co-cultured with PBMCs
recapitulate physiological target-expression patterns, enabling the ‘back-
translation’ of TCB-induced on-target off-tumour toxicity. a, Expression of
CEA and EpCAM target antigens in healthy small intestine and colon primary
tissue as well as in patient-derived organoids captured by chromogenic DAB
(brown) staining at x20 magnification. Scale bar,100 um. b, Quantification of
the DAB staining by area quantification of individual colon organoids (n > 50).
Scale bar, 100 pm. Red line displays mean. ¢, F-actin® outlined organoids (orange)
co-cultured with bright DAPI* (blue) PBMCs displayed as maximum intensity
projection of az-stack of ~-100 pm. x20 magnification; scale bar,200 pm.

c’, A3Dreconstruction of ¢ highlights spatial arrangement of PBMCs around

the organoid (x, y, zaxes). d, Schematic of low-resolutionimaging assay to capture
on-target off-tumour toxicity using an organoid-PBMC co-culture. Organoids (5-d
expanded and 3-d differentiated) were collected and resuspended with PBMCs
before assessing the TCB treatment by brightfield and IF imaging. Schematic
created with BioRender.com. e, Representative single tiles of merged brightfield
and caspase-3/7 IF (green) images of the co-culture treated with EpCAM, CEA(hi),
CEA(lo) and non-targeting TCB (0.1-10 pg ml™) over a time course of 72 hat x5
magnification. Scale per tile, 500 pm. f, Heat map of quantified caspase-3/7
arbitrary fluorescence units (a.f.u.) in >20 segmented organoids per well (n = 3) for
each treatment condition (0.1-10 pg ml™) across time. All displayed experiments
inthis figure were replicated at least five times, yielding similar results.
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of CEA-targeting antibodies, testing a high- and alow-affinity molecule:
CEA(hi) TCB** and CEA (lo) TCB*. Anantibody that can bind T cells but
not epithelial cells (NT TCB) was used as a control for T-cell activation
independent of epithelial binding. The model revealed targeting of
organoids by all epithelium-targeted molecules, as evidenced by robust
time-and concentration-dependentinduction of apoptosis (Fig. 1e,f).

Healthy primary colon

Importantly, the system was sensitive to parameters such as target
expressionand antibody affinity:in line with the higher EpCAM acces-
sibility (Fig.1a), EpCAM TCB triggered more rapid and severe organoid
cytotoxicity compared with the CEA-targeted molecules. Likewise,
CEA(hi) TCB was more damaging than CEA(lo) TCB (Fig. 1e,f). Impor-
tantly, these results are in line with clinical reports of more frequent
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andsevere intestinal adverse events associated with EpCAM-targeting
bispecifics compared with those binding CEA****. Together, these data
suggest that organoids can provide a robust and sensitive system for
modelling on-target TCB-mediated toxicities in healthy organs.

The mechanisms by which TCBs exert their effects in the context
of on-target off-tumour toxicity remainincompletely understood. One
unanswered question relates to the cellular and molecular drivers of the
outcomes, along with their respective temporal dynamics and mutual
interactions. An advantage of our model is the possibility to track the
evolution of animmune response following TCB administration, within
the context of a physiologically relevant ECM-embedded epithelium.
To this end, we monitored co-cultures of PBMCs and intestinal orga-
noids, supplemented with TCB molecules (EpCAM, CEA(hi) and
CEA(lo), along with the NT TCB control) at three different concentra-
tions (0.1, 1and 10 pg ml™). Sacrificial wells from each condition were
collected and digested at 5, 24, 48 and 72 h after TCB treatment and
phenotypically assessed via flow cytometry to provide a granular
characterization of immune cell kinetics in response to the differ-
ent TCB treatments. Initial analysis of intracellular TNFq, a pivotal
pro-inflammatory cytokine responsible for intestinal inflammation
and damage®, demonstrated a detectable response principally local-
ized to a population of GzmB* CD8" T cells and CD45RO" memory
CD4" T cells (Supplementary Fig. 2a,b). Therefore, we focused our
subsequent phenotypic analysis on these two responder populations.
Following antigen engagement, T cells internalize and degrade their
surface T-cell receptor (TCR)-CD3 complex in a manner proportional
to the magnitude of TCR stimulation®. Therefore, we used the inten-
sity of detectable CD3 as a surrogate for ranking the level of stimu-
lation provided by each of the TCBs (Fig. 2a). CD3 downregulation
peaked between 24 h and 48 h after TCB administration in both the
CD8" and CD4" T-cell fractions, and was accompanied by a temporal
pulse induction of TNFa and IFNy, two fundamental cytokines that
synergize to orchestrate potent inflammatory responses (Fig. 2b,c).
Incontrast, GzmB, aserine protease that mediates cytolytic targeting,
was induced in a time-dependent manner, progressively increasing
from 24 h until the end of the co-culture (Fig. 2d). These dynamics
suggested that GzmB induction wasasecondary response to theinitial
inflammatory milieu created by TCB-induced T-cell activation. At 72 h
after TCB administration, T cells transitioned into a growth phase, as
demonstrated by detection of intranuclear Ki67 (Fig. 2e).

Overall, the magnitude of the response correlated with the degree
of expected target antigen binding. Namely, TCBs targeting EpCAM,
which is more accessible than CEA, triggered the strongest pattern
of TCR downregulation, cytokine/GzmB expression and cell cycling
(Fig. 2a-f, red squares). Whereas CEA(hi) also induced a robust
response, CD3 expression after CEA(lo) treatment remained constant,
suggesting only modest CD3 engagement triggered by this molecule
(Fig.2a-f, purpletriangles). The dose titration of each TCB showed that,
unsurprisingly, higher TCB concentrations induced stronger T-cell
activation (Fig. 2a-e). Most intriguing was GzmB expression across
the different TCB concentrations. EpCAM TCB, due to the accessibility
of the EpCAM antigen, invoked a potent induction, regardless of the
concentration of TCB tested here. CEA(hi) TCB, however, transitioned
between complete absence of induction at the lowest concentration

(0.1 pg ml™) to near complete response at the middle concentration
(1pg mI™), particularly within the responding CD4" fraction (Fig. 2f).
The magnitude and kinetics of GzmB induction are concordant with
the level of organoid targeting and expression of caspase-3/7 within
the epithelium for each treatment (Fig. 1e,f), confirming this enzyme
as a key driver of the cytotoxicity. Soluble cytokine analysis from the
supernatants at each timepoint demonstrated a similar transition
between complete absence of inflammatory cytokines at the lowest
concentration of CEA(hi) TCB to near complete response at the middle
concentration. IFNy, IL-2, IL-4, TNFa and GM-CSF all followed this pat-
tern of expression (Fig. 2g). Likewise, cytokines secreted in response
to CEA(lo) TCB treatment were nearly undetectable, whereas EpCAM
TCBinduced highlevels of cytokines at all three concentrations, inline
with the apoptosis outcome associated with each molecule (Fig. 1e,f).
Itis important to highlight that the induction of IFNy, IL-6 and IL-8 in
response to EpCAM TCB treatment is consistent with elevated serum
levels of these cytokines in patients treated with the same molecule®.
Collectively, these data depict the kinetics of TCB-induced intestinal
targeting, aligning with reported patient safety profiles from clinical
trial dataand demonstrating the utility of our model, with its sensitivity
to TCB dose, antigen affinity and target accessibility.

Although flow cytometry-based phenotyping provided valuable
insightinto theimmunological mechanismsthat drive TCB-associated
intestinal toxicities, it reveals only a partial picture. Primarily, it does
not provideinformation onthe spatialinteractions within and between
the epithelial andimmune compartments that underlie the outcomes.
For example, it is unclear whether cytotoxic effects are primarily and
exclusively driven by T cells that are incidentally located in the vicinity
of tumour cells and target, or, if following initial lysis events and con-
comitantinflammation, distant cellsare recruited and actively migrate
to the site to inflict further damage. To analyse the TCB-mediated
immune activation in a spatiotemporally resolved manner, we devel-
oped a 7-plex mIF approach to visualize pan-cytokeratin* epithelial
cells (panCK), induction of apoptosis (caspase-3/7),CD4*/CD8" T cells,
CD20" B cells and CD14" monocytes, as well as to visualize and quan-
tify target expression (Supplementary Fig. 3a). Importantly, both
preservation of spatial information and histological sectioning were
possible owing to the 3D format of the system, wherein organoids and
immune cells are housed within solid ECM, rather than in suspension
oraggregation.

