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Immunotherapy has emerged as a new standard of care for certain cancer patients with specific
cellular andmolecularmakeups.However, there is still an unmet need for ex vivomodels able to readily
assess the effectiveness of immunotherapeutic treatments in a high-throughput and patient-specific
manner. To address this issue, we have developed a microarrayed system of patient-derived
tumoroids with recreated immune microenvironments that are optimized for the high-content
evaluation of tumor-infiltrating lymphocyte functionality. Here we show that this system offers
unprecedented opportunities to evaluate tumor immunogenicity, characterize the response to
immunomodulators, and explore novel approaches for personalized immuno-oncology.

After the initial success in the treatment of melanoma, immunotherapy has
quickly arisen as an effective treatment for several types of solid cancers,
including colorectal cancer (CRC)1. In the latter, however, response rates
remain limited to a fraction of the cases for reasons not yet fully
understood2–4. This underscores the need for in vitro experimental systems
capable of efficient patient-specific screenings for both therapy selection and
response prediction. Over the last decade, diverse three-dimensional (3D)
cell culture systemshave beendeveloped to that end5–7. Among them, tumor
organoids (tumoroids) have arguably become the most widely adopted
model as they can faithfully mimic key aspects of tumor biology, including
histopathological features, cellular heterogeneity, gene expression patterns,
and responses to specific chemotherapies8–10. Despite these advantages,
conventional tumoroid cultures are low-throughput, topologically hetero-
geneous, and require high quantities of ill-defined extracellular matrices
such as Matrigel. For these reasons, here we sought to develop a 3D model
able to mitigate these shortcomings and escalate the potential for ex vivo
assessment of tumor-infiltrating lymphocyte (TIL) functionality.

We based our tumoroid culture platform on hydrogel films com-
prising arrays of 500-μm round-bottom microcavities located at the

bottom of 96-well plate wells (Fig. 1a). Unlike conventional organoid
cultures, this system allows for highly efficient cell aggregation at pre-
defined positions in a matrix-free setting, leading to exceptionally
homogeneous organoid formation (Fig. 1a, b). This arrangement allows
for enhanced cell–cell interactions among the cells inside amicrocavity,
reliable tumoroid tracking over time, and high-throughput and high-
resolution imaging analyses (Fig. 1a, b). To validate the suitability of this
platform for the assessment of T cell anti-tumor activity, we used the
pmel-1 mouse model. These animals bear T cells with a transgenic TCR
receptor able to recognize the gp100 antigen expressed by murine B16
melanomas, ensuring immune cell responsiveness and tumor cell kill-
ing. Thus, we seeded B16-F10 melanoma cells, allowed tumoroid for-
mation, and then added pmel-1 T cells at different effector-to-target
ratios (Fig. 1c). We confirmed that the microcavity system readily
allowed the high-resolution monitorization of T cell migration and
reactivity, together with tumoroid size and viability, in multiple
homogeneous replicates generated with minimal effort (Fig. 1d, e). To
quantify the killing efficacy of T cells, we stained dead cells with pro-
pidium iodide (PI) and found a direct correlation between the cytotoxic
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activity and the effector-to-target cell ratios, demonstrating the sensi-
tivity and specificity of the system (Fig. 1f).

To evaluate the translational potential of this platform,we then focused
on the assessment of T-cell activity in a cohort of five patient-derived col-
orectal cancer samples with diverse clinical and mutational profiles (Sup-
plementary Table 1, Supplementary Fig. 1a). After isolation and expansion,
the TILs obtained from these samples were constituted by over 85% T cells,
mostly CD8+with sparse presence of CD4+ and NKT cells (Supplementary
Fig. 1b), expressing different degrees of activation markers (CD25, CD69,
HLA-DR) (Supplementary Fig. 1c) and inhibitory immunoreceptors

(CTLA-4, PD-1) (Supplementary Fig. 1d). They also displayed diverse
transcriptional reactions upon co-culture with their autologous tumoroid
and microenvironmental cells (Supplementary Fig. 1e). To make sure that
they were susceptible to antigen-mediated stimulation, we induced TCR
signaling with α-CD3 and α-CD28 antibodies as a positive control. Under
these conditions, we observed that all lines were capable of eliciting a
cytotoxic response (Fig. 2a, b). To evaluate autonomous antigen recognition
and tumor targeting, we next used conditions deprived of α-CD3 and
α-CD28, where we found that only the TILs from 2 patients (#MS and
#NW)were able to kill their autologous tumoroids (Fig. 2a, b).This response

