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Supplementary Methods

Lentiviral transduction and bioluminescence imaging

In vivo tumour formation and metastasis onset were monitored using bioluminescence imaging. For this, the

tumour organoids were transduced with pLenti-EF1a-Luciferase-IRES-Blast-WPRE (Addgene plasmid #33307),

encoding the luciferase gene. Briefly, lentiviral production was performed by calcium phosphate transfection

protocol in human embryonic kidney (HEK) 293T-cells using the transfer plasmid (15 µg), pMD2.G (7.5 µg, Addgene

plasmid #12259) and psPAX2 (7.5 µg, Addgene plasmid #12260). The following day, the medium was replaced with

tumour organoid basal culture medium. The next day, single cells of tumour organoids were resuspended in the

virus medium (filtered through 0.45 μm polyether sulfone filter), supplemented with Polybrene (Sigma-Aldrich),

N-acetylcysteine (Sigma-Aldrich, 1.25 mM) and ROCK-inhibitor Y-27632 (Sigma-Aldrich, 10 μM), and incubated

overnight 37°C, 5% (vol/vol) CO2 on non-adherent plates (ultra-low attachment surface, Sigma-Aldrich). After 24h

incubation, cells were collected and washed twice in PBS (Sigma-Aldrich) and cultured in Matrigel® and the basal

culture medium as described above. The tumour organoids were sorted based on GFP expression at least two

passages after transduction.

Bioluminescence imaging was weekly performed post one-week subcutaneous injection and/or orthotopic

caecum-implantation. To perform imaging, mice were kept under isoflurane inhalation anaesthesia [∼2% (vol/vol)

isoflurane/O2 mixture] and were intraperitoneal injected with CycLuc1 (Merck, 500 μM), and after a 15-min

incubation, imaged in a BioSpace Imager (BioSpace Lab) for 2.5 minutes. The tumour formation and metastatic

growth were analysed using M3Vision software (BioSpace Lab), in which quantification was performed of the total

intensity of non-saturated region of interest followed by a background subtraction.

Flow cytometry
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For evaluation of immune phenotypes and treatment responses in HIS mice, blood, spleen, bone-marrow, caecum,

liver, and peritoneum samples were collected in PBS. Blood samples were centrifuged at 1500 RPM for 5 min and

subsequently plasma (top fraction) was separated from the cellular fraction. Spleen and liver samples were

dissociated in PBS using the gentleMACSTM Octo Dissociator (Miltenyi Biotec), with setting “m_spleen_01_01”.

Caecum and peritoneum samples were dissociated using the Tumour Dissociation Kit (Miltenyi Biotec) with setting

“37C_h_TDK_1”. After dissociation, all cell suspensions were filtered using a 100 µm filter. Single cell suspensions

were washed with PBS supplemented with 1% BSA and were stained with primary conjugated antibodies for 30

minutes at 4℃. The following antibodies were used: anti-hCD45 (Biolegend, 304052, HI30), anti-mCD45 (Biolegend,

103151, 30-F11), anti-hCD3 (Biolegend, 344828, SK7), anti-hCD8 (Biolegend, 301040, RPA-T8), anti-hCD14

(Biolegend, 13032, 63D3), ant-hCD19 (Biolegend, 363012, SJ25C1), anti-hCD24 (Biolegend, 311120, ML5),

anti-hCD45RO (Biolegend, 304223, UCHL1), anti-hCD56 (Biolegend, 8780, HCD56), anti-hCD197 (Biolegend, 353245,

G043H7), anti-hCD69 (Biolegend, 310918, FN50), anti-hCD279 (Biolegend, 329922, EH12.2H7), anti-IgD (Biolegend,

348204, IA6-2), and anti-IgM (Biolegend, 314522, MHM-88). Samples were measured on a BD LSRFortessa™ X-20

(BD Biosciences) and were analysed with FlowJo 10.8 (BD FlowJo).