Inline with results derived from liveimaging (Fig. 1), we observed
anincreasein caspase signal within the organoids following TCB treat-
ment, which began appearing around the 24 h timepoint and culmi-
nated at 72 h, coupled with necrosis of the epithelial layer (Fig. 3a).
The mIF approach also unveiled the exquisite and, in some cases,
unexpected organoid-immune cell interactions that accompany and
probably drive the outcome. Whereas CD4"and CD8" T lymphocytes
in the control condition appear to be small, round and stationary
throughout the experiment, TCB-stimulated cellsbecame larger, oval
and underwent extensive migration towards the epithelium, resulting
inorganoids that were fullyimmune-infiltrated by the end of the experi-
ment (Fig. 3a). Further, we observed T-lymphocyteinfiltration between
cells of the organoid epithelium, which resembles the integration of
intra-epithelial lymphocytes within the intestinal barrier** (Fig. 3a,

Fig.2| TCB-triggered immunological activation cascades of CD45R0O* CD4"*
and GzmB® CD8' immune subsets yield mechanisticinsightinto the TCB
mode of action. The figure follows the CD45RO* CD4" and GzmB* CD8" T-cell
fractions over the treatment period (hereafter abbreviated as ‘both subsets’).
The figure displays data for both subsets, following the immunological cascade
and cytokine release at 10 pug ml™ across the entire treatment duration (left
panels) and at three different concentrations (0.1-10 pg ml™) (right panels) of
theindicated TCB at specific timepoints (denoted by asterisks). a, TCR (CD3) MFI
highlights TCR internalization upon TCB stimulus in both subsets. b-d, Brefeldin
A and Monensin were used to trap cytokines secreted in individual cells. Here

we detected pro-inflammatory cytokine release by means of TNFa (b) and IFNy
(c) inboth subsets, followed by GzmB exocytosis (d). e, Proliferative state of
CD45R0O* CD4"and Ki67* GzmB* CD8" by Ki67* antibody staining reiterates potent
activation ofimmune cells. f, Concatenated contour plot of GzmB" intracellular
expressioninboth T-cell subsets 48 h post treatment, in which each columnar
cloud represents the individual condition indicated. a-f, n=2.g, Heat map

of multiplex cytokine analysis performed on supernatants from treated wells
across all timepoints and TCBs administered. Normalized per cytokine, mean per
condition plotted (n=3).
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Fig.3 | mIF-based dissection ofimmune-epithelial interactions during
TCB-mediated toxicity in intestinal organoids. a, Representative single tiles
(x20 magnification) of the 7-plex mIF images across all EpCAM TCB and NT

TCB treatments (10 pg ml™) across 0-72 h time course. PanCK' organoids are
surrounded by CD4" (orange), CD8" (turquoise), CD14" (red) and CD20" (yellow)
immune cells. Caspase-3 (green) captures TCB-mediated off-tumour toxicity
inthe organoids. Nuclei are stained with DAPI (blue). Scale bar, 100 um. b, An
image at 24 h post EpCAM TCB administration highlights concentric partitioning
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line, inclusion; dotted line, exclusion. Scale bar,100 pm. ¢, Mean of the absolute
counts of CD4"and CD8' T lymphocytes in the zones around individual organoids
across time highlights infiltration upon EpCAM TCB (10 pug ml™) application. All
displayed experimentsin this figure were replicated at least three times, yielding
similar results.

magnified inserts). This process appears to precede the induction of
apoptosis and may therefore be an essential step of the interaction cas-
cadethat ultimately leads to organoid demise. These observations are
alsoinline withreports of intestinalimmune cell infiltratesin patients
experiencing severe diarrhoea upon TCB treatment?.

To quantify these findings, we devised an image analysis strat-
egy to assess the spatial distribution of immune cells in relation to
organoids over time. Briefly, by training a deep-learning algorithm
(DenseNet Al2, HALO Alv.3.4.2986.209) to distinguish between matrix,
organoid and immune cells, we created individual organoid ROIs and
generated inward and outward concentric partitions to denote theinte-
rior of the organoids (zone 1), the organoid epithelial barrier (zone 2)
and the proximal and distal extracellular space (zones 3 and 4) (Fig. 3b
and Supplementary Fig. 3a,b). Quantification of the number of T cells
within these regions over time following EpCAM TCB administra-
tion confirmed the visual observations (Fig. 3c and Supplementary
Fig. 3f): the numbers of both CD4" and CD8" T cells within zones 1

and 2 substantially increased over time (Supplementary Fig. 3i). Fur-
thermore, unlike the low-resolution live imaging, which provided an
arbitrary and relative measure of damage, the high-resolution quan-
tification of the caspase signal shows the physical extent of organoid
damage over time (Supplementary Fig.3g,h).

To support the translation of therapeutic molecules into the clinic,
safety data are meaningful when presented in conjunction with efficacy
data, thatis, compared against antitumour activity of the drugsinthe
form of a safety margin. Therefore, we extended our system to simul-
taneously assess both killing of colorectal cancer organoids (hereafter
referred to as tumouroids) and intestinal toxicity using donor-matched
healthy organoids (Fig. 4). Before performing functional studies, we
assessed the cellular architecture and expression of the targets intro-
duced above within organoids and tumouroids using haematoxylin and
eosin (H&E) and IHC staining (Fig. 4a). Inboth cases, organoids recapit-
ulate the architecture of the respective native tissue (Fig. 1a): whereas
healthy organoids feature a simple epithelial monolayer, tumouroids
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across all TCB treatments (10 pg ml™) at 72 h, displaying panCK" organoids and
tumouroids (magenta) surrounded by CD4" (orange), CD8" (turquoise), CD14"
‘red) and CD20" (yellow) immune cells. Caspase-3 (green) captures TCB-triggered
immune-induced apoptosis, nuclei are stained with DAPI (blue). Scale bar, 100 pm.

Tumouroids "o
T 24h-

CD8 CD4 CD14

Tumouroids [ Tumouroids

48h |

Post EpCAM TCBappllcatlon

Caspase-3 panCK

¢, Sum of panCK" (grey) and caspase-3° (green) epithelium of the organoids and
tumouroids, respectively, detected inzone 2 (on epithelium) across the different
TCBtreatments and time (n = 3). d, Quantification of the 7-plex mIF images
represented in b and e. Heat map of the absolute counts of T-cell subsets within
the different zones of individual organoids and tumouroids across time and TCB
treatment. e, Single tiles of the 7-plex mlIF staining at x20 magpnification (colours
explained in b) highlights substantialimmune-intercalation dissimilarities
between healthy and cancerous epithelium treated with EpCAM TCB (10 pg ml™).
Organoid image: highly CD4"and CD8' T-cell infiltrated organoids 24 h post
administration. Tumouroid images: progressively killed tumouroid (caspase-3*
apoptotic bodies) over time, but devoid of T lymphocytes within the inner core
of the tumouroid. Scale bar, 100 pm. All displayed experiments in this figure were
replicated at least three times, yielding similar results.
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are heterogeneous and densely packed, nearly lacking aluminal space
(Fig.4a). Furthermore, unlike organoids, which contain the full diver-
sity of differentiated intestinal cells, tumouroids appear to mainly
comprise progenitor and secretory cells (Supplementary Fig. 4a).
As expected, tumouroids featured higher target levels (EpCAM
and CEA) compared with organoids, although the differences were
modest (Fig. 4a).