Fig. 1 | Setup and validation of a microarrayed platform for immuno-oncology
studies. a Illustration of the differences between standard (top) and microarrayed
(bottom) culture systems for tumoroids. b Representative brightfield images of
standard (left) and microarrayed (right) tumoroid cultures. Scale bar, 500 µm.
c Scheme of the experimental workflow followed in this study. d Representative
images of microarrayed co-cultures of tumoroids and T cells at the indicated ratios

(left) and time (top). Scale bar, 250 µm. e Tumoroid area over time at the indicated
cell ratios and time. **P < 0.01, ***P < 0.001 (Kruskal–Wallis and Dunn’s tests,
n = 38 (top), andANOVA and Tukey’s tests, n = 37 (bottom)). fMeasurement of the
PI signal at day 2 in the indicated cell ratio conditions. **P < 0.01, ***P < 0.001
(Kruskal–Wallis and Dunn’s tests, n = 32). In e, f, data represent mean ± SEM.
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Fig. 2 | The microarrayed platform allows high-throughput evaluations of TIL
immunomodulation in patient-derived tumoroids. a Representative images of
microarrayed patient-derived co-cultures of CRC tumoroids and autologous TILs in
the indicated conditions and patients after 3 days of culture. Unless otherwise
indicated, 10:1 (TIL:CRC) cell ratios are shown. Culture conditions: autonomous
activation (IL-2), ectopic activation (IL-2+ α-CD3/CD28), immunotherapy (IL-
2+ α-CD3/CD28+ α-PD-1/CTLA-4). Scale bar, 500 µm. b Quantification of PI
signal in the indicated patients and conditions from the experiment shown in panel
(a). NS, not significant; P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001 (ANOVA and

Tukey’s tests, n = 62, 61, 68, 59, and 53 for patients #TF, #GQ, #MS, #NW, and #NS,
respectively). c Scheme depicting the recreation of complex tumor microenviron-
ments inside microcavities. DC dendritic cells, TIL tumor-infiltrating lymphocytes,
CRC colorectal cancer, CAF cancer-associated fibroblasts. d Representative images
of microarrayed CRC tumoroids integrated in complex tumor microenvironments.
Scale bar, 250 µm. e Luminescence-based measurement of the promotion of TIL
killing activity induced by CD40-mediatedDC activation in CRC tumoroids derived
from patient #TF. ***P < 0.001 (ANOVA and Sidak’s tests, n = 6). In b and e, data
represent mean ± SEM.
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correlated with an increased capability of the TILs to migrate towards the
tumoroid (Supplementary Figs. 2, 3a). To validate the specificity of these
results, we labeled the tumoroids with a luciferase reporter and cultured
them with autologous TILs in Matrigel domes on standard 96-well plates.
Notably, compared to the microcavity platform, these conventional
tumoroid cultures produced much more heterogeneous systems with poor
cell aggregation and low imaging resolution (Supplementary Fig. 3b–d).
Nevertheless, based on CRC luminescence we could confirm that the TILs
frompatients #MSand#NWinhibited tumor cell growth in an autonomous
manner (Supplementary Fig. 3c, d). As expected, this anti-tumor activity
was enhanced upon α-CD3/CD28 co-stimulation (Supplementary Fig.
3c, d). Conversely, we did not detect CRCgrowth impairment by theTILs in
patient #GQ (Supplementary Fig. 3b). Taken together, these results indicate
that the microcavity system can reproduce the results of standard culture
models with higher resolution and throughput.

To evaluate the responses to immunotherapeutic agents currently used
in the clinic, we next treated the microarrayed tumoroids with the immune
checkpoint blockade (ICB) antibodies Nivolumab (PD-1 inhibitor) and
Ipilimumab (CTLA-4 inhibitor). In keeping with the clinical evidence for
CRC11, this translated into increased cytotoxicity only in a small fraction of
the patients (1 out 5, patient #NW) (Fig. 2b; Supplementary Figs. 2c, d; 3a).
To formally prove that this increased cytotoxicity was associated with
enhanced T cell activation, we profiled the release of Granzyme B (GrB),
Interferon-γ (IFNγ), and tumor necrosis factor (TNF) in the microcavities.
As expected, we found that both higher effector-to-target T cell ratios and
co-stimulation with α-CD3/CD28 promoted cytokine production (Sup-
plementary Fig. 3e). This response was enhanced by immune checkpoint
blockade agents only in the case of TILs derived from patient #NW, in line
with our previous results (Supplementary Fig. 3e). We also observed dis-
crepancies betweencytokineproduction (SupplementaryFig. 3e) andkilling
activity (Fig. 2b) in some patients, suggesting that TIL cytotoxicity was not
solely due to the production of these cytokines, but additional patient-
specific mechanisms.

Since immunotherapy involves additional cellular players besides TILs
and the microcavities are particularly effective in promoting cell aggrega-
tion, we developed tumoroids with complex microenvironments to explore
alternative ways to engage TILs in patients not responsive to standard ICB
therapy. Specifically, we co-culturedCRC cells with TILs, cancer-associated
fibroblasts, and monocyte-derived dendritic cells (Fig. 2c, Supplementary
Fig. 4a, b). These different cell types formed highly integrated heterotypic
micro-tissues inside the microcavities, where their internal composition
could be readily tracked (Fig. 2d). Given that CD40 activation in dendritic
cells is emerging as a promising approach to promote TIL functionality in
immunologically cold tumors12, we treated these tumoroids with CD40
ligand. Supporting the current evidence12, this approachwas able to enhance
TIL activity against tumor cells even in patients not responding to PD-1
blockade (Fig. 2e, Supplementary Fig. 4c, d). This occurred in a DC-
dependent manner (Supplementary Fig. 4e), both of primary and cell line
origin (Supplementary Fig. 4f). Collectively, these results highlight the
versatility of the microcavity-based model for the assessment of T cell
responsiveness in different immunomodulatory contexts.

Altogether, in this work, we provide a unique experimental setup in
which a large number of uniform tumoroids can be robustly examined at the
single-tumoroid level.Unlike other co-culture systems that require theuse of
complex extracellularmatrices ordonot allowprecise control over tumoroid
distribution and size, our platform provides unparalleled resolution of
tumoroid-TIL interactions. Building on these features, we show proof-of-
conceptdata for the applicationof this system for immuno-oncology studies.
Importantly, we acknowledge that expanding our study to additional
immunotherapy-responsive patient cohorts will be required to fully assess
the translational correlation and prospects of the system. In addition, (i) the
collection of biopsies from multiple tumor sites to account for tumor het-
erogeneity, (ii) the optimization of culture conditions to prevent cell drift in
vitro, (iii) the adjustment of TIL:CRC cell ratios according to the native
tumor-specific proportions, and (iv) the testing of additional

immunomodulatory conditions (such as immunotherapy without α-CD3/
CD28 stimulation) will be required to provide deeper biological insights.
Nevertheless, our results already demonstrate that themicrocavity platform
allows for the stratification of colorectal cancer patients according to both
tumor-infiltrating lymphocyte reactivity and response to immune check-
point blockade therapy. Significantly, our findings are aligned with the
current clinical evidence13, since we detected the strongest TIL activity in
patients that have either microsatellite instability (#MS) or pathogenic
mutations in DNA mismatch repair genes (#NW, mutation in MSH6)
(Supplementary Table 1, Supplementary Fig. 1a). We also show that this
platform can help illuminate heterotypic interactions in the tumor micro-
environment that are exploitable for immunotherapy, further supporting its
suitability as a screening tool for personalized immunotherapy approaches.
Once identified, these canbe further characterized inother culture platforms
that,while being lower-throughput, areparticularlywell suited for long-term
experiments, such as the recently developed CRC mini-colons14,15.

Methods
Ethics statement
Theuse of patient sampleswas conducted in accordancewith the provisions
of the Declaration of Helsinki. It was reviewed and approved by the ethics
committee of the Canton of Vaud and the Centre Hospitalier Universitaire
Vaudois (CHUV), under the protocol CHUV_DO_CTE_TRP_0001_2017.
All patient samples have been collected with a priori patient consent.

Cell source and isolation
B16-F10 melanoma cells and pre-activated Pmel-1 TCR transgenic T-cells
were received as a kind gift from the Laboratory of Biomaterials for
Immunoengineering (EPFL). Colorectal cancer cells, cancer-associated
fibroblasts, tumor-infiltrating lymphocytes, and peripheralmonocytes were
isolated from matched CRC biopsies and peripheral blood obtained from
the Centre Hospitalier Universitaire Vaudois (CHUV) as indicated here
(Broguiere et al.16). Briefly, the CRC biopsy was mechanically dissociated
with a scalpel, digested in 0.1% (W/V) collagenase I (Thermo Fisher Sci-
entific, Catalog No. 17100-017) for 30min at 37 °C, and filtered through a
70-μm strainer. The remaining undigested pieces were further incubated
with TrypLE Express (Thermo Fisher Scientific, Catalog No. 12605028) for
10min at 37 °C and processed as indicated before. The resulting cells were
plated in three different conditions: (i) Matrigel (Corning, Catalog No.
356231) embedding in a panel of CRC media17 (CRC fraction), (ii) type I
collagen (REPROCELL,CatalogNo.KKN-IAC-50)-coatedflaskswithCAF
medium (see below) (CAF fraction), and (iii) round bottom ultra-low
attachment 96-well plates (Corning, Catalog No. 7007) with TIL medium
(see below) supplemented for 72 h with α-CD3 (1 μgml–1, BioLegend,
Catalog No. 317326) and α-CD28 (1 μgml–1, BioLegend, Catalog No.
302934) antibodies (TIL fraction). This media selection strategy led to pure
CRC,CAF, andTIL populations in 2–4weeks (Broguiere et al.16, https://doi.
org/10.1101/2023.11.01.565169). Overall, a ~80% success rate (25/31) was
obtained for CRC+ TME derivation from CRC biopsies (Broguiere et al.16,
https://doi.org/10.1101/2023.11.01.565169). Monocytes were isolated using
Lymphoprep (STEMCELLTechnologies, CatalogNo. 07851) for peripheral
blood mononuclear cell (PBMC) purification, followed by CD14-based
magnetic-activated cell sorting (Miltenyi Biotec, Catalog No. 130-050-201),
according to the manufacturer’s instructions. Five patient-derived lines
representative of different genomic profiles were selected for this study
(Supplementary Table 1, Supplementary Fig. 1a). THP-1 monocytes were
purchased from the ATCC (ATCC, Catalog No. TIB-202).

Molecular characterizations
All patient-derived cells used in this study have been deeply characterized in
the context of a large single-cell RNA-Seq atlasing effort (https://doi.org/10.
1101/2023.11.01.565169). All single-cell RNA-Seq data have been obtained
from the mentioned study. All the plots based on single-cell data have been
generated using the CRC-TME Atlas portal (https://crc-tme.com/), which
contains a set of interactive tools for the exploration of the gene expression
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data from the mentioned study. For exome sequencing, genomic DNAwas
extracted with the PureLink™ Genomic DNA Mini Kit (Thermo Fisher
Scientific, Catalog No. K182002) according to the manufacturer’s instruc-
tions. Exome sequencingwas carried out by BGIGenomics (HongKong) at
100× depth using 150 bp paired-end reads. These reads weremapped to the
human genome GRCh38 using BWA-MEM (v0.7.17). Samtools (v1.9) and
the Ensembl Variant Effect Predictor (v100.2) were used for variant calling
and annotation, respectively. Microsatellite instability was assessed at the
Centre Hospitalier Universitaire Vaudois (CHUV) using the VENTANA
MMR IHC Panel (Roche Diagnostics). In case of uncertainty, the samples
were analyzed by pyrosequencing formicrosatellites and bynext-generation
sequencing with an in-house developed gene panel.

Cell culture
B16-F10 melanoma cells were cultured in DMEM (Thermo Fisher Scien-
tific, Catalog No. 61965059) supplemented with 10% FBS (Thermo Fisher
Scientific, Catalog No. 10500064). CRC organoids were embedded in
growth factor reducedMatrigel (Corning,CatalogNo. 356231) and cultured
in Advanced DMEM/F-12 (Thermo Fisher Scientific, Catalog No.
12634028) supplemented with 1× GlutaMAX (Thermo Fisher Scientific,
Catalog No. 35050038), 10mMHEPES (Thermo Fisher Scientific, Catalog
No. 15630056), 100 μgml−1 penicillin–streptomycin (Thermo Fisher Sci-
entific, Catalog No. 15140122), 1 × B-27 supplement (Thermo Fisher Sci-
entific, Catalog No. 17504001), 1 mM N-acetylcysteine (Sigma-Aldrich,
CatalogNo.A9165), and 50 μgml−1 Primocin (InvivoGen, CatalogNo. ant-
pm-2). Cancer-associated fibroblasts were grown in EGM-2 MV micro-
vascular endothelial cell growth medium-2 (Lonza, Catalog No. CC-3202).
Tumor-infiltrating lymphocytes were cultured in RPMI-1640 (Thermo
Fisher Scientific, CatalogNo. 61870036) supplementedwith 1×GlutaMAX,
10mM HEPES, 100 μgml−1 penicillin–streptomycin, 50 μM
2-mercaptoethanol (Thermo Fisher Scientific, Catalog No. 31350010), 10%
FBS, and 1 μgml−1 recombinant human IL-2 (PeproTech, CatalogNo. 200-
02). The samemediumwas used to culturemonocytes but in the absence of
IL-2. For dendritic cell differentiation, monocytes were cultured in the
presence of 250 ngml−1 IL-4 (PeproTech, Catalog No. 200-04) and
250 ngml−1 GM-CSF (PeproTech, Catalog No. 300-03) for 5 days. Unless
otherwise indicated, co-cultures were maintained in a 1:1 proportion of
CRC and TIL media. Cells were tested for mycoplasma before cryopre-
servation and in randomized routine checks using the MycoAlert PLUS
Mycoplasma Detection Kit (Lonza, Catalog No. LT07-705).