Immunohistochemistry and image analysis

Tumour organoids were cultured for 10 days and harvested using 10 mg/ml Dispase type II (Gibco) by 15min

incubation at 37℃. After washout of Dispase type II with PBS (Sigma-Aldrich), the organoids were fixed in 4%

formaldehyde solution at room temperature for 20min. After centrifugation, the formaldehyde solution was

aspirated, 200µl 2% Agar (Merck) solution was added and hardened on a pre-cooled dish. Subsequently, the

agar-droplets containing tumour organoids were embedded in paraffin blocks. For assessment of mismatch-repair

status, immunohistochemistry staining on organoid FFPE samples was performed on a BenchMark Ultra Autostainer

(Ventana Medical Systems). Briefly, paraffin sections were cut at 4 µm and deparaffinized in the instrument with EZ

prep solution (Ventana Medical Systems) at 75℃ for 8 min. Heat-induced antigen retrieval was carried out using Cell

Conditioning 1 (CC1, Ventana Medical Systems) for 32 min at 100℃. The following antibodies were used:

anti-hMLH1 (BD Pharmingen, G168-15, 1:20), anti-hPMS2 (Roche, EPR3947, ready-to-use), anti-hMSH2 (Roche,
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G219-1129, ready-to-use), and anti-hMSH6 (Abcam, EPR3945, 1:200). Slides were counterstained with

Haematoxylin and Bluing Reagent (Ventana Medical Systems).

Mouse organs containing human tumour cells were fixed in 4% formaldehyde solution at room

temperature overnight. Livers were cut into 2-4 mm thick slices, lung lobes were seperated and embedded in

paraffin blocks. Paraffin sections were cut at 4 μm, deparaffinized in xylene for 10 min and rehydrated with serial

dilutions of ethanol and water. Endogenous peroxidase activity was blocked with 5% hydrogen peroxide diluted in

phosphate-buffered saline for 10 min at room temperature. Antigen retrieval was performed by boiling samples for

20 min in citrate buffer (pH 6.0). The following antibodies were used overnight at 4℃: anti-hNucleoli (Abcam,

NM95, 1:1000), anti-hCD45 (Abcam, EP322Y, 1:350), anti-hCD4 (Cell Signaling, EP204, 1:50), anti-hCD8a (Cell

Signaling, C8/144B, 1:100), anti-hCD20 (Cell Signaling, E7B7T, 1:200), anti-hCD68 (Dako, KP1, 1:500), anti-hFoxP3

(Cell Signaling, D2W8E, 1:100), anti-hCXLC13 (R&D Systems, 53610, 1:100), anti-HLA-DRA (Cell Signaling, E9R2Q,

1:200), and anti-hIgG (Abcam, EPR4421, 1:200). The secondary antibodies BrightVision poly-HRP conjugated anti- or

anti-rabbit IgG (ImmunoLogic, ready to use) were incubated for 30 min at room temperature. All sections were

developed with diaminobenzidine (DAB) for 10 min, followed by a haematoxylin counterstaining.

Stained tissue sections were scanned using NanoZoomerXR whole slide scanner (Hamamatsu) at 40X

magnification, with a resolution of 0.25 μm/pixel. Quantification of the staining was performed using Qu-Path1.

Targets of interest (tumour or distinct immune populations) were quantified using QuPath’s Trained Pixel

classification command that allows an automated recognition of background, tissue (haematoxylin) and DAB

staining areas. The percentage of target in regions of interest was then calculated by using the following formula:

DAB area / (DAB + tissue– background area)*100%. For determining the number of metastatic lesions, we assessed

the scanned images using the NDP.view2 (version 2.8.24) and counted manually the lesions in at least four liver

slices or lung lobes per mouse. For determining the area of a given metastatic lesion, we used the ‘Freehand region’

tool and calculated its proportion relative to the area of organ section. Each data-point in the graphs, representing

the number of metastatic lesions and their sizes represents the mean values (liver, lung; n≥4) per mouse.
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DNA and RNA isolation

Tumour organoids were grown for three days and subsequently starved overnight in Advanced DMEM/F12

supplemented with HEPES buffer, Penicillin/Strep and GlutaMAX. The organoid cultures were harvested using

Dispase to remove Matrigel and were lysed in RLT-buffer (Qiagen) supplemented with 1% β- mercaptoethanol.

Fresh in vivo tumour tissues were lysed in the same buffer. Total DNA and/or RNA was isolated using the DNeasy

and RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Extracted genomic material

concentration and quality was measured using NanoDrop 2000 (Thermo Scientific) and Bioanalyzer 2100 (Agilent).

Next generation sequencing

Whole genome sequencing (WGS) of MmC1-4 organoids was performed on an Illumina NovaSeq 6000 (2x150bp).

Bulk RNA-sequencing of the tumour organoids and frozen tumour samples was performed on an Illumina NextSeq

500 (1x75bp). Mapping (WGS and RNA), germline SNV + InDel, copy-number- and structural-variation calling was

performed using the “Illumina Analysis Pipeline” of Utrecht Bioinformatics Expertise Core within the Center for

Molecular Medicine at the UMC. For single-cell cell RNA sequencing, samples were sorted on hCD45+ expression

using FACS and subsequently, sequenced using the SORT-seq method of Single-cell DiscoveriesTM with total 1.5 × 105

reads/cell.

Enzyme linked immunosorbent assays

Cytokine levels of IL-10, TGFb1, TGFb2, and TGFb3 were measured using Human IL-10 ELISA Kit (Interleukin-10)

(Abcam, ab185986), Human TGF beta 1 ELISA Kit (Abcam, ab100647), Human TGF-beta 2 Quantikine ELISA Kit (R&D

Systems, db250), and Human TGFB3 ELISA Kit (Abcam, ab272203) according to the manufacturer’s instructions.

Statistical Analyses
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Statistical analysis was performed in the R software version 4.0.2. Unpaired two-tailed Mann–Whitney–Wilcoxon

was used for all histological analyses. One-way ANOVA was used for next-generation sequencing analyses. Values

are presented as mean ± standard error of the mean. P values <0.05 were considered statistically significant.

Data Availability

The PDOs that are described in this study may be obtained through a Material Transfer Agreement. Bulk RNA

sequencing and single-cell processed data are accessible in the R2: Genomics Analysis and Visualization Platform

(http://r2.amc.nl) under data name sets “MSI models” and “HIS ICO (2020)”, respectively. The bulk RNA sequencing

generated in this study is publicly available in NCBI Gene Expression Omnibus with accession number GSE213896.

All other are available upon reasonable request.

Supplementary Figure Legends

Supplemental Figure 1. MmC organoids growth characteristics, tumorigenic potential, and MMR status. (A)

Growth increase of MmC organoids, as determined by seeding initial 10,000 cells and measuring growth by

CellTiterGloTM of two independent experiments. (B) Subcutaneous tumour volume (mm3) of MmC organoids in NSG

mice. Single cell suspension (500,000 cells) of each MmC organoid were injected subcutaneously in one flank of a

NSG mouse. Tumour volume (mm3) was calculated by use of the modified ellipsoid formula 1/2(Length × Width2). N

= 5 mice per organoid. (C) Molecular fragment analysis of paired normal (blue) and liver-metastases (red) tissue of

MmC1 patient for microsatellite regions BAT25, BAT26, BAT40, D17S250, D5S346, and D2S123 using GeneMapperTM

(Applied Biosystems). Shift in nucleotide length demonstrates the instability phenotype in liver-metastasis in MmC1.

(D) Expression of mismatch repair proteins (MLH1, PMS2, MSH2 and MSH6) analysed by immunohistochemistry. n =

1 independent experiment. Scale-bar 50 µm. * demonstrates loss of expression.
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Supplemental Figure 2. Successful humanization of mice by engraftment of hematopoietic stem cells and T-cell

influx in tumour-bearing mice. (A) Sixteen weeks after engraftment of human hematopoietic stem cells, human

immune system engraftment (left) was determined by calculating the hCD45+ proportion of total immune cells (sum

hCD45+ and mCD45+) and immune cell composition (right) was determined by calculating the CD3+, CD14+, CD19+

and CD56+ proportion of total hCD45+ immune cells. Threshold for a successful humanization was set on a human

engraftment above 20%. (B) Histological quantification (hNucleoli) in NSG and HIS primary caecum tumors and

peritoneal-metastases, two independent experiments, n = 6 mice per group. Mann–Whitney; ns = not significant.

(C) Schematic of gating strategies and representative dot plots for dissociated cells from mouse tissue. Cells were

gated on forward and side light scatter selected with a dead/live marker (BV421-A) to remove debris (1, 2), and

doublets (3, 4), and gated on PE-mCherry-A, and BV510-A fluorescence (5, 6) to select hCD45+, hCD3+ cells.

Boundaries for PE-mCherry-A and BV510-A gating were based unstained controls. Blood, spleen, bone marrow,

primary caecum tumour and peritoneal-metastases were collected at the observed endpoint (t=42 days after

orthotopic caecum-implantation), single cells were retrieved by using gentleMACSTM dissociator. n = 6 mice in two

independent experiments.

Supplemental Figure 3. Lower T-cell influx in peritoneal-metastases compared to primary tumours of MSI-H

patients. (A) Histological examples of CD3 staining in primary CRC (top) and peritoneal-metastases (bottom) in

MSI-H patients (n=2). Bottom images are zoom-in regions. Scale bars are indicated. (B) Bar plot represent the T-cell

influx, as determined by CD3+ per mm2 tissue. Data-points are n>20 tiles (1 mm2) per tissue. Statistical significance

was calculated using two-tailed Mann–Whitney–Wilcoxon test.

Supplemental Figure 4. Correlation of CTL and immune checkpoint gene signatures in human CRC cohorts.

Correlation of “Cytotoxic T-cell” score of the MCP-counter method (10) with immune checkpoint regulator signature

score in four different CRC RNA-sequencing datasets (Cartes d’Identite ́ des Tumeurs2, TCGA Colon
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Adenocarcinoma3, Moffit-Vanderbilt-Royal Melbourne4, and AMC-AJCCII-905). MSI-H and MSS patients are indicated

with blue and red, respectively. Statistical correlation significance was calculated using one-way ANOVA-test.

Supplemental Figure 5. Human immune system engraftment scores and immune cell composition in mice for

modelling ICB. Sixteen weeks after engraftment of human hematopoietic stem cells, human immune system

engraftment (left) was determined by calculating the hCD45+ proportion of total immune cells (sum hCD45+ and

mCD45+) and immune cell composition (right) was determined by calculating the CD3+, CD14+, CD19+ and CD56+

proportion of total hCD45+ immune cells. Threshold for a successful humanization was set on a human engraftment

above 20%.

Supplemental Figure 6. Presence of human IgG antibodies in peritoneal metastases. Histological examples of (left)

B-cells and (right) human IgG antibodies in control, anti-PD1, and anti-CTLA4 treated mice. Scale bar 25 and 500 µm.

Bar plots represent the presence (%) of human IgG in PM tissue. Data shown as mean ± s.e.m. N = 5 mice per group.

Statistical significance was calculated using two-tailed Mann–Whitney–Wilcoxon test, ns = not significant.

Supplemental Figure 7. Clinically validated ICB response predictors and B-cell phenotypes across sample and

treatment. (A) Scores for clinically validated IFN-y related signature and (B) CXCL13 and CXCL9 biomarkers, which

are predictive of response to ICB treatment in bulk RNA sequencing data of NSG and HIS MmC1 models. Heat map

colour gradient indicates gene expression (blue low; red high). (C) Heatmap represent presence of B-cell

phenotypes in blood, spleen, bone-marrow (BM), primary caecum tumour and livers, determined by

flow-cytometry, using hCD45+, CD3-, and CD19+ gating. (D) Ratio of hCD8 and hCD20 is tissue, quantified by IHC. (E)

mRNA gene expression level for Lymphotoxin (LTA) and Lymphotoxin B (LTB) in single-cell whole-exome (RNA)

sequencing data for B-cells.
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Supplemental Figure 8. B-cell influx in tumour and metastases after discontinuation anti-CTLA4 therapy. (A)

Histological hCD20 staining in primary caecum tumour, liver-, and peritoneum-metastasis of control, CTLA4-group1

and CTLA4-group2 mice. Scale bar 100 μm. (B) B-cell (hCD20) infiltration (% relative to tissue) in caecum, liver, and

peritoneum for control, CTLA4-group1 and CTLA4-group2. N = 5 mice per group. Data shown as mean ± s.e.m.

Statistical significance was calculated using unpaired two-tailed Mann–Whitney–Wilcoxon test, with p < 0.05 = *, p

< 0.01 = **, and ns = not significant.

Supplemental Figure 9. Validation of depleting B-cell influx in anti-CD20 treated mice. (A) Total immune- and (B)

B-cell (hCD20) infiltration (percentage relative to tissue) in caecum, liver, and peritoneum for control, anti-CTLA4,

anti-CD20, and anti-CD20+anti-CTLA4 groups, as determined by histological quantification. N = 5 mice per group.

Data shown as mean ± s.e.m. Statistical significance was calculated using unpaired two-tailed

Mann–Whitney–Wilcoxon test, with p < 0.001 = *** and ns = not significant. (C) Histological hCD20 staining in

primary caecum tumour, liver-, and peritoneum-metastasis for all groups. Scale bar is 100 μm.

Supplemental Figure 10: Flow cytometry analysis on activation state of CD8 T-cells from liver samples. Single cells

from liver samples were retrieved by using gentleMACSTM dissociator. CD8 T-cells were gated on forward- and side

light scatter and selected using lineage markers hCD45, hCD3 and hCD8a. Activation markers CD45RO, CCR7

(CD197) and CD69 were assessed. Values in the heatmap represent the median of n = 4 mice per group.

Supplemental Figure 11: Anti-CTLA4 increases dysfunctional T cell scores in peritoneal metastases. Cytotoxic- and

dysfunctional-scores6 for T-cells of liver (red) and peritoneum (blue) tissue. Statistical significance was calculated

using unpaired two-tailed Mann–Whitney–Wilcoxon test.
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Supplemental Figure 12: Anti-CTLA4 treatment promotes MHC class II interactions between B- and T-cells in the

liver. CellChat7 was used to generate scatter plots showing the strengths of the identified specific interaction

changes in B cells (left) and T cells (right) between control-(red) and anti-CTLA4-treated (blue) liver samples.

MHC-class II outgoing interactions are observed in B and T cells, while MHC-class II incoming interactions are

restricted to T cells.

Supplemental Figure 13. Characterization of TLS in the livers of anti-CTLA4 treated mice. (A) Multiplex

immunofluorescence of 3 TLS in the livers from anti-CTLA4-treated mice, showing HLA-DRA+ B-cells (CD20)

juxtaposed to CD4+ T cells. (B) Immunohistochemistry for detection of human CD4, CD20, CXCL13 and CD8a in an

exemplary liver TLS from an anti-CTLA4 treated mouse. Scale bar is 50 µm.

Supplemental Figure 14. Anti-CTLA4 therapy induces transcriptional reprogramming in myeloid and CD4+ T-cells.

Differentially gene expression analysis between (A) myeloid cells, and (B) CD4+ T-cells from control and anti-CTLA4

treated animals. Red indicates upregulated genes and blue vice versa. Gene ontology terms associated with

upregulated genes are shown, as determined by ClueGO plugin of CytoscapeTM. Functionally grouped network with

terms as nodes linked based on their kappa score level (≥0.3), where only the label of the most significant term per

group is shown. The node size represents the term enrichment significance.
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