We next applied the mIF method introduced above to analyse
epithelial damage, immune cell behaviour and activation within
TCB-treated organoids and tumouroids (Fig. 4b and Supplementary
Fig. 4b). Although both tissue types were targeted by lymphocytes,
immune infiltration and epithelial cytolysis appeared to be more
extensive in healthy organoid co-cultures despite slightly higher
target expression within tumouroids. In particular, TCB-triggered
apoptosis within tumouroids appeared to be delayed compared
with that within organoids, as indicated by the higher proportion
of cytokeratin-positive living epithelial cells that persist at the later
timepoints (48 and 72 h; Fig. 4b,c). Indeed, whereas organoids were
thoroughly destroyed at 72 h after treatment, tumouroids preserved
anintact core (Fig. 4b). To shed light on the cellular mechanisms that
underlie this finding and bearing in mind that epithelial targeting is
mediated by immune cells, we quantified the spatiotemporal dynam-
ics of Tlymphocytes in the various organoid zones, as outline above,
duringthe process (Fig. 4d). Comparing organoids and tumouroids, we
observed notable differencesin their susceptibilities to T-cell infiltra-
tion.Both CD4" and CD8*lymphocytes appeared to integrate faster and
more extensively within the healthy organoid epithelium than within
the tumouroids. The results obtained from cell number quantification
were confirmed by high-magnification images of stained sections:
whereas TCB-treated organoids featured a high number of T cells
inserted between epithelial cells within 24 h, T cells within tumouroid
samples appeared to be largely sequestered to the basal side of the
epitheliumandrarelyintegrated even 72 h post TCB application (72 h;
Fig. 4e). To investigate whether our observations can be extended
to other donors, we generated two additional organoid-tumouroid
pairs and repeated the experiments. Consistently, tumouroids expe-
rienced lower extents of damage and T-cell infiltration compared with
organoids (Extended Data Fig. 1c-f). Comparing outcomes of experi-
ments performed with allogeneic vs autologous PBMCs, we obtained
similar results in the case of healthy organoids, that is, allogeneic and
autologous PBMCsinduced comparable levels of apoptosis upon TCB
treatment. In contrast, we observed that allogeneic PBMCs targeted
tumouroids more extensively than autologous ones. Itis possible that
any neoantigen-driven (bystander) T-cell activation s further amplified
by analloreactive response.

Higher efficiency ofimmune cellintegration within the epithelium
provides a compelling explanation for the increased TCB-mediated
killing of healthy organoids, despite expressing lower target levels than
tumouroids. Intra-epithelial lymphocytes and activated peripheral
T cells conventionally infiltrate within intestinal epithelium by directly
binding E-cadherin via the integrin aE(CD103)[37, itself upregulated

during inflammation®**. Intriguingly, we observed attenuated
E-cadherin expression within tumouroids compared with organoids
(Extended Data Fig. 2a,b). To explore whether TCB-activated T cells
infiltrate within organoids by binding to E-cadherin and whether T-cell
exclusion within tumour organoids could be explained by its down-
regulation, we used an aE(CD103)37-inhibitor cocktail comprising
arecombinant human monoclonal antibody etrolizumab®® and an
anti-integrin B7 monoclonal antibody” to inhibit the CD103-E-cadherin
interaction within TCB-treated co-cultures (Extended Data Fig. 2c).
Toour surprise, neither organoid apoptosis nor T-cell infiltration were
affected (Extended DataFig.2d,e). IHC and flow cytometry analysis for
CD103 expression within TCB-treated co-cultures revealed no upregu-
lation of this protein, suggesting that T cells use a different mechanism
tointegrate within organoids (Extended Data Fig. 2f,g). Bearingin mind
that TCB targets are surface molecules, we believe that in the context
of the toxicities described here, lymphocyte epithelial infiltration is
driven by CD3-target (CEA/EpCAM) interaction.

Given the substantial differences in epithelial architecture
between the two tissue types (Fig. 4a and Extended Data Fig. 2a,b),
we considered organoid/tumouroid morphology as a potential fac-
tor underlying the differential infiltration and damage. To test our
hypothesis, we established additional tumour lines of varying mor-
phologies, including those that resembled the simple monolayer and
large lumens of healthy organoids and others that were more densely
packed and contained smaller lumens (Extended Data Fig. 3a). The
co-culture experiments revealed no correlation between morphol-
ogy and tumouroid apoptosis or lymphocyte infiltration; that is, the
tumouroid line featuring a simple monolayer was not targeted most
extensively, as we had expected (Extended Data Fig. 3b-e). The dif-
ferences in apoptosis and T-cell infiltration most strongly correlated
with target (EpCAM) expression (Extended Data Fig. 3¢,f,g), suggest-
ingthat target expression is the most robust determinant of organoid
susceptibility to TCB-mediated damage, rather than morphology.
We still do not understand what drives the differences in infiltration
between tumouroids and organoids of the same donor. This question
warrants a separate in-depth study that may reveal interesting funda-
mental differences between tumour vs healthy epithelium that may be
leveraged therapeutically.

We next considered the utility of our systemin precision medicine
applications, by exploring whether it can capture patient variationsin
susceptibility to cancer-immunotherapy responses, in this case toxic-
ity. Tothisend, we generated 14 additional Sl and colon organoid lines
using biopsies derived fromdifferent patients. The organoids were then
treated with EpCAM- and CEA-targeting TCBsin co-culture with PBMCs.
Quantification of TCB-mediated organoid killing revealed substantial
differencesinresponse within the organoid cohort (Fig. 5a,b), wherein
certainorganoid lines were targeted readily, while others seemed refrac-
tory todamage. Asexpected, EpCAMTCB and CEA(hi) TCBled to higher
overall targeting compared with the low-affinity CEA-binding TCB.

Intriguingly, the effects of both EpCAM and CEA(hi) TCB were
highest in a shared subset of organoid lines, suggesting a common

Fig. 5| The organoid model detects donor-dependent differencesin
TCB-triggered toxicity. a, Representative single tiles of merged brightfield
and IF images of the 14-organoid donor lines co-cultured with PBMCs treated
with EpCAM, CEA(hi), CEA(lo) and NT TCB (0.5 pg ml™) at 48 h post TCB
administration. x5 magnification; scale bar per tile, 1 mm. Organoid donor
number is random, following no particular order. b, Heat map of quantified
caspase-3/7 fluorescence signal in dozens of segmented organoids per well
(n=3)for each TCB treatment across time. Mean fluorescence signal for each
TCB condition normalized to the mean a.f.u. detected in the NT TCB control at
each timepoint. The 14 different patient-derived organoid lines are displayed
onthexaxis and ordered by extent of apoptosis experienced. ¢, Representative
IHC of CEA (top) and EpCAM (bottom) expression of the 14 embedded organoid
lines at x40 magnification. Organoid donors ordered by expression levels.

Scale bar, 50 pm. d, Quantified target expression levels of cross sectionsin ¢ for
CEA (top) and EpCAM (bottom) indicated as positive area for each individual
organoid. Donors are ordered by increasing target expression. e, Dataind as
boxplots, with whiskers showing all points (minimum to maximum) of the

mean target expression across all donors distinguished between the indicated
intestinal regions for each organoid line (n = 7). Unpaired ¢-test (two-tailed) was
performed. f, Correlation plots of the target expression between CEA or EpCAM
and normalized caspase-3/7 signal of the respective TCB. R?is provided per plot.
g, Dataas boxplots, with whiskers showing all points (min. to max.) of the mean
of normalized caspase-3/7 across all donors distinguished between the indicated
intestinal regions for each organoid line at 48 h post administration (n=7).
Unpaired ¢-test (two-tailed) was performed. All displayed experiments in this
figure were replicated at least three times, yielding similar results.
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mechanism of susceptibility to immune-mediated damage for these
patients. Bearing in mind that target abundance is one of the pri-
mary factors that govern the potency of TCB effects, we considered
patient-specific variations in target expression as the factor underlying
the functional outcome. We performed IHC analysis of bothEpCAM and
CEA expressionacross all 14 organoid lines (Fig. 5¢). Visual inspection

and signal quantification revealed notable variations in CEA expression
across donors and between organoids derived from different intes-
tinal segments, with colon organoids expressing much higher levels
compared with Sl organoids (Fig. 5d,e). In contrast, EpCAM expres-
sion was less variable between different organoid lines and intestinal
regions (Fig. 5c-e). Importantly, these data are consistent with the
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expression of these proteins in parental samples: CEA expression is
higherinthe colon, whereas EpCAM is expressed at comparable levels
between Sl and colon (Fig. 1a and Human Protein Atlas), suggesting
that the organoid system faithfully captures regional variations of
protein expression within the native intestine. We noted a positive cor-
relation between toxicity outcome and target abundance for both the
EpCAM-and CEA-binding molecules (Fig. 5fand Supplementary Fig. 5),
implicating, as expected, target expression as amajor determinant and
potential predictor of adverse events. However, it isimportant to high-
light meaningful outliers such as donor 8, which, despite featuring the
lowest expression of CEA among the colon-derived lines, was subject
to high immune-mediated targeting. This result implies that target
expression alone, despite overall positive correlation, is not the sole
factor that governs organoidkilling. Further, we observed clear separa-
tion of CEA TCB-induced organoid killing based on intestinal region,
whichis expected, bearingin mind the substantial enrichment of CEA
inthe colon (Fig. 5e-g). However, our data likewise show a significantly
lower response of Sl organoids to EpCAM TCB despite high levels of
EpCAM expression, suggesting that small intestinal epithelium may
inherently be morerefractory toimmune-mediated injury. Bearingin
mind that these experiments were conducted using allogeneic PBMCs,
we found it important to also test how PBMCs from different donors
influence the outcome. We repeated the co-culture experiments with
a subset of 6 organoid lines from the original 14, with low-CEA- and
high-CEA-expressing donors being represented. Each organoid line was
co-cultured with PBMCs derived from three individuals (Supplemen-
tary Fig. 6a). Consistently, donors expressing higher CEA levels were
targeted more extensively, and we derived astrong positive correlation
between organoid apoptosis and target expression (Supplementary
Fig. 6b-e). Theresults were reproducible across the three PBMC donors
(Supplementary Fig. 6b,d). We also explored how the extent of T-cell
infiltration and activation varies in co-cultures containing organoids
from different individuals, using the mIF approach and multiplexed
ELISA, respectively. Organoid lines that were heavily damaged were
also most extensively infiltrated by both CD4" and CD8" T cells (Sup-
plementary Fig. 6e,f). In addition, we detected the highest induction
of pro-inflammatory cytokinesin lines 8,9 and 13, which respectively
express high levels of target, undergo most extensive damage and are
mostinfiltrated by immune cells (Supplementary Fig. 6g).

Thus, itappears that target abundance, intestinal region and addi-
tional donor-specific factors all contribute towards determining the
functional effects of TCB treatment on intestinal organoids. It would
be interesting to further dissect the mechanisms underlying these
differences in response and potentially leverage them as markers to
predict or ameans to minimize immune-related toxicities associated
with cancer-immunotherapy drugs.

Discussion
The ultimate goal of immuno-oncology is to develop treatment
strategies with a favourable therapeutic window, that is, therapies
that preferentially target tumour cells without collateral damage to
healthy tissues. Owing to factorsincluding poorly understood tumour
immunology and microenvironment, scarcity of tumour-restricted
antigens, inadequate preclinical models and unguided clinical appli-
cation, cancer-immunotherapy approaches have yet to realize their
full potential, especially intreating solid tumours. Here we have intro-
duced an organoid-based approach that can expand the therapeutic
power of cancer-immunotherapy drugs by (1) allowing more accurate
preclinical assessment of efficacy and safety profiles, (2) shedding
light on fundamental cellular and molecular mechanisms thatgovern
immune-mediated killing of tumour and healthy cells and (3) enabling
precision clinical application by guiding patient selection.

The utility of organoid technology as a preclinical system
for cancer-immunotherapy drug efficacy testing or studying
immune effector functions against cancer cells has already been

demonstrated?>?****°, However, antitumour effects in the clinic
can rarely be uncoupled from adverse reactions in healthy tissues,
stemming from mis- or undirected immune cell activity. These
toxicities severely limit, and in some cases, preclude the clinical
application of cancer immunotherapy’". We demonstrate that
healthy patient-derived organoids supplemented with PBMCs
are effective in capturing immune-related intestinal toxicities of
cancer-immunotherapy drugs, such as TCBs. In particular, the model
recapitulated clinical toxicities of EpCAM- and CEA-targeted thera-
pies??* in the form of extensive organoid apoptosis triggered upon
treatment. Importantly, mouse models employed during preclinical
development failed to predictintestinal risks of EpCAM/CEA-targeting
TCBs and CEA CAR T cells*?°, We also show that the organoid system
can predict toxicity of drug candidates at the preclinical stage and
guide their optimization towards more favourable safety profiles.
Whereas afirst-generation molecule potently binding CEA was found
totrigger extensive organoid killing (suggesting high risk of intestinal
damage in patients), lowering its binding affinity reduced the effect
(Fig. 1f). Lowering TCB target affinity and potency would expectedly
lead to a decrease in tumour targeting. However, this is still a viable
strategy in cases where toxicities initially prevented escalation to
therapeutic doses?, provided that a modified molecule preserves
antitumour efficacy while ensuring safety®-*,

We sshould highlight that the approach we describe here is probably
notsuitable for capturing toxicities associated withimmune checkpoint
inhibitors (ICls)*> whose mechanisms are more complex and, aside from
direct T-cell activation, may include cross-reactivity of tumour-specific
lymphocytes and B-cell-mediated auto-antibody production. Based
onrecentstudies linking ICI-induced colitis to tissue-resident T cells®,
incorporating these populations within the co-culture assays could be
astep towards recapitulating ICl adverse events.

Beyond assessing the gross phenotypic outcome via quantifica-
tion of apoptosis, we dissected the molecular mechanisms whereby
cancer-immunotherapy-stimulated immune cells damage intestinal
epithelium. Close correlation between the magnitude and kinetics of
GzmB induction in T cells and apoptosis in epithelial cells suggested
that this protease isresponsible forimmune-mediated organoid killing
(Fig.2). However, we also detected an early release of pro-inflammatory
cytokines TNFa and IFNy, both of which are known for their deleteri-
ous effects on the intestinal epithelium®*. It would be important to
define the respective roles of these species in the safety vs efficacy
context, potentially identifying approaches to mitigate effects on
healthy tissue without compromising antitumour activity. Indeed,
prophylactic TNFa blockade has been shown to uncouple efficacy
from colitis-like toxicities during checkpoint inhibitor treatments
of xenografted mice**. However, a recent study did observe a partial
attenuation of TCB antitumour activity upon TNFa blockade, suggest-
ing that alternative mitigation strategies should also be considered®.

Although disruptive techniques such as flow cytometry provide
invaluable molecular insights, they fail to convey information on the
spatial interactions betweenimmune cells and organoids, which have
not been previously visualized at the single-cell level in either the
tumour or healthy tissue context. We developed an histological embed-
ding protocol preserving the locations and interactions of organoids
and PBMCs upon fixation. Spatiotemporally resolved quantitative
analysis of these sections associated TCB-mediated organoid dam-
age with T-cell proliferation, migration and epithelial infiltration.
Amongthese, particularly surprising was the intra-epithelial insertion
of blood-derived T cells, which has notbeen described beforeinhuman
organoidsingeneraland appears tobe required for efficient epithelial
cellkilling (Figs.3and 4).

Insightsinto the cellular mechanisms of TCB toxicity in the clinicare
difficult to glean because healthy tissues are simply not biopsied during
the course of the treatment, whichiswhentheadverse effectsare at their
most acute. However, one patient treated with EpCAM TCB underwent
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endoscopic evaluation 7 d after treatment termination, owing to per-
sistent abdominal pain®. The histological findings are similar to the
observations we derived from the first organoid model. Damage to the
cryptand villusstructure of the patient duodenumwas observed, which
is consistent with epithelial apoptosis. Extensive lymphocyte infiltration
intothetissue, including between epithelial cells, was also reported and
was recapitulated in our model (Figs. 3 and 4). Measurement of serum
cytokines in the clinic revealed increase in the levels of IFNy, IL-6 and
IL-8, all of which were likewise induced in TCB-treated organoid-PBMC
co-cultures (Fig. 2g). Given the concordance of selected clinical and
invitro outcomes, we believe that this system can help better understand
and identify ways to mitigate clinical toxicities.

Although patient-derived organoids have been pledged to appli-
cations in precision oncology***, organoid-based studies capturing
variability in patient response have been limited to testing chemo-
therapy and targeted therapy drugs**~°. Using organoids derived from
14 donors and co-cultured withimmune cells, we show that the model
canrevealinter-donor variability in their susceptibility to TCB-induced
damage, opening avenuesin precisionimmuno-oncology. Dissecting
thefactors thatgovernthe variationinresponse, we found unsurpris-
ingly that the likelihood for TCB damage of a particular donor corre-
lated with target abundance withinthe organoid (Fig. 5). Variability in
target expression between colon and Sl organoids likewise predicted
that these regions would experience different risks of on-target toxici-
ties. Unfortunately, current clinical reports of TCB-induced gastroin-
testinal toxicities are not able to definitively link the effects to a specific
region®?*, In addition to identifying features that are predictive of
patient response, we view this model as a potential companion diag-
nosticinthe clinic. The efficiency and timescales required to generate
organoids from patient biopsies, however, are probably not conducive
to this application at present. Nonetheless, innovative approaches,
including those based on droplet microfluidics'®, could expedite
and increase the efficiency of organoid formation, rendering them
compatible with clinical application.

We also used the system to explore efficacy and safety effects by
comparing responses of transformed and healthy epithelia to TCB
treatment. We should underscore that we recorded some differences
in the extent of damage inflicted to healthy vs tumour organoids,
depending on whether autologous or allogeneic PBMCs were used
(Supplementary Fig. 5d). Specifically, we observe enhanced killing of
tumour organoids when allogeneic PBMCs are used, which may be the
consequence of additionalimmune cell activation owing to alloreactiv-
ity. However, we would be cautious to draw this conclusion based on
one experiment. The difference could also be theresult of the typically
lower viability and quality of autologous PBMCs collected from cancer
patients compared with commercially sourced cells. Collectively, all
experiments yielded equivalent results regarding questions on the
main TCB effects: (1) whether healthy organoids are targeted and (2)
whether tumour organoids are targeted more or less in comparison;
thatis, whether atherapeutic window exists. Therefore, our assay can
bereliably used to answer these questions with allogeneic PBMCs, even
thoughit might not be able to provide anexact therapeutic window and
absolute TCB concentrations to be used in the clinic.

Inall co-culture experiments and across multiple donor pairs, we
observed remarkable differences in the ability of T cells to integrate
within healthy vs tumour organoids, the latter being more impenetra-
ble and hence more unassailable, despite expressing higher target
levels (Fig. 4). Tumour-mediated immunosuppression comes in many
forms®. Structural and architectural features of the tumour epithelium
itself may be an additional underexplored means to evade immune
attack. Exploring the mechanisms whereby tumour epitheliumshields
itself against immune penetration and, conversely, whereby healthy
epithelium permits integration, could provide new actionable targets
for bothenhancing antitumour efficacy and reducing the toxicities of
T cell-based immunotherapies.

Methods

Human tissue samples

Tissue samples and annotated data were obtained, and experimental
procedures were performed within the framework of the non-profit
foundation HTCR, including informed patient consent.

Intestinal organoid and tumouroid cell culture

Supplementary Table 1 provides anonymized basic donor infor-
mation. After isolation of intestinal crypts following a previously
described protocol”, crypts were embedded in 25 pl droplets of growth
factor-reduced Matrigel (356231, Corning) and cultured ina 50% (v/v)
mix of Human IntestiCult OGM human basal medium (OGM;100-0190,
StemCell) and organoid supplement (100-019, StemCell Technolo-
gies) ina24-well clear TC-treated plate (3524, Corning Costar). Y27632
(10 uM 17%; 72302, StemCell Technologies) and 1% penicillin/strepto-
mycin (15140-122, Gibco) were spiked into the media after seeding
the organoids. Throughout the week of expansion, OGM was changed
every2d, deprived of Y27632. Organoids were passaged every 7 d, up
to amaximum of 25 passages. After 2-3 passages post-isolation, orga-
noid cultures were amenable to experiments. Isolation and passage
protocol in ref. 27 were slightly adjusted for our purposes®. Briefly,
we added 500 pl of Gentle Cell Dissociation reagent (07174, StemCell)
before disrupting the domes. After 15 min of incubation at r.t., the
suspension was centrifuged at 250 g for 5 min before washing with
‘organoid wash’ (DMEM-F12 + Glutamax (61870-010, Gibco), 10 mM
HEPES buffer (15630-056, Gibco), 1% penicillin/streptomycin, 1% bovine
serum albumin (A9647-100G, SIGMA)). Centrifugation was repeated
and the supernatant discarded; the pellet was then resuspended and
seeded inaMatrigel dome.

Colorectal cancer organoids (termed tumouroids) were obtained
and handled as described above, except for media applied. Tumouroids
were grownina50% (v/v) mix of IntestiCult OGM humanbasal medium
(100-0190, StemCell) and DMEM-F12 + Glutamax, supplemented with
1% penicillin/streptomycin and 10 pM I Y27632. Media change and
passages were performed as described for the healthy organoids.

For differentiation of the organoids, OGM was removed after 5 d
of expansion. Human IntestiCult ODM human basal medium (ODM;
100-0212, StemCell Technologies; 500 pl, 50% v/v) and organoid sup-
plement (100-019, StemCell Technologies) were added instead and
supplemented with100 uM I N-[N-(3, 5-difluorophenacetyl)-I-alanyl]-
S-phenylglycinet-butyl ester (DAPT) (72082, StemCell Technologies).
Differentiation mediawere changed every 2 d until usage for co-culture
assay or fixation of the organoids.

Intestinal organoid-PBMC co-culture

Intestinal organoids and tumouroids were cultivated and differentiated
as described earlier. Three days after the initiation of differentiation,
organoids and tumouroids were collected. Domes were washed in
the plate with 500 pl cold 1X Dulbecco’s phosphate-buffered saline
(1X DPBS) (2345154, Gibco), followed by incubation with 500 pl cell
recovery solution (35423, Corning) at 4 °C for 40 min. Next, organoid
and tumouroid domes were disrupted by gentle up-and down-pipetting
close to the dome. We then collected and transferred the suspension
to a15 ml Falcon tube, centrifuged it for 5 min at 200 g, followed by a
wash with ‘organoid wash’ (see above for composition) and repeated
centrifugation. Organoids and tumouroids were kept onice until resus-
pension with PBMCs.

PBMCs were thawed following a standard thawing protocol.
Briefly, PBMCs were thawed for 2 min in a 37 °C water bath. The cells
were then transferred to a 15 ml Falcon tube. The PBMC vials were
carefully rinsed with pre-heated 37 °C PBMC media (RPMI 1640 + Glu-
tamax, 10% fetal bovine serum (heat inactivated) (97068-085, VWR),
1% penicillin/streptomycin (100X, 11140-035, Gibco), 1% non-essential
amino acids (11360-039, Gibco, 100X), 1% sodium pyruvate (100X,
15140-122, Gibco), plus 1:100 DNAse (DNAse I, 0453628001, Roche)).
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The suspension from the rinsed vial was added drop by drop to the
cells in the 15 ml Falcon tube. Next, a further 6 ml of PBMC medium
including 1:100 DNAse was added to the cells before centrifugation at
320 g for 5 min. The supernatant was discarded before the cell pellet
wasresuspendedin PBMC medium toyield ~4 million cells per ml. The
resuspended cells were transferred to the incubator (37 °C, 5% CO,) to
rest for 15 min. Next, PBMCs were counted with Trypan Blue (216040,
Invitrogen) ona Countess Il (Invitrogen). After centrifugationat 320 g
for 5 min, PBMCs were thenresuspended in PBMC medium at 4 million
cells permland transferredina 50 mltissue culture flask (353014, Corn-
ing). The flask was placed slightly tilted in the incubator for aminimum
of 4 hor overnight. After the incubation, PBMCs were transferred to a
Falcontube, centrifuged and stored onice until resuspension with the
intestinal organoids. Depending on the application, different matrices
were generated.

In general, the number of PBMCs needed was calculated using
the following formula: PBMCs needed = (V (ul)x22,000)*n, where
Visthe volume of dome and nisthe sample size. Immune-cell number
was guided by the findings of Fu et al.*> Dome volumes varied between
imaging methods:

1. Killing assay: organoid-PBMC co-culture in a100% Matrigel
matrix for live imaging and fixed whole-mount imaging
Domes of 10 pl per sample (V) were prepared to be seeded in a
p-Plate Angiogenesis 96-well black plate (69646, ibidi). First,
PBMCs were resuspended in the necessary volume of 100%
Matrigel. Second, the PBMC-matrix suspension was carefully
mixed with the organoid pellet to decrease the likelihood of
organoid damage. To avoid phase separation and Matrigel
polymerization during the seeding process, the suspension
was kept in a trough onice. If multiple organoid lines were
seeded simultaneously, organoid-PBMC suspensions were kept
in PCR strips onice to ease the seeding process, keeping the
suspension cold, thus allowing continuous resuspension and
faster handling using a multichannel pipette. After seeding the
co-culture blend, the plates were flipped carefully. The flipped
plate was placed in the incubator for 15 min. During the polym-
erization of the domes, PBMC media and ODM were prepared
(50% v/v). Y27632 (10 mMol ") was spiked into the blend. Media
were added to the wells.

2. Organoid-PBMC co-culture in a 50% (v/v) collagen-Matrigel
matrix for histology-based mIF imaging

For the co-culture setup ultimately embedded in FFPE blocks,
25 pl domes (V) of Matrigel and collagen (50% v/v) were prepared
and seeded in a 24-well clear TC-treated plate. For the creation of
the collagen-Matrigel matrix, 3D Culture Matrix rat collagen 1 (3447-
020-01, R&D systems) was used. The collagen | was prepared by
first using 1M HEPES (15630-056, Gibco), followed by 37 mg ml™
NaMCO, (150 mM NacCl, 1 M HEPES) and finally collagen I at a ratio of
1:1:8. Matrigel and the collagen I mixture (50% v/v) were then mixed
thoroughly. PBMC and organoid or tumouroid resuspension, dome
polymerization and media preparation were executed as described
in the previous paragraph.

Approximately 40 organoids per well was determined toyield the
best results for the killing assay, both in terms of organoid segmenta-
tion during image analysis as well as statistical power, whereas ~100
organoids were seeded when performing the FFPE-based imaging
approach in 25 pl domes. Exact organoid to PBMC cell number was
confirmed by mIF quantification across dozens of samples at baseline
(0 hcondition). Analysis of the images yielded a1.1:1E:T ratio (consid-
ering EpCAM" cells as the entire PBMC population). Only considering
the main effectors (CD4" and CD8" T cells) resulted ina1:2.5 E:T ratio.
Given the 10 pl dome for the killing assay, for example, this results in
220,000 PBMCs to ~200,000 epithelial cells, or 550,000 PBMCs to
500,000 epithelial cellsin a 25 pl dome.

T-cell bispecific antibodies for treatment

We previously provided detailed information about the construc-
tion of the CEA TCBs and NT TCB*. The trivalent 2 + 11gG EpCAM TCB
was generated with the ‘Knob-into-holes’ technique, resulting in a
monovalent CD3*lymphocyte arm as well as abivalent target (EpCAM)
engaging arm. All TCBs plus the corresponding NT TCB were titrated
in PBMC-organoid media and applied 24 h post co-culture seeding,
which denotes treatment day 0. Media were not changed after initia-
tion of treatment.

Blocking experiments

Where indicated, recombinant human monoclonal antibody etroli-
zumab (MA5-41929, Invitrogen; 10 pug ml™) and anti-integrin 7 mon-
oclonal antibody (I-1141, Leinco; 10 pg ml™) were applied together
with TCBs and re-titrated daily without changing the initial TCB-
containing media.

Low-resolution killing assay

Apoptosis was assessed using the CellEvent Caspase-3/7 detection
reagent (C10423, Invitrogen) during the TCB-treatment period. CellEv-
ent Caspase-3/7 detection reagent was diluted 1:1,000 and added to
the respective master mix. Samples were imaged in confocal mode at
x5 magnification (air objective) with the Operetta CLS high-content
imaging device (Perkin Elmer) covering a -450 pm Z-stack, starting
at -150 pm. The distance between Z-stacks was set to the minimum
of 27 um for the x5 objective (autofocus: two peak; binning: 2). Chan-
nels selected were brightfield and the predefined Alexa 488. Per well,
5fieldswere acquired, covering nearly the entire surface of the 96-well
PhenoPlate. Given these imaging parameters, an imaging run of an
entire 96-well plate took 2 h and 39 min. Torule out time-related killing
impacts of TCBs applied between different plates, the time difference
was accounted for by delaying TCB application per plate. The 72-h time
course was imaged live every 24 h, starting with the O h baseline. CO,
was set to 5%, temperature to 37 °C. Caspase-3/7 fluorescence signal
intensity was quantified using the Opera Harmony software (Perkin
Elmer). Briefly, segmentation of organoids was done by using ‘Find
Texture Regions’ on the basis of the brightfield signal only, followed
by ‘Select Region’ and ‘Find Image Region’ to segment single organoids
asobjects. Next, ‘Calculate Morphology Parameters’ was performed to
select objects>7,500 pm?with ‘Select Population’. Next, the caspase-3/7
fluorescence signal perindividual organoid was determined using ‘Cal-
culate Intensity Properties’ of the AF 488 channel within these objects.

Flow cytometry

Five hours before collection, cultures were treated with eBioscience
Protein TransportInhibitor Cocktail (500X, ThermoFisher) tofacilitate
intracellular accumulation of temporally expressed soluble proteins.
Duplicate wells of PBMC-organoid co-cultures from each condition
were collected at 5, 24, 48 and 72 h post treatment. Co-cultures were
first washed with PBS and then digested to single cells using Accutase
solution. Cell suspensions were passed through a 70 pum strainer and
stained for surface proteins. Cells were then fixed and permeabilized
using the eBioscience Foxp3 Transcription Factor Staining Buffer set
(ThermoFisher) and subsequently stained for intracellular and intra-
nuclear proteins (Supplementary Table 2). Stained cell suspensions
were acquired onaBD Fortessa X-20 flow cytometer (BD Biosciences)
and analysed using FlowJo v.10.

Analysis of cytokines

At each timepoint (0, 24, 48, 72 h) after TCB administration, 50 pl of
supernatant was collected from the 24-well clear TC-treated plate.
Supernatants were quickly centrifuged to remove cell debris and then
frozenat-20 °Cuntil further processing. Measurement of the cytokines
(GM-CSF, IFNy, TNFq, IL-2, IL-4, IL-6, IL-8, IL-10) was performed using the
BioPlex Pro Human Cytokine 8-plex assay kit (M50000007A, Bio-Rad).
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The controls, standards and beads were prepared by following manu-
facturer instructions. Briefly, we diluted the sample 1:2 according to
guidelines. After preparing the 4-fold dilution series, we vortexed the
beads and added them to the provided assay plate. After washing the
plates with a plate washer (405TS, Bioteck), standards were added
and incubated for 30 min at r.t. on a rocker at 850 r.p.m. (+50) as rec-
ommended. After another wash, detection antibodies were added,
followed by incubation for 30 min at 850 r.p.m. before washing again.
Lastly, we added the streptavidin-phycoerythrin mix, incubated the
samples for10 minat 850 r.p.m., ending with washing and resuspension
of the beads with the provided assay buffer. The Luminex assay was
performed with a BioPlex 200 instrument (Bio-Rad). First, the stand-
ard and control plates were measured, yielding a standard curve for
each cytokine.Second, a quick validation of the concentration ranges
confirmed thekit to be useful. Third, plates of interest were measured.
With the previously generated best curve fit of the standards, the
mean fluorescence intensity (MFI) of the samples was automatically
calculated to the concentrations in pg ml™.

FFPE-embedding of co-cultures

To FFPE-embed the co-cultures, the samples were seeded ina 50% (v/v)
Matrigel-collagen I matrix as explained above. Wells were washed once
with 1X DPBS before fixation with 4% paraformaldehyde (PFA) in the
24-well clear TC-treated plate. After 30 min of fixation atr.t., the wells
were washed three more times before complete aspiration of the 1X
DPBS. In the meantime, HistoGel (22-110-678, Thermo Scientific) was
heated up according to manufacturer instructions. Pre-liquefied His-
toGel (400 pl) was dispensed into the 24-well clear TC-treated plates.
The plates were then placed in a 4 °C refrigerator for ~10 min. After
polymerization of the HistoGel, the organoid-HistoGel ‘platelet’ was
carefully lifted out of the 24-well clear TC-treated plate using a thin
metallic spatula. If parts of the sample adhered to the plate, the colla-
gen-Matrigel matrix was not of satisfactory quality. The samples were
thendistributed into biopsy cassettes and dehydrated overnight using
avacuumi filter processor (Sakura, TissueTek VIPS). On the next day,
the samples were embedded in liquid paraffin in metallic moulds and
capped with the corresponding FFPE-block cassette. After polymeri-
zation of the paraffin, metallic moulds were removed and FFPE blocks
stored at —20 °C until sectioning.

Microtome sectioning

As the polymer structure of the embedded HistoGel differs substan-
tially fromthat of the paraffin, organoid detection within the HistoGel
was easily possible during sectioning. FFPE blocks were sectioned at
athickness of 3.5 pum and transferred on Superfrost Plus Adhesion
microscope slides (JISOOAMNZ, Epredia). Slides were incubated in a
slide oven overnight at 37 °C, with the specimen facing up to prevent
potential loss of organoids due to melting paraffin.

H&E staining

H&E staining was executed in a fully automated manner following
the standard protocol on the Ventana HE60O stainer (Roche Tissue
Diagnostics).

IHC staining

IHC staining of FFPE slides was performed using Ventana Discovery
Ultra automated tissue stainer (Roche Tissue Diagnostics). Slides
were baked first at 60 °C for 8 min and subsequently further heated
up to 69 °C for 8 min for subsequent deparaffinization. This cycle was
repeated three times. Heat-induced antigen retrieval was performed
with Tris-EDTA buffer (pH7.8; CC1,950-227, Ventana) at 95 °C for 32 min.
After blocking with Discovery Inhibitor (760-4840, Ventana) for 8 min,
normal goat serum at 2% or 10% was applied as pre-treatment. After-
wards, primary antibodies (Supplementary Table 3) were diluted in Dis-
covery Abdiluent (760-108, Ventana) and applied in the concentrations

determined in previous establishment runs. Primary antibodies were
detected using anti-species secondary antibodies conjugated to
horseradish peroxidase (HRP) (OmniMap anti-rabbit HRP, 760-4311;
OmniMap anti-mouse, 760-4310, Ventana; OmniMap anti-rat, 760-
4457, Ventana) for 16 min and subsequently visualized by conversion
of3,3’-diaminobenzidine (DAB) (Discovery ChromoMap DAB kit, 760-
159, Ventana) or Discovery. Lastly, specimens were counterstained
with haematoxylin (Haematoxylin II, 790-2208, Ventana) and bluing
reagent (760-2037, Ventana). After dehydration with a standard series
of alcohol (75%, 95%,100%, 100% v/v; CAS64-17-5, Roche) and Xylol
baths (100% v/v, 444240050, ACROS Organics), slides were mounted in
afully automated manner using the RCM7000 cover slipper (MEDITE)
and a standard histoglue (00811-EX, Pertex). Slides were dried for at
least 2 hbefore imaging.

Brightfield imaging

HE and IHC stained slides were imaged with a brightfield whole-slide
scanner at x40 (Hamamatsu, NanoZoomer S360). Pixel size was
0.23 pm px'inall brightfield images.

Brightfield image analysis

Briefly, single organoids were automatically detected using a
deep-learning algorithm trained to distinguish matrix and organoids
or tumouroids (iterations: 1,030; cross-entropy: 0.08; DenseNet Al
V2 Plugin). After quick validation, organoids and tumouroids were
detected as objects and labelled asindividual regions of interest (ROIs)
(Supplementary Fig. 3b-d). Only objects >7,500 pm? were deemed
positive. Area Quantificationv.2.3.1and Area Quantification FLv.2.2.2
modules were used to quantify positive-staining regions against overall
size of each individual organoid and tumouroid, respectively (Sup-
plementary Fig. 3b,d). Isotype controls and secondary-only negative
controls on the tissue of origin served as a negative signal threshold
to prevent biased adjustments.

FFPE-based mIF staining

mlF staining of FFPE slides was performed using Ventana Discovery
Ultra automated tissue stainer (Roche Tissue Diagnostics). Slides
were first baked at 60 °C for 8 min and subsequently further heated
up to 69 °C for 8 min for subsequent deparaffinization. This cycle was
repeated twice. Heat-induced antigen retrieval was performed with
Tris-EDTA buffer (pH 7.8; CC1, 950-227, Ventana) at 92 °C for 32 min.
After eachblocking step with Discovery Inhibitor (760-4840, Ventana)
for 16 min, the Discovery Inhibitor was neutralized. Primary antibod-
iesweredilutedin 1X Plus Automation Amplification diluent (FP1609,
Akoya Biosciences). Primaries were detected using anti-species sec-
ondary antibodies conjugated to HRP (OmniMap anti-rabbit HRP,
760-4311; OmniMap anti-mouse, 760-4310, Ventana; OmniMap anti-rat,
760-4457, Ventana) (Supplementary Table 3). Subsequently, the cor-
responding Opal dye (Opal 480, OP-001000; 520, OP-001001; 570,
OP-001003; 620, OP-001004; 690, OP-001006; 780, OP-001008;
Akoya Biosciences) was applied. After every application of a primary,
corresponding secondary antibody and opal dye, an antibody neutrali-
zationand denaturation step was applied to remove residual antibodies
and HRP, before starting the staining cycle again with the Discovery
Inhibitor blocking step. Lastly, samples were counterstained with
4’,6- diamidino-2-phenylindol (DAPI, Roche). Sequential order of the
primary antibodies as well as corresponding dyes were determined
during establishment runs. Neutralization of HRP and denaturation
ofthe proteins were performed after every primary antibody cycle to
avoid cross-bleeding and cross-reacting antibodies.

FFPE-based mIF imaging

mlF stainings using the Opal dyes from Akoya were digitized using
multispectralimaging by the Vectra Polaris (Perkin ElImer) employing
the MOTiF technology at x20 magnification for all 7 colours (Opal 480,
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Opal 520, Opal 570, Opal 620, Opal 690, Opal 780 and DAPI). Laser
exposure and intensity settings were adjusted on multiple slides per
staining panel. Slides were scanned in a batch manner to ensure the
sameimaging settings and cross-comparability for later image analysis
with HALO Al. Next, unmixing of the channels and tiling of the images
were performed with PhenoChart (v.1.0.12) and inForm (v.2.4). Raw
image data were saved as .qptiff. Tiles were fused in HALO (Indica Labs,
v.3.2.1851.328). Pixel size in these images was 0.50 pm px.

FFPE-based mIF image analysis

Image analysis of the IF images was performed with HALO Al (Indica
Labs, v.3.2.1851.328). Briefly, single organoids were automatically
detected usingadeep-learningalgorithmtrainedto distinguish between
matrix and organoids or tumouroids, (iterations: 11,415; cross-entropy:
0.428; DenseNet Al V2 Plugin). After quick validation, organoids and
tumouroids were detected and labelled as individual ROIs, objects
(Fig. 4¢). Only objects >7,500 pm?were considered positive.

Annotation layers and cell segmentation forimmune cell quantifi-
cation. The ROl of the objects allowed generation of one inward and two
outward concentric partitions (25 pm margins). To distinguish the four
zones for subsequent analysis, the outer concentric outline was drawn
asinclusionROI (solid line), whereas the concentric outline defining the
beginning of the next outline had to be copied and inverted as exclusive
ROI (dotted line) into the corresponding annotation layer of the previ-
ousmargin. Thisresulted inanannotation layer per zone, which allowed
quantification of immune cells within (Fig. 3c and Supplementary
Fig. 3f). The HighPlex FL v.4.1.3 module was used to perform nuclear
segmentation on the basis of DAPI" cells. For detection and subsequent
quantification, DAPI” cells and distinct markers for each individual cell
type of interest were merged. Thus, secondary-only negative controls
on the tissue of origin served as a negative signal threshold to pre-
vent biased adjustments on the test slides. The analysis module was
deployed on ROISs per single object (organoid or tumouroid). Where
indicated, normalization to object area was performed. Overlapping
organoid and tumouroid zones were deleted.

Quantification of E-cadherin®, panCK" and Caspase-3" epithelium.
Quantification of TCB-triggered epithelial killing via increase in
caspase-3" (apoptosis) and decrease in panCK" epithelium (loss of
integrity) of the organoids and tumouroids was performed by harness-
ing the DenseNet Al V2 classifier trained to distinguish the matrix,
organoids, caspase-3" and the panCK" signal in the 25 pm margin
of epithelium of both organoids and tumouroids (Supplementary
Fig.3e;iterations: 34,035; cross-entropy: 0.5; HALO Al). For each class,
the areacovered was quantified and calculated against the overall area
of epithelium of the objects, yielding distinct percentages.

Whole-mount immunofluorescence staining

Before fixation with 4% PFA (43368, Alfa Aesar) for 30 minatr.t.,samples
were washed with 1X DPBS (14287-050, Gibco). After fixation, samples
were washed three more times with 1X DPBS on a rocker for 15 min at
150 r.p.m. Next, 1X DPBS was removed and samples were stained with
DAPI (1:2,000 dilution; 62248, Thermo Scientific), Phalloidin-Atto 594
(1:3,000 dilution; 51927, Sigma) and Caspase-3/7 (1:1,000 dilution;
C10423, Invitrogen). After 90 minincubationatr.t.,samples were washed
three times with 1X DPBS, again using a rocker. Images were acquired
withthe Operetta CLS (Perkin EImer) using a x20 water objective. Optical
mode, focus and binning were set up as described above. Thefirst plane
imaged was at —15 um, followed by 50 z-stacks with a distance of 4 um.
3D reconstruction was performed in Harmony (Perkin Elmer).

Statistics
Details about statistical analysis are provided in each figure’s descrip-
tion. Unpaired ¢-tests were applied to compare two datasets. One-way

and two-way analysis of variance (ANOVA) including Tukey’s multiple
comparison tests were used for more than two datasets. Datasets are
visualized with mean and standard deviation asindicated in the figure
legends, unless documented otherwise. Pvalues to indicate statistical
significance areindicatedin the figures. ROUT outlier analysis with low
Qcoefficientsin GraphPad Prism 8 (GraphPad Software) was performed
toremove definite outliers, asindicated in figure captions. All graphs
inthe document were generated in GraphPad Prism 8.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The maindatasupporting the results in this study are available within
the paper and its Supplementary Information. Source data for the
figures are provided with this paper. The raw and analysed datasets
generated during the study are available for research purposes from
the corresponding author onreasonable request.
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Extended Data Fig.1| TCB-mediated apoptosis and T-cell infiltration

across different donor-matched organoid-tumour pairs. a, Comparison of
morphology and target antigen expression between organoids and tumouroids
by H&E and IHC at 20x. Scale: 100 pum. b, Representative images at 20x
magnification of both donor-matched pairs 48 h post EpCAM TCB treatment

(10 pg/mL), displaying E-cadherin® organoids and tumouroids (magenta)
surrounded by CD4" (yellow) and CD8* (turquoise) T cells. Caspase-3 (green)
captures TCB-triggered immune-induced apoptosis, nuclei were counterstained
with DAPI (blue). Scale: 100 pm. ¢, Quantification of EpCAM expression by
positive area per individual organoid, plotted as boxplot, whiskers showing all

o Qﬁ
Caspase-3 E-Cadherin

DAPI

CD8

points (min to max; n > 6). Statistical analysis was performed by unpaired t-tests
(two-tailed) and was defined as ****p < 0.0001. d, Sum of E-cadherin” (grey) and
caspase-3” (green) epithelium of the organoids and tumouroids, respectively,
detected in zone 2 (on epithelium) 48 h post EpCAM TCB treatment (n = 3). e and
f, Allogeneic (allo) and autologous (auto) CD8" T cellinfiltration (panel e) and
CD4'T cellinfiltration (panel f) per organoid and tumouroid (normalized for area
of objects) as boxplot, whiskers showing all points (min to max; n > 3). Statistical
analysis was conducted by an unpaired t-test (two-tailed) and was defined as

*p <0.05,**p < 0.01. The displayed experiment in this figure was performed once.
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Extended Data Fig. 2| TCB-triggered T-cell infiltration is not mediated by
CD103-E-cadherininteractions. aand b, Chromogenic staining (brown) with
according quantification of tight junctions (ZO-1; ng,g70.1 = 59, N1ymz0.1 = 58)

and adherent junctions (e-Cadherin; nogz0.1 = 31, Nyymz0. = 84) in organoids

and tumouroids. 20x magnification, scale: 100 pm. Statistical analysis was
conducted by an unpaired t-test (two-tailed) and was defined as ****p < 0.0001.
Red line displays mean. ¢, Representative images at 20x magnification of
organoids treated with EpCAM and CEA(hi) TCB (1 pg/mL) at 48 h. Top row
displays TCBs only, bottom row is co-treated with an E(CD103)f37-inhibitor
cocktail (Etrolizumab (10 pg/mL) and an anti-Integrin 7 monoclonal antibody
(10 pg/mL)). E-cadherin® organoids (magenta) surrounded by CD4" (orange),
CDS8" (turquoise) and CEA" (yellow) immune cells. Caspase-3 (green) captures
TCB-triggered immune-induced apoptosis, nuclei are stained with DAPI (blue).
Scale:100 um. d, Quantification of caspase* area per organoid across different
TCB treatments (48 h) with (+) and without (-) an «E(CD103)B7-inhibitor cocktail,
plotted as boxplot, whiskers showing all points (min to max; nyrrcs = 5;

CRCTumoroid

Small Intestine Organoid CRC Tumoroid

= » . ‘ "

; —
PBMCs + EpCAM TCB

PBMCs + NT TCB PBMCs + EpCAM TCB

Nepcamtes = 35 Neeates = 3)- Statistical analysis was conducted by an unpaired t-test
(two-tailed) and was found to be non-significant (ns). e, Quantification of T cell
infiltration per organoid area across different TCB treatments (48 h) with (+)
and without (-) an aE(CD103)B7-inhibitor cocktail, plotted as boxplot, whiskers
showing all points (min to max; Nyrrcs = 4; Nepcames = 3; Neeatcs = 3)- Statistical
analysis was performed by unpaired t-tests (two-tailed) and was defined as

**p < 0.01and non-significant (ns) (ns). f, FACS staining of CD103 on organoid and
tumouroid co-cultured with PBMCs, treated with EpCAM TCB for 72 h. Data are
presented as mean values ¥ SD (n = 3). Statistical analysis was conducted by an
unpaired t-test (two-tailed) and was found to be non-significant (ns).

g, Chromogenic DAB staining of CD103 (brown) in healthy small intestine tissue
and different organoid-immune co-cultures, scanned at 20x. Scale: 100 pum.
CD103"immune cells only found in native Sl tissue and expressed by tissue-
resident memory T cells (TRMs). The displayed experiment in this figure was
performed once.
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Extended Data Fig. 3| Target expression, rather than tumouroid
morphology, governs TCB-induced damage and T-cell infiltration. a, F-actin®
(Phalloidin) outlined tumouroids (yellow) stained with Caspase-3/7 (green) and
DAPI" (blue displayed as maximum intensity projection of az-stack of around
100 pm. 20x magnification, scale: 200 um. H&E highlights architectural
differences between tumouroid donors at 40x magnification. Scale: 50 pm.
Expression of target antigen EpCAM" for each tumouroid donor. Imaged at

20x, scale:100 pm. b, Representative images tumouroids 72 h post EpCAM and
NT TCB treatment (10 pg/mL). Staining for target EpCAM® (yellow) highlights
highly Ki67* (red) tumouroids surrounded by CD4" (orange) and CD8" (turquoise)
T cells. Caspase-3 (green) captures TCB-triggered immune-induced apoptosis,
nuclei were counterstained with DAPI (blue). Scale: 100 um. ¢, Quantification

of EpCAM expression by positive area per individual organoid, plotted as mean

per replicate (n =3). Statistical analysis was performed by unpaired t-tests
(two-tailed) and was defined as *p < 0.05 and non-significant (ns).

d, Representative images at 20x magnification of both donor-matched

pairs 48 h post EpCAM TCB treatment (10 pg/mL), displaying E-cadherin®
organoids and tumouroids (magenta) surrounded by CD4" (yellow) and CD8*
(turquoise) T cells. Caspase-3 (green) captures TCB-triggered immune-induced
apoptosis, nuclei were counterstained with DAPI (blue). Scale: 100 um.

d, Quantification of caspase” area per organoid treated with EpCAM and NT
TCB(n=3).e,CD8"T cellinfiltration and CD4" T cell infiltration per tumouroid,
plotted as mean (n = 3; normalized for area of objects). fand g, Correlation plot
between caspase-3" expression, CD4"and CD8" versus EpCAM expression per
tumouroid at 48 h post (f) and 72 h post EpCAM TCB treatment (g). The displayed
experimentin this figure was replicated once, yielding similar results.
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Cell line source(s) Organoid cell lines were derived from primary surgical resections. Healthy organoids were derived from the healthy margin of
tumour resections, whereas tumour organoids were derived from the malignant tissue. Information on the sex of the
patients is available for each organoid line (Supplementary Table 1).
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intestinal epithelial origin of the organoids, and to verify the classification into healthy vs. transformed epithelium.

Mycoplasma contamination All cell lines used were verified to be negative for mycoplasma before experimentation.

Commonly misidentified lines  No commonly misidentified cell lines were used.
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Methodology

Sample preparation PBMCs-organoid cocultures were digested into a single-cell suspension with accutase and filtered, subjected to flow
cytometry staining (as detailed in Methods) and then acquired immediately
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