Tumor cell aggregation and co-culture establishment
Tumor cells were dissociated using TrypLE Express, filtered (40 μm), and
stained with CellTrace™ Far Red (Thermo Fisher Scientific, Catalog No.
C34572) according to the manufacturer’s instructions. Microcavity arrays
were manufactured as indicated before18 (SUN Biosciences, Catalog No.
Gri3D-96P-S-24-500) and equilibrated by adding 200 μl of the appropriate
medium (see above) in eachwell (comprising 73microcavities) for a 30-min
incubation at 37 °C. After removing the equilibration medium, around
3 × 104 cells per well (~400 cells per microcavity) were resuspended in 50 μl
of medium and directly seeded onto the microcavities, allowing the cells to
sediment for 30min. After this time, 150 μl of the appropriate medium (see
above) was added to the side chamber of eachwell. Tumoroids were formed
and incubated for the desired number of days before co-culture with
additional cells. T cells were collected and stained with CFSE (Cayman
Chemical, Catalog No. 10009853) according to the manufacturer’s
instructions. They were then added to the microcavity system, as indicated
above, at the indicated effector-to-target ratiosbasedon the initial cancer cell
numbers. T cell activationwas achievedusingα-CD3 (1 μgml–1, BioLegend,
Catalog No. 317326) and α-CD28 (1 μgml–1, BioLegend, Catalog No.
302934) antibodies. For ICB therapy, the PD-1 andCTLA-4 inhibitors were
added at a concentration of 20 and 10 μgml–1, respectively. To measure
tumor killing by TILs, propidium iodide (Sigma-Aldrich, Catalog No.
81845) was added to each well at 1 μgml–1. For complex tumoroid forma-
tion, cancer-associated fibroblasts and dendritic cells were stained with

CellTracker™ Orange (Thermo Fisher Scientific, Catalog No. C2927) and
Cytopainter (Abcam, Catalog No. ab176726), respectively, before inclusion
in the microwells as indicated for the other cell types. For these complex
tumoroids, all cells were seeded at the same timewith a ratio of 1:2:0.25:1 for
CRC:TIL:CAF:DC. Dendritic cell activation was induced using soluble
CD40 ligand at 100 ngml–1 (PeproTech, Catalog No. 310-02) once the co-
culture with the rest of the cell types had been established.

Microscopy and image analysis
Brightfield and fluorescent imaging were performed using a Nikon Eclipse
Ti2 invertedmicroscope system equippedwith a ×4/0.13NA, ×10/0.30NA,
and×40/0.3NAair objectives andaDS-Qi2 camera (NikonCorporation) or
an INCell Analyzer 2200 device (GE Healthcare), with a large field-of-view
sCMOS camera and a ×4/0.2 NA objective. ImageJ (NIH) was then used to
process the images and create maximal intensity projections of the 3D
stacks. Brightfield imageswere used to define eachmicrocavity of interest by
applying an intermode threshold, followed by binary processing (dilate,
close, fill holes) to represent each microcavity as a black circle. The analyze
particles function was then used to detect every circle and store them as
region of interest (ROI). When the automatic detection was not possible,
black circles (radius of 250 µm) were addedmanually on the microcavity of
interest, before processing with the same thresholding and to analyze par-
ticle function. Microcavities containing no cyst, more than one, or large
debriswere not included in the analysis. Tumoroid areawasmeasuredusing
a threshold on the far-red channel and the analyze particles function. PI
intensity was measured in an area of interest 50 µm larger than the
tumoroids. To define the extended perimeter, the tumoroids were thre-
sholded as before, and the binary functiondilatewas used (60 times, count at
3). The analyzed particle functionwas thennecessary to detect each area and
save them as ROI. Before measuring PI intensity, compensation was
required due to the spectral overlap with the green fluorescence (CFSE).
First, a background subtraction (rolling ball radius of 50 px) was performed
onbothfluorescent channels, then the image calculator functionwasused to
subtract the green intensity (CFSE) from the red channel (PI). The resulting
compensated image was used tomeasure the PImean intensity within each
area of interest. The spread of T cells around tumoroids was measured by
computing the area of spread around the tumoroids and the radius of T cells
around all tumoroids within a well.

Luciferase-based quantification of T cell killing activity
Lentiviral particles carrying a luciferase reporter were produced at the EPFL
Gene Therapy Facility using the pHIV-Luc-ZsGreen plasmid (Addgene,
CatalogNo. 39196). For transduction,CRCorganoidswere dissociated into
single cells using TrypLE, washed with basal medium 10% FBS, and
resuspended in culturemediumcontaining ~1000 ng(p24)ml–1 of lentiviral
particles plus 8 μgml–1 polybrene (Sigma-Aldrich, Catalog No. TR-1003-
G). Cells were then centrifuged at 600 × g for 60min at room temperature
and incubated for 6 h at 37 °C. After incubation, they were collected and
plated. One week after infection, successfully transduced CRC cells
(ZsGreen+) were sorted in a FACSAria Fusion flow cytometer (BD Bios-
ciences). For the monitorization of CRC cell viability, transduced CRC
organoids were co-cultured with the desired cells (same conditions as
indicated above) in black-wall 96-well plates (Corning, Catalog No.
CLS3603-48EA). Live-cell luciferase readings were performed by adding
150 μgml–1 luciferine (GOLDBIO,CatalogNo. LUCK-500) andmeasuring
luminescence in a Tecan Infinite F500 reader (Tecan).

Determination of cytokine production
Secreted interferon-gamma, tumor necrosis factor, and granzyme b
were measured in the supernatant of microcavities using Cytometric
Bead Array (CBA) assays (BD Biosciences, Catalog Nos. 558264,
560304, 558273, and 560111) according to the manufacturer’s
instructions. Samples were acquired in a BD LSR II cell analyzer (BD
Biosciences), and results were analyzed using FlowJo software (BD
Biosciences).
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Determination of monocyte differentiation
Differentiated monocytes were collected by strong pipetting followed by
gentle TryPLE digestion (1min at 37 °C) of the remaining adherent cells,
spun down at 400 × g for 4min, and incubated in PBS with 2% FBS for
30min on ice with antibodies for CD11c (APC-Cy7) (1:200, BioLegend,
Catalog No. 337218) or HLA-DR (PE) (1:50, Miltenyi Biotec, Catalog No.
130-111-942). Cells were then washed three times in PBS with 2% FBS,
acquired in an LSRFortessaTM Cell Analyzer (BDBiosciences), and analyzed
using FlowJo software (BD Biosciences).

Statistics
Data normality and equality of variances were analyzed with Shapiro–Wilk
and Bartlett’s tests, respectively. Parametric distributions were analyzed
using the Student’s t-test (when comparing two experimental groups) or
ANOVA followed by Dunnett’s test (when comparing more than two
experimental groups to a single reference group) or Tukey’sHSD test (when
comparing more than two experimental groups with every other group).
Sidak’smultiple comparison test was used when comparing different sets of
means. Nonparametric distributions were analyzed using the
Kruskal–Wallis followedbyDunn’s tests. In all cases, valueswere considered
significant when P ≤ 0.05. Data obtained are given as the mean ± the stan-
dard error of the mean (SEM).

Data availability
All patient-derived cells used in this study have been deeply characterized in
the context of a large single-cell RNA-Seq atlasing effort (https://doi.org/10.
1101/2023.11.01.565169). All single-cell RNA and exome sequencing data
have been obtained from the mentioned study and will be available upon
publication of the latter. All the plots based on single-cell data have been
generated using the CRC-TME Atlas portal (https://crc-tme.com/). All
other relevant data are available from the authors.

Code availability
No custom code was used. All the plots based on single-cell data have been
generated using the CRC-TME Atlas portal (https://crc-tme.com/).
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