
1Küçükköse E, et al. J Immunother Cancer 2022;10:e005345. doi:10.1136/jitc-2022-005345

Open access 

Modeling resistance of colorectal 
peritoneal metastases to immune 
checkpoint blockade in humanized mice

Emre Küçükköse    ,1 Balthasar A Heesters    ,2 Julien Villaudy,3,4 
André Verheem,1 Madalina Cercel,4 Susan van Hal,4 Sylvia F Boj,5 
Inne H M Borel Rinkes,1 Cornelis J A Punt,6 Jeanine M L Roodhart,1,7 
Jamila Laoukili,1 Miriam Koopman,7 Hergen Spits,4,8 Onno Kranenburg    1,9

To cite: Küçükköse E, 
Heesters BA, Villaudy J, 
et al.  Modeling resistance of 
colorectal peritoneal metastases 
to immune checkpoint blockade 
in humanized mice. Journal 
for ImmunoTherapy of Cancer 
2022;10:e005345. doi:10.1136/
jitc-2022-005345

 ► Additional supplemental 
material is published online only. 
To view, please visit the journal 
online (http:// dx. doi. org/ 10. 
1136/ jitc- 2022- 005345).

Accepted 30 September 2022

For numbered affiliations see 
end of article.

Correspondence to
Professor Onno Kranenburg;  
 o. kranenburg@ umcutrecht. nl

Professor Hergen Spits;  
 hergen. spits@ amsterdamumc. nl

Original research

© Author(s) (or their 
employer(s)) 2022. Re- use 
permitted under CC BY- NC. No 
commercial re- use. See rights 
and permissions. Published by 
BMJ.

ABSTRACT
Background The immunogenic nature of metastatic 
colorectal cancer (CRC) with high microsatellite instability 
(MSI- H) underlies their responsiveness to immune 
checkpoint blockade (ICB). However, resistance to ICB is 
commonly observed, and is associated with the presence 
of peritoneal- metastases and ascites formation. The 
mechanisms underlying this site- specific benefit of ICB are 
unknown.
Methods We created a novel model for spontaneous 
multiorgan metastasis in MSI- H CRC tumors by 
transplanting patient- derived organoids (PDO) into the 
cecum of humanized mice. Anti- programmed cell death 
protein- 1 (PD- 1) and anti- cytotoxic T- lymphocytes- 
associated protein 4 (CTLA- 4) ICB treatment effects 
were analyzed in relation to the immune context of 
primary tumors, liver metastases, and peritoneal 
metastases. Immune profiling was performed by 
immunohistochemistry, flow cytometry and single- cell 
RNA sequencing. The role of B cells was assessed by 
antibody- mediated depletion. Immunosuppressive cytokine 
levels (interleukin (IL)- 10, transforming growth factor (TGF)
b1, TGFb2, TGFb3) were determined in ascites and serum 
samples by ELISA.
Results PDO- initiated primary tumors spontaneously 
metastasized to the liver and the peritoneum. Peritoneal- 
metastasis formation was accompanied by the 
accumulation of ascites. ICB completely cleared liver 
metastases and reduced primary tumor mass but had 
no effect on peritoneal metastases. This mimics clinical 
observations. After therapy discontinuation, primary 
tumor masses progressively decreased, but peritoneal 
metastases displayed unabated growth. Therapy efficacy 
correlated with the formation of tertiary lymphoid 
structures (TLS)—containing B cells and juxtaposed T 
cells—and with expression of an interferon-γ signature 
together with the B cell chemoattractant CXCL13. B cell 
depletion prevented liver- metastasis clearance by anti- 
CTLA- 4 treatment. Peritoneal metastases were devoid of B 
cells and TLS, while the T cells in these lesions displayed 
a dysfunctional phenotype. Ascites samples from patients 
with cancer with peritoneal metastases and from the 
mouse model contained significantly higher levels of IL- 10, 
TGFb1, TGFb2 and TGFb3 than serum samples.
Conclusions By combining organoid and humanized 
mouse technologies, we present a novel model for 

spontaneous multiorgan metastasis by MSI- H CRC, in 
which the clinically observed organ site- dependent benefit 
of ICB is recapitulated. Moreover, we provide empirical 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Immune checkpoint blockade (ICB) has revolution-
ized the treatment of patients with microsatellite 
instable colorectal cancer with metastatic disease, 
producing durable responses that result in a sig-
nificantly improved survival. Despite the success of 
ICB, therapy resistance is observed in approximately 
one- third of the patients and is associated with peri-
toneal involvement and ascites formation. Analysis 
of clinical samples has revealed a correlation be-
tween the presence of B cells and tertiary lymphoid 
structures (TLS) and benefit from ICB, but a model 
system and empirical evidence for a role of B cells 
in successful ICB is lacking.

WHAT THIS STUDY ADDS
 ⇒ We have developed a novel humanized mouse 
model in which the clinically observed organ site- 
dependent benefit of ICB is faithfully recapitulated. 
Using this model we provide empirical evidence for 
a critical role for B cells in ICB- induced clearance of 
primary tumors and liver metastases. In the same 
mice, peritoneal metastases were therapy- resistant 
and lacked B cells and TLS. We identified very high 
levels of immunosuppressive cytokines in ascites 
as a potential cause for the observed resistance of 
peritoneal metastases to ICB.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The generated model can now be used for studying 
response and resistance to ICB in a patient (- derived 
organoids)- specific manner. Future applications of 
the model will include comparative analysis of the 
(potentially differential) response of metastases 
residing in distinct organ sites to ICB (lungs, brain, 
bone, etc), in relation to the local immune context. 
Furthermore, the model allows the rational design 
and testing of ICB- sensitization strategies, including 
those stimulating TLS formation and/or (local) neu-
tralization of immunosuppressive cytokines.
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evidence for a critical role for B cells in the generation of site- dependent 
antitumor immunity following anti- CTLA- 4 treatment. High levels of 
immunosuppressive cytokines in ascites may underlie the observed 
resistance of peritoneal metastases to ICB.

INTRODUCTION
Approximately 15% of all colorectal cancers (CRC) are 
caused by silencing or mutational inactivation of genes 
involved in DNA mismatch repair (MMR). A deficient 
MMR system leads to the accumulation of insertion and 
deletion mutations (indels) which generates potentially 
immunogenic neoepitopes and changes in the length of 
microsatellite repeats, known as microsatellite instability 
(MSI). A high level of MSI (MSI- H) in early- stage CRC is 
associated with a good prognosis. However, distant metas-
tasis formation is observed in a small group of patients with 
MSI- H tumors, accounting for 3–5% of all cases of meta-
static CRC (mCRC).1 These patients have a poor prog-
nosis and reduced benefit from chemotherapy.2 3 Recent 
clinical studies show that immune checkpoint blockade 
(ICB) with antibodies targeting programmed cell death 
protein- 1 (PD- 1) and cytotoxic T- lymphocytes- associated 
protein 4 (CTLA- 4),4 can elicit antitumor immune 
responses against MSI- H mCRC, resulting in durable clin-
ical benefit.5–9 Indeed, MSI- H status predicts sensitivity 
to ICB in CRC and other cancer types and is now used 
in clinical practice to select patients with cancer for such 
treatment.10 11

Multiple biomarkers of response to ICB therapy, 
including tumor mutational burden and expression of 
the cytokines CXCL13 and CXCL9, have recently been 
identified in a large pan- cancer analysis of ICB- treated 
patients.12 CXCL13 is an attractant for B cells and T 
follicular helper cells, that is produced by exhausted 
tumor- reactive PD- 1+ T cell clones residing in tertiary 
lymphoid structures (TLS).13 The presence of B cells 
and TLS in tumors are associated with the response to 
anti- PD- 1 in sarcoma, melanoma, and renal cell carci-
noma.14–16 Whether B cells and TLS are also important 
for the response to ICB in patients with MSI- H CRC is 
unknown. However, CXCL13 marks TH1- like cells specif-
ically enriched in MSI- H CRC17 but whether these TH1 
cells are involved in the response to ICB, and whether 
CXCL13 produced by these cells recruits B cells in MSI- H 
CRC is currently not known.

While ICB therapy has revolutionized the treatment of 
MSI- H mCRC, approximately half of the patients expe-
rience disease progression within 2 years after therapy 
initiation.9 Recent evidence indicates that the presence of 
peritoneal metastases and consequent ascites formation is 
associated with resistance to ICB in CRC.18 19 A compre-
hensive understanding of what determines response 
and resistance to ICB requires the generation of model 
systems in which the functional contribution of specific 
biomarkers—including B cells—can be empirically 
tested. Possibly, such contributions may be distinct 
between tumor types, patients, and specific checkpoint 

inhibitors. Here, we established a series of patient- derived 
organoids (PDOs) from MSI- H mCRC tumors to generate 
spontaneous metastasis models in mice with or without 
a human immune system (HIS). HIS mice with PDO- 
initiated MSI- H mCRC were then used to model ICB 
therapy. Anti- PD- 1 and anti- CTLA- 4 strongly reduced the 
growth of primary tumors and liver metastases, but peri-
toneal metastases were refractory to ICB, as is observed 
in clinical practice. B cell influx and TLS formation were 
observed in ICB- responding primary tumors and liver 
metastases. However, ICB- refractory peritoneal metas-
tases were devoid of B cells and TLS and were (locally) 
exposed to very high levels of immunosuppressive cyto-
kines in ascites. Removal of B cells with a depleting anti- 
CD20 antibody prevented anti- CTLA- 4- induced clearance 
of primary tumors and liver metastases.

METHODS
See online supplemental material 1 for full methods 
descriptions.

In vitro organoid culture
Generation of tumor organoid cultures (MmC2- 4) cultures 
was performed according to Sato et al.20 Tumor organoid 
MmC1 was obtained from the Hubrecht Organoid Tech-
nology foundation. In summary, tissue specimens were 
cut into small fragments, washed multiple times with ice- 
cold phosphate- buffered saline (PBS) (Sigma- Aldrich) 
and digested with Liberase TH research grade (Roche, 
0.1 mg/mL) for 1 hour at 37°C, with shaking every 
15 min. After washout of Liberase with PBS, tumor cells 
were collected by centrifugation (1500 RPM; 5 min) and 
embedded in ice- cold Matrigel (Corning), mixed with 
a basal culture medium in a 3:1 ratio. The basal culture 
medium consisted of Advanced Dulbecco's Modified 
Eagle Medium (DMEM)/F12 medium (Invitrogen), 
N- 2- hydroxyethylpiperazine- N- 2- ethane sulfonic acid 
(HEPES) buffer (Sigma- Aldrich, 1 mM), Penicillin/Strep-
tomycin (Sigma- Aldrich, 1%), GlutaMAX (Life Technolo-
gies, 1×), R- Spondin conditioned medium (20%), Noggin 
conditioned medium (10%), B27 (Life Technologies, 1×), 
Nicotinamide (Sigma- Aldrich, 10 mM), Prostaglandin E2 
(Sigma- Aldrich, 10 nM), Gastrin (Sigma- Aldrich, 10 nM), 
N- acetylcysteine (Sigma- Aldrich, 1.25 mM), A83- 01 
(Tocris, 500 nM), Epidermal growth factor (EGF) (Life 
Technologies, 50 ng/mL) and SB202190 (Life Technol-
ogies, 3 µM). For passaging, between 7 and 14 days after 
initial plating, the tumor organoids were dissociated with 
TrypLE Express (Gibco) for 5–10 min at 37 and replated 
in a prewarmed 6- well plate. Rho- associated kinase inhib-
itor Y- 27632 (Sigma- Aldrich, 10 µM) was added to culture 
medium on plating for 2 days.

Animal experiments
Laboratory animal study protocols 614- 01- 07 and 16- 795- 
2- 08 were approved by Utrecht and Amsterdam Universi-
ty’s Animal Welfare Body, the Animal Ethics Committee 
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and licensed by the Central Authority for Scientific Proce-
dures on Animals (license number AVD115002016614 
and AVD118002016795). All experiments were conducted 
in accordance with the Dutch Experiments on Animals 
Act, in line with European Directive 2010/63/EU and by 
licensed personnel.

In vivo tumor- forming potential of the MSI- H CRC 
organoids was assessed by subcutaneous (s.c.) injections 
of 5×105 cells (dissociated using TripLE Express, resus-
pended in Matrigel/medium ratio 1:1) in both flanks of 
NOD.Cg- Prkdcscid Il2rgtm1Wjl/SzJ (NSG) male mice, between 
8 and 10 weeks of age. The s.c. tumors became visible in 
14 days and before reaching the human endpoint (tumor 
volume 1500 mm3), the mice were sacrificed by cervical 
dislocation.

HIS mice were generated using NOD.Cg- Prkdcscid Il2rgt-

m1Wjl/SzJ (NSG) mice as previously described.21 Shortly, 
newborn NSG mice (females and males) younger than 
5 days received sublethal irradiation of 1 Gy using a Cs137 
source and an intrahepatic injection with 5×104 CD34+ 
CD38− lineage hematopoietic progenitor cells isolated 
from fetal liver. Fetal tissue for reconstitution of mice 
was received after obtaining informed consent from the 
mother and with prior approval by the Medical Ethical 
Committee of the Academic Medical Center of the 
University of Amsterdam.

To evaluate the spontaneous metastatic capacity of 
the MSI- H CRC organoids, we made use of the murine 
orthotopic cecum- implantation model.22 In summary, day 
before implantation, tumor organoids were dissociated 
into single cells and 2.5×105 cells were plated in 10 µL 
drops of neutralized Rat Tail High Concentrated Type 
I Collagen (Corning, C3867). Organoids were allowed 
to recover overnight at 37°C, 5% (volume/volume) 
CO2. NSG and HIS mice were treated with a s.c. dose 
of carprofen (5 mg/kg, Rimadyl) 30 min before surgery 
and were subsequently sedated by using isoflurane inha-
lation anesthesia (2% (volume/volume) isoflurane/O2 
mixture). The cecum was exteriorized through a midline 
abdominal incision and a single collagen drop containing 
organoids was surgically transplanted in the cecal submu-
cosa. Carprofen was administrated in drinking water 
for 3 days and Baytril (125 µg, s.c. injection) was given 
two times per day for 5 days. The following antibodies 
(derived from the UMCU Pharmacy) were used for in vivo 
treatment: OPDIVO (anti- PD- 1, ABF4176) YERVOY (anti- 
CTLA- 4, ABL1104), and MabThera (anti- CD20, N7395).

RESULTS
Generation of organoid models for MSI-H mCRC
Organoid technology allows the generation of ‘tumor 
avatars’ in vitro, with indefinite growth potential and 
maintenance of the genetic, phenotypic, and functional 
features of the original tumors.23 24 Here, we applied 
organoid technology to generate models for MSI- H 
mCRC using biopsies and resection specimens from 
patients with MSI- H mCRC (online supplemental table 

1). We established four MSI- H mCRC (MmC) organoid 
cultures (figure 1A), which demonstrated exponential 
growth for prolonged periods of time (>15 passages) and 
retained tumor- initiating potential (online supplemental 
figure S1A,B). MmC- PDOs showed loss of expression of 
MMR proteins and/or MSI, confirming their MSI- H status 
(online supplemental figure S1C,D). Whole- genome 
sequencing revealed tumor mutational burden values 
typical for MSI- H CRC25 (figure 1B) with enrichment of 
specific mutational signatures known to be caused by a 
deficient MMR system (figure 1C). MmC1- 3 were derived 
from sporadic MSI- H tumors with mutations in BRAF 
(MmC1- 2) or ERBB3 (MmC3), which are known to be 
associated with MSI- H CRC. MmC4 was derived from a 
Lynch syndrome tumor caused by an inactivating muta-
tion in MSH2 with loss of MSH2/MSH6 expression26 27 
(figure 1D). Karyotype analysis revealed gains and losses 
of various chromosomes and chromosomal segments 
(figure 1E), in line with the notion that karyotype changes 
occur in both microsatellite stable and MSI- H CRC.28

Spontaneous multiorgan metastasis formation by organoid-
initiated primary tumors in immunodeficient mice
We next explored whether MmC- PDOs had retained 
metastatic capacity. Collagen- embedded, luciferase- 
transduced PDOs were implanted into the cecum 
submucosa of mice using an orthotopic transplantation 
protocol29 (figure 1F). Luciferase- expressing MmC1- 3, 
but not MmC4, organoids formed invasive, actively 
growing ‘primary’ tumors at the implantation site. More-
over, bioluminescence imaging showed spontaneous 
formation of distant metastases in liver (MmC1, MmC2), 
lungs (MmC2, MmC3) and peritoneum (MmC1- 3), after 
approximately 3 weeks (figure 1F and G). Mice displayed 
a rapid deterioration of general health parameters, 
including ascites formation. The humane endpoint was 
generally reached after 4–6 weeks. Mice transplanted 
with MmC2 or MmC3 specifically developed dyspnea, 
presumably caused by lung metastasis formation. MmC1 
was derived from a liver metastasis and caused liver metas-
tasis formation in mice. MmC3 was derived from a lymph 
node metastasis and caused lung metastases in mice. 
MmC2 was derived from a donor whose clinical history 
cannot be retraced and formed many small metastases 
throughout the liver and the lungs (figure 1H–K). The 
observation that all organoids formed peritoneal metas-
tases is consistent with the fact that MSI- H tumors are 
over- represented in patients with peritoneal metastases.2 
The different patterns of metastasis in the different MmC 
models and their (partial) concordance with clinically 
observed metastasis patterns suggests that metastatic 
organotropism of the original tumor may be preserved in 
the MmC models.

Introduction of an HIS does not affect primary tumor growth 
and patterns of metastasis
In patients with CRC, distant metastases occur most 
frequently in the liver. Therefore, we selected MmC1 for 
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Figure 1 MmC organoids recapitulate genomic characteristics of MSI- H CRC tumors and retain metastatic capacity with 
patient- specific organ tropism. (A) Brightfield microscopic images of MmC- PDOs. (B) Tumor mutation burden (non- synonymous 
mutations/mb) in MmC- PDOs and MSS/MSI- H CRC tumors (TCGA). (C) Mutational signature probabilities in MmC- PDOs, 
determined by the nucleotide mutation types. (D) Mutation status of genes significantly mutated in MSI- H CRC according to 
TCGA. Red indicates mutated genes. (E) Copy number profile of MmC- PDOs for each chromosome. Gain (red) and loss (blue) 
in genomic position are indicated. (F) Schematic overview of MmC- PDO implantation under the cecum serosa- layer in NOD.
Cg- PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice. Tumor/metastasis are monitored by using bioluminescence of luciferase- transduced 
MmC- PDOs. (G) Formation of primary tumor at cecum- implanted site and metastases in liver, peritoneum, and lungs in 
MmC1- 3 models. (H) Histological hNucleoli staining of primary cecum tumor, liver metastasis, lung metastasis, and peritoneum 
metastasis for MmC1- 3 models. Dashed yellow line indicates tumor/metastasis area. Scale- bar 100 µm. (I) Peritoneum- 
metastasis volume (mm3), (J) total metastases area relative to normal tissue, (K) number, and metastasis lesion size for MmC1- 3 
models (hNucleoli quantification). Three independent experiments, n=5 mice per experiment. CRC, colorectal cancer; mCRC, 
metastatic CRC; MSI- H, high level microsatellite instability; MSS, microsatellite stable; PDOs, patient- derived organoids; TCGA, 
The Cancer Genome Atlas.
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further studies, aiming to model ICB therapy. To this end, 
MmC1 was transplanted into NSG mice with an HIS.21 
Successful humanization was assessed by determining 
the human immune cell engraftment score (>20%), and 
by analyzing human immune cell composition (online 
supplemental figure S2A). The presence of an HIS did 
not interfere with the formation or size of primary cecum 
tumors, nor with the formation of metastases in the liver 
or the peritoneum (figure 2A and B, online supplemental 
figure S2B). Thus, the tumors have induced immune 
tolerance in this model despite the major histocom-
patibility complex (MHC) mismatch with the human 
immune cells. To investigate the mechanism underlying 
the observed tolerance, we performed comparative gene 
expression analysis of MmC1 tumors growing in immune- 
deficient versus humanized mice by RNA sequencing 
(RNA- seq). The t- distributed stochastic neighbor embed-
ding (t- SNE) algorithm separated tumors growing in 
either host (figure 2C). Gene ontology analysis of differ-
entially expressed genes (n=213) demonstrated enrich-
ment of signatures reflecting immune activation in 
tumors growing in HIS mice (figure 2D and E, online 
supplemental table 2). Tumor- reactive T cell populations 
can be identified in the circulation by high expression 
of PD- 1.13 30 Flow- cytometry analysis of blood samples 
revealed that the fraction of PD- 1+ cells within the circu-
lating CD8+ T cell population increased by 10- fold when 
all mice had developed extensive metastatic tumor growth 
(figure 2F). Examination of immune cell subset gene 
signatures31 in the RNA- seq data, revealed high scores of 
‘T cell’ and ‘Cytotoxic T cell (CTL)’ signatures in primary 
tumors and liver metastases but not in peritoneal metas-
tases (figure 2G). Flow- cytometry analysis of fresh tumor 
tissue confirmed the high influx of T cells into primary 
tumor tissue, but not into peritoneal metastases (online 
supplemental figure S2C). Immunohistochemistry anal-
ysis on peritoneal metastases and matched primary 
tumors of two MSI- H patients confirmed that peritoneal 
metastases contain significantly lower numbers of infil-
trated T cells than primary tumors (online supplemental 
figure S3). Tumors resist immune- mediated clearance by 
engaging immune checkpoints. Indeed, immune check-
point ligand and receptor genes were highly expressed 
in primary tumors and liver metastases, but not in 
peritoneal metastases (figure 2H). Analysis of several 
large cohorts25 32–34 of CRC tumors with available gene 
expression data also showed a strong correlation (Pear-
son’s r=0.63 and p=3.3e- 66) of the CTL signature with 
the immune checkpoint signature, suggesting immune 
checkpoints prevent infiltrating CTLs from attacking the 
tumors (online supplemental figure S4).

Analysis of the expression of 50 cancer hallmark gene 
signatures35 showed that immune- related pathways 
(including interferon (IFN)-γ signaling) were expressed 
at higher levels in primary cecum tumors and in liver 
metastases than in peritoneal metastases (figure 2I), 
while transforming growth factor (TGF)β signaling was 
higher in peritoneal metastases. Of note, we recently 

demonstrated that human peritoneal metastases are char-
acterized by a stroma- rich microenvironment and high 
TGFβ signaling,36 which may lead to immune evasion.37

Together, the data reveal an important aspect of the 
nature of the PDO- HIS model. In general, three cancer- 
immune phenotypes can be recognized: inflamed, 
immune- desert, and immune- excluded.38 The RNA- seq 
and immunohistochemistry data show that the tumors in 
the PDO- HIS model belong to the first category: immune 
cells infiltrate into the tumors, immune checkpoints are 
activated, while tumor growth is not abated.

ICB therapy reduces primary tumor size and eradicates liver 
metastases but has no effect on peritoneal metastases
To test the role of immune checkpoints in the induc-
tion of tolerance, we treated MmC1 tumor- bearing HIS 
mice with anti- PD- 1 (nivolumab) or anti- CTLA- 4 (ipilim-
umab) 17 days after tumor initiation (figure 3A, online 
supplemental figure S5). Mice received six doses of either 
antibody. At the humane endpoint of the first control 
animals, all mice were sacrificed. Histological analyses 
showed that anti- PD- 1 and anti- CTLA- 4 therapy reduced 
primary tumor size, and caused complete eradication of 
liver metastases, but had no effect on peritoneal metas-
tases (figure 3B–E), Anti- human IgG immunohisto-
chemistry showed that both therapeutic antibodies were 
present within and throughout the peritoneal metastases, 
suggesting that the lack of treatment efficacy was not due 
to poor drug distribution (online supplemental figure 
S6). Both anti- PD- 1 and anti- CTLA- 4 caused a significant 
increase in spleen weight, indicating immune activa-
tion (figure 3F). ICB therapy caused an increase in the 
number of tumor- infiltrating hCD45+ cells into primary 
cecum tumors, into liver metastases, and into peritoneal 
metastases (figure 3G). Histological analysis of liver tissues 
showed clusters of hCD45+ cells occasionally surrounded a 
few residual tumor cells, reflecting active therapy- induced 
eradication of liver metastases by human immune cells 
(figure 3D). Taken together, ICB therapy evoked an anti-
tumor immune response that completely eradicated liver 
metastases, but had no effect on peritoneal metastases, 
despite a therapy- induced immune cell influx. These data 
also indicate that tolerance in tumor- bearing HIS mice is 
at least partly mediated by checkpoint activation.

Response to ICB treatment is associated with B cell influx and 
the formation of TLS
Multiple biomarkers that predict response to ICB treat-
ment have been identified though molecular analysis of 
clinical tissue samples. These include expression signature 
reflecting a T cell inflamed IFN-γ response,39 messenger 
RNA expression of cytokines CXCL13, CXCL912–16 39 and 
the formation of TLS.40 41 We found that all these clin-
ically validated biomarkers predicting response to ICB 
treatment were significantly lower in (therapy- refractory; 
figure 3E) peritoneal metastases than in liver metastases 
or primary tumors (figure 4A–C and online supple-
mental figure S7A,B). These data are consistent with the 
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Figure 2 Preservation of metastasis patterns in humanized mice despite extensive influx of immune cells. (A) Comparison 
of NSG and HIS (humanized immune system) MmC1 mice models for tumor outgrowth and liver metastasis, and peritoneum 
metastasis, two independent experiments. (B) Histological quantification (hNucleoli) in NSG and HIS livers of MmC1 models, 
two independent experiments, n=6 mice per group. Mann- Whitney; ns, not significant. (C) t- SNE projection of RNA sequencing 
data of in vitro/vivo samples. (D) Differential gene expression analysis between NSG and HIS mice. Red indicates upregulated 
genes and blue vice versa. (E) Functionally grouped network with gene ontology terms as nodes of upregulated genes in HIS 
model (ClueGO Cytoscape). (F) Circulating immune populations in blood before/after implantation in HIS mice. Proportion of 
parent population shown (%). Mann- Whitney: *p<0.05; ****p<0.0001; ns, not significant. (G) Relative scores of immune cell 
gene sets,31 (H) immune checkpoint regulator genes, and (I) hallmark gene sets, representing biological states or processes in 
RNA sequencing data of primary cecum tumor, liver metastases and peritoneum metastases derived from HIS mice samples. 
Color indicates expression: red=high; blue=low. HIS, human immune system; mCRC, metastatic colorectal cancer; PD- 1, 
programmed cell death protein- 1, t- SNE, t- distributed stochastic neighbor embedding.
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Figure 3 (Continued)
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observation that the presence of peritoneal metastases and 
ascites in patients with cancer is associated with therapy 
resistance.18 19 In the models generated in this report, the 
development of peritoneal metastases is associated with 
the formation of ascites. This prompted us to compare 
the levels of several immunosuppressive cytokines (inter-
leukin (IL)- 10, TGFb1, TGFb2, TGFb3) in ascites (to 
which peritoneal metastases are exposed) versus those 
in serum (to which systemic metastases are exposed). 
The levels of all four cytokines were significantly higher 
(2–20- fold change) in ascites samples compared with 
serum samples from the same mice (figure 3H). Next, 
we analyzed ascites samples directly derived from patients 
with cancer with inoperable peritoneal metastases.42 We 
found that the mean concentration of IL- 10 and TGFb1 
was significantly higher in ascites samples from this 
cohort, and from a previously published series,43 than in 
the serum of patients with metastatic CRC44–49 (figure 3I).

The presence of B cells in tumors is associated with 
the response to anti- PD- 1 in various cancer types,14–16 
but its impact on ICB in patients with mCRC is currently 
unknown. To this end, we analyzed CD20+ B cells found 
in peripheral blood, spleen, bone- marrow, primary tumor 
and liver tissues in control- treated and anti- CTLA- 4- 
treated mice using antibodies against IgD, IgM and CD24 
(online supplemental figure S7C). As expected, most B 
cells in bone marrow were CD24+ IgD− IgM− pro B cells 
whereas in peripheral blood most B cells were CD24− IgD+ 
IgM+ naïve B cells. Treatment with anti- CTLA- 4 resulted 
in an increase of CD24− IgD− IgM+ B cells and CD24− IgD− 
IgM− B cells—which likely represent switched B cells—in 
the cecum but not in other compartments.

Besides the presence of B cells per se, their struc-
tural organization together with T cells in TLS predicts 
response to ICB.14–16 Histological (hCD45) analysis on 
tissue sections of tumor- bearing anti- PD- 1- treated and anti- 
CTLA- 4- treated HIS mice showed extensive formation of 
TLS- like immune cell aggregates in the liver (figure 4A). 
In addition, these structures were also observed in the 
periphery of some of the primary tumors, but to a much 
lesser extent (figure 4B and C). The TLS- like structures 
were not observed in or around peritoneal metastases 
(figure 4C). TLS support B cell maturation and may serve 
as localized platforms for the generation of antitumor B 

cell and T cell responses.41 Histologically, TLS are char-
acterized by distinct compartments of B cells, T cells, and 
macrophages.41 Histological analysis showed the pres-
ence of TLS in the livers and around the primary cecum 
tumors of ICB- treated mice, consisting of a central region 
of CD20+ B cells surrounded by CD8+ T cells. The B cells 
were localized near CD8+ T cells (figure 4A and B). CD68+ 
macrophages were also present within these structures 
(figure 4A and B). Significant treatment- induced influx 
of hCD45+ immune cells, including CD8+ T cells, was 
observed in tumors growing at all sites, including perito-
neal metastases (figures 3D–G and 4D). By contrast, ICB 
caused influx of B cells into primary cecum tumors and 
into liver metastases, but not into peritoneal metastases 
(figure 4E, online supplemental figure S7D). ICB had no 
significant effect on infiltration of FOXP3+ regulatory T 
cells or CD68+ macrophages into tumors growing at any 
of the three sites (figure 4F and G).

In the experiment presented in figure 4, all mice were 
sacrificed at the same time point to enable a compara-
tive immune cell analysis in tumor tissue samples of 
the distinct groups. We noted that most animals in the 
treated groups had not reached the humane endpoint, 
which is usually caused by disease- related discomfort 
including ascites formation. Moreover, the primary 
tumors displayed an intermediate treatment response 
but did occasionally show TLS formation, suggesting 
that regression of the primary tumor bulk may take more 
time than regression of smaller liver metastases. To test 
this, mice were kept alive after ICB discontinuation, until 
they reached their individual humane endpoints. For this 
experiment, anti- CTLA- 4 was chosen because it was more 
effective than anti- PD- 1 in eliciting an antitumor immune 
response in this model. Two weeks after tumor initiation, 
one group of mice received control treatment, and two 
groups received anti- CTLA- 4. The mice in one group 
receiving anti- CTLA- 4 treatment (CTLA- 4- group 1) were 
sacrificed at the same time as control mice, when these 
reached their humane endpoint. In the second treatment 
group, anti- CTLA- 4 treatment was discontinued, after 
which each mouse was sacrificed at signs of discomfort 
(CTLA- 4- group 2; figure 5A). Anti- CTLA- 4 treatment 
significantly prolonged the survival of tumor- bearing 
mice in this group (figure 5B). Immunohistochemistry 

Figure 3 Eradication of liver metastasis but not peritoneal metastasis by ICB therapy. (A) Experimental protocol of treating 
HIS mice with anti- PD- 1 (200 µg, i.p.) or anti- CTLA- 4 (200 µg, i.p.), starting post 17 days orthotropic cecum- implantation. N=5 
mice per group. All animals are sacrificed at the first observed endpoint of control mice. (B) Example livers of control, anti- PD- 
1- treated and anti- CTLA- 4- treated mice at observed endpoint of control group. (C) Histological hNucleoli staining examples 
of liver sections from two different mice per group. Scale- bar is 2 mm (D) Histological hNucleoli (top) and hCD45 (bottom) 
staining of primary cecum tumor, liver metastasis, and peritoneum metastasis. Dashed yellow line indicates tumor/metastasis 
area. Scale- bar 100 µm. (E) Tumor/metastasis area (hNucleoli mm2 in cecum, liver, and peritoneum. (F) Splenic weight (mg) at 
observed endpoint of control group, representative for degree of splenomegaly. (G) Total immune infiltration (hCD45% relative to 
tissue) in cecum, liver, and peritoneum. (H) Immune suppressive cytokine levels of IL- 10, TGFb1, TGFb2 and TGFb3 in ascites 
versus serum samples of HIS mice. (I) Mean IL- 10 and TGFb1 concentration in ascites or serum samples of human patients with 
metastatic CRC.43–49 Data shown as mean±SEM. Mann- Whitney: *p<0.05; **p<0.01; ***p<0.001, ****p<0.0001; CRC, colorectal 
cancer; CTLA- 4, cytotoxic T- lymphocytes- associated protein 4; HIS, human immune system; ICB, immune checkpoint 
blockade; IL, interleukin; i.p., intraperitoneal injection; mCRC, metastatic CRC; ns, not significant; PD- 1, programmed death 
ligand- 1; TGF, transforming growth factor.
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Figure 4 Immune checkpoint blockade induces formation of tertiary lymphoid structures (TLS) and distinct tumor- infiltrating 
lymphocytes (TIL) populations. (A) Histological examples of TLS in liver and (B) cecum of anti- CTLA- 4- treated mouse. Spatial 
information of immune cells (hCD45), B cells (hCD20), Cytotoxic T cells (hCD8a) and macrophages (hCD68) in TLS are shown. 
Dashed yellow line indicates primary tumor. Scale- bar of area zoom 100 µm. (C) Number of TLS in cecum, liver, and peritoneum 
of anti- PD- 1 (top) and anti- CTLA- 4- treated mice (bottom). (D) Cytotoxic T cell (hCD8a), (E) B cell (hCD20), (F) regulatory T cells 
(hFOXP3), and (G) macrophages (hCD68) infiltration (% relative to tissue) in cecum, liver, and peritoneum. Mann- Whitney: 
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; CTLA- 4, cytotoxic T- lymphocytes- associated protein 4; ns, not significant; PD- 1, 
programmed death ligand- 1, TIL, tumor- infiltrating lymphocytes.
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using anti- human nucleoli for the detection of human 
tumor cells showed that the liver was completely tumor- 
free in all mice in both anti- CTLA- 4 treatment groups. 
Moreover, primary tumor size was significantly smaller in 
CTLA- 4- group 2 than in CTLA- 4- group 1 (figure 5B,C) 
indicating that anti- CTLA- 4 therapy resulted in ongoing 
primary tumor regression after therapy discontinuation.

The humane endpoint in CTLA- 4- treated mice was 
determined by unabated growth of peritoneal metastases 
and associated discomfort, including ascites formation 
(figure 5C). Immunohistochemistry analysis of CTLA- 4- 
treated primary tumors showed a significant increase of 
the influx of CD8a+ T cells, B cells and increased TLS 
formation in mice in CTLA- group 2 when compared 
with CTLA- 4- group 1. (figure 5D,E, online supplemental 
figure S8). Indeed, there was a highly significant correla-
tion between B cell influx and tumor regression over time 
(figure 5F).

Depletion of B cells interferes with anti-CTLA-4-mediated 
eradication of liver metastases
The presence of TLS and B cells predicts the response 
of metastatic melanoma and sarcoma to immune check-
point inhibitors.14–16 However, empirical evidence for 
their contribution to treatment efficacy in these and 
other cancer types is currently lacking. To assess the 

contribution of B cells to the observed eradication of 
liver metastases by ICB in our model, we made use of 
a B cell- depleting antibody (anti- CD20; rituximab) 
(figure 6A). Two weeks after tumor initiation in HIS mice, 
mice received either control treatment, anti- CTLA- 4, 
anti- CD20 or anti- CTLA- 4 and anti- CD20. All mice were 
sacrificed at the humane endpoint of the first control 
animals, allowing direct comparisons of tumor tissue. In 
the primary cecum tumors, B cells were localized within 
TLS and outside TLS at the tumor border (online supple-
mental figure S9). However, in liver metastases, B cells 
were mostly localized within TLS. More than 10- fold 
fewer B cells were observed in peritoneal metastases 
compared with either primary tumors or liver metas-
tases (figure 6B). Following treatment with anti- CD20, 
B cells were depleted from primary tumors, liver metas-
tases, peritoneal metastases, spleens, and bone marrow 
(figure 6B, online supplemental figure S9). B cell deple-
tion prevented the regression of liver metastases by anti- 
CTLA- 4 therapy. By contrast, the formation of peritoneal 
metastases was unaffected by B cell depletion, anti- CTLA- 
4- therapy or the combination- therapy (figure 6C,D). The 
extent of liver metastasis formation in mice receiving 
both anti- CD20 and anti- CTLA- 4 was similar to that in 
mice receiving anti- CD20 alone. Flow cytometry analysis 

Figure 5 Extended period of life after anti- CTLA- 4 therapy discontinuation leads to further antitumor response and is 
associated with B cell influx and TLS formation. (A) Experimental protocol of treating human immune system mice with anti- 
CTLA- 4 (200 µg, i.p.), starting post 15 day’s orthotropic cecum- implantation with 3 days interval. Inhibition with anti- CTLA- 4 
was discontinued at the observed endpoint (day 33) of the control group to monitor immune checkpoint blockade response. 
N=5 mice per group. (B) Kaplan- Meier: overall survival rate and liver metastasis- free progression. (C) Tumor/metastases area 
(hNuceloli mm2 in cecum, liver, and peritoneum. (D) CD8a T cell infiltration in primary cecum tumor in CTLA- 4- group 1 and 
CTLA- 4- group 2 animals. (E) Number of TLS formation in cecum in CTLA- 4- group 1 and CTLA- 4- group 2 animals. Mann- 
Whitney: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant. (F) Negative correlation with tumor area (mm2) and 
B cell infiltrate (%) in cecum, log- scaled. Gray=control, blue=CTLA- 4- group 1 and red=CTLA- 4- group 2. CTLA- 4, cytotoxic T- 
lymphocytes- associated protein 4; i.p., intraperitoneal injection; TLS, tertiary lymphoid structures.
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revealed that B cell depletion (anti- CD20 and anti- CD20/
antti- CTLA- 4 treatment groups) reduced the proportion 
of CD45RO+, CD69+, and CCR7+ CD8+ T cells in the liver, 
when compared with mice treated with anti- CTLA- 4 alone 
(online supplemental figure S10). Thus, B cells play an 
essential role in liver metastasis clearance by anti- CTLA- 4. 
B cell depletion did not clearly influence the effect of 
anti- CTLA- 4 on primary tumors but the formation of TLS 
in and around primary tumors was limited at the time of 
sacrifice (figure 6C). Of note, we found that B cell deple-
tion alone had an inhibitory effect on the formation of 
primary tumors and liver metastases per se, pointing to 
a potential tumor- promoting function of B cells in the 
absence of ICB.

Anti-CTLA-4 induces site-specific transcriptional 
reprogramming of T cells and B cells
The above results demonstrate an essential role for B 
cells in establishing an effective antitumor immune 
response in the liver. Moreover, their relative absence 
from peritoneal metastases was associated with a lack 

of response to therapy. However, we did observe a 
treatment- induced influx of T cells into peritoneal metas-
tases (figure 4D). This prompted us to analyze therapy- 
induced changes in T cell states in liver metastases versus 
peritoneal metastases. To this end, we performed single- 
cell RNA- seq on hCD45+ immune cells isolated from 
both sites (figure 7A,B). Analysis of the expression of 
tumor- associated T cell signatures reflecting a cytotoxic 
versus a dysfunctional state50 revealed that liver- derived 
T cells were predominantly cytotoxic, while peritoneal 
metastasis- derived T cells were largely dysfunctional. 
Indeed, expression of transcription factors marking cyto-
toxic (KLF2), or dysfunctional (RBPJ) T cells was signifi-
cantly higher in liver metastasis and peritoneal metastasis 
derived T cells, respectively (figure 7C). The cytotoxic 
scores in T cells derived from the livers of control versus 
anti- CTLA- 4- treated mice were not significantly different 
(online supplemental figure S11). However, the dysfunc-
tional scores in T cells derived from peritoneal metas-
tases were significantly higher in anti- CTLA- 4- treated 

Figure 6 Depletion of B cells results in a significant decrease of antitumor response in anti- CTLA- 4 treatment. (A) Experimental 
protocol of treating human immune system mice with anti- CTLA- 4 (200 µg, i.p.), anti- CD20 (300 µg, i.p.) or combination, starting 
post 15 days orthotropic cecum- implantation with 3 days interval. N=5 mice per group. All animals are sacrificed at the first 
observed endpoint (t=33 days) of control mice. (B) B cell (hCD20) population (percentage of hCD45+ cells) in cecum, liver, 
peritoneum, bone- marrow, and spleen samples, determined by flow cytometry. (C) Tumor/metastases area (hNucleoli mm2 in 
cecum, liver, and peritoneum. Mann- Whitney: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant. (D) Histological 
(hNucleoli) examples of liver metastases, scale- bar is 100 µm. CTLA- 4, cytotoxic T- lymphocytes- associated protein 4; i.p., 
intraperitoneal.
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Figure 7 Immune checkpoint blockade induces site- specific transcriptional reprogramming in T cells and the formation of 
antigen- presenting B cells in TLS. (A) Experimental protocol of treating human immune system mice with anti- CTLA- 4 (200 µg, 
i.p.), starting post 15 day’s orthotropic cecum- implantation with 3 days interval. All animals are sacrificed at the first observed 
Figure 7 (Continued)
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mice when compared with control mice (online supple-
mental figure S11).

To investigate how B cells in TLS influence T cell 
function and T cell- mediated antitumor immunity, we 
assessed the impact of anti- CTLA- 4 treatment on B cell 
states, using single- cell RNA- seq. Differential gene expres-
sion analysis showed that 235 genes were upregulated in 
B cells from anti- CTLA- 4- treated mice when compared 
with B cells from control- treated mice, including MHC 
class II genes (HLA- DRA, HLA- DRB5) (figure 7D). There 
was no difference in the expression of genes encoding 
immunoglobulin heavy or light chains. Gene ontology 
analysis of the upregulated genes in anti- CTLA- 4 treated 
B cells demonstrated enrichment of signatures reflecting 
‘antigen processing and presentation’ as well as ‘T cell 
receptor signalling’ (figure 7D, online supplemental 
table 3). Indeed, expression of the anti- CTLA- 4- induced 
B cell genes correlated extremely well with expression of 
the gene ontology term ‘T cell activation (GO:42110)’ 
in transcriptome data of CRC tumors32 (Pearson r=0.70, 
p=9.9e- 86; figure 7E). Furthermore, a B cell signature 
that predicts clinical responsiveness to ICB therapy in 
melanoma14 was significantly higher in B cells from anti- 
CTLA- 4- treated mice (figure 7F).

Next, we analyzed the communication between T cells 
and B cells in the livers from control and anti- CTLA- 4- 
treated mice using CellChat software.51 We found that 
anti- CTLA- 4 treatment significantly induced 22 inter-
actions between liver- derived B cells and T cells, while 
only 6 such interactions were found in control mice 
(figure 7G). Of the 22 cell–cell interactions in anti- CTLA- 
4- treated mice, the vast majority (n=8) were HLA mole-
cules expressed on B cells interacting with CD4 expressed 
on T cells, further supporting the notion that antigen 
presentation by B cells to CD4+ T cells is a potential 
mechanism of action in the eradication of liver metas-
tases by anti- CTLA- 4 treatment in the PDO- HIS model 
(figure 7H, online supplemental figure S12). Moreover, 
we also observed a CTLA- 4- induced interaction between 
T cell- expressed IL- 16 acting on T cell CD4, pointing 

to a T cell recruitment pathway evoked by anti- CTLA- 4 
treatment.52 Indeed, immunohistochemistry and immu-
nofluorescence analysis demonstrated the presence of 
HLA- DRA+ B cells near CD4+ and CD8+ T cells in liver- 
resident TLS of anti- CTLA- 4- treated mice (figure 7I, 
online supplemental figure S13). CXCL13- producing 
cells were also clearly detected in the same TLS. In addi-
tion, we observed significantly higher expression of MHC 
class II genes in myeloid cells on anti- CTLA- 4 treatment 
(online supplemental figure S14A). Differential gene 
expression analyses showed that 53 genes were upregu-
lated in CD4+ T cells from anti- CTLA- 4- treated mice when 
compared with CD4+ T cells from control- treated mice. 
Gene ontology analysis showed that these genes reflected 
‘immune response- activating signal transduction’ and 
‘regulation of T cell activation’ (online supplemental 
figure 14B). In summary, anti- CTLA- 4 treatment induced 
transcriptional reprogramming of T cells and B cells.

DISCUSSION
In this study, we have established a novel model for MSI- H 
mCRC, based on a combination of organoid and human-
ized mouse technologies. The kinetics of organoid- 
initiated tumor growth and metastasis formation were 
not significantly different in immune- deficient versus 
humanized mice indicating that the HIS in these mice 
was tolerant towards the growing, presumably MHC- 
disparate, tumors. This tolerance was at least partly medi-
ated by CTLA- 4 and PD- 1, since antibodies blocking these 
checkpoints overcame the observed tolerance in both the 
liver and the cecum. Regression of the primary cecum 
tumor continued after cessation of the treatment, indi-
cating that once tolerance was broken by ICB therapy the 
effector immune cells continue to attack the tumor in the 
absence of the blocking antibodies. Whereas the primary 
tumor and liver metastases were eradicated by the ICB, 
peritoneal metastases were not affected, and tumor- 
bearing mice eventually succumbed to unabated growth 
of peritoneal metastases. CD8+ T cell influx was observed 

endpoint (t=33 days) of control mice. Immune cells (hCD45+) from liver metastasis and peritoneum metastasis were sorted for 
single- cell RNA sequencing. i.p. intraperitoneal injection. (B) t- SNE projection of single- cell RNA sequencing log- transformed 
counts on all detectable genes in hCD45+ cells. Scores of microenvironment cell populations10, including cell types: T cell, NK 
cell, B cell, monocytic, dendritic and neutrophil. (C) Cytotoxic- scores and dysfunctional- scores50 for T cells of liver (red) and 
peritoneum (blue) tissue. Expression (log) of associated transcription- factors KLF2 and RBPJ with cytotoxic- and dysfunctional 
scores, respectively. Mann- Whitney: **p<0.01; ***p<0.001. (D) Differential gene expression analysis between B cells from control 
and anti- CTLA- 4- treated mice. Red and blue colors indicate upregulated and downregulated genes, respectively. Functional 
network analysis using ClueGO Cytoscape and gene ontology terms as nodes of upregulated genes (n=235) in anti- CTLA- 
4- treated derived B cells. (E) Positive correlation with anti- CTLA- 4 induced genes in B cells signature and ‘T cell activation’ 
signature in a CRC cohort.32 (F) Boxplots showing expression of a B cell gene signature associated with response to ICB 
therapy, and genes in the ‘antigen processing and presentation’ pathway (KEGG: hsa04612) in B cells in control and anti- CTLA- 
4- treated mice. (G) Inference and analysis of cell–cell communication using CellChat.51 Bar plot represents the total number 
of inferred interactions (left) and interaction strength (right) of B and T cells derived from livers of control (red) or anti- CTLA- 4 
treated (blue) mice. (H) Bubble plot representing the communication probabilities for the identified ligand- receptor interactions 
between cell groups. (I) Histological analysis of HLA- DRA+ B cells juxtaposed to CD4+ T cells in TLS in anti- CTLA- 4- treated 
mouse livers. Scale- bar 50 µm. CRC, colorectal cancer; CTLA- 4, cytotoxic T- lymphocytes- associated protein 4; ICB, immune 
checkpoint blockade; i.p., intraperitoneal; NK, natural killer; TLS, tertiary lymphoid structures, t- SNE, t- distributed stochastic 
neighbor embedding.
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in the primary tumor and liver metastases but less in the 
peritoneum. Moreover, CD8+ T cells in liver metastases 
were in an active cytotoxic state whereas those in the peri-
toneum were in a dysfunctional state. These observations 
are consistent with the generally accepted idea that active 
CD8+ CTL mediate tumor regression. Given the similari-
ties regarding disease progression and response to ICB in 
patients with MSI- H cancer and the model presented in 
this report, the alloantigens in the model may be consid-
ered as surrogate neoantigens.

The differential site- specific response to anti- CTLA- 4 
treatment correlated with the presence of TLS and B 
cells. This is consistent with recent observations showing 
an association of the presence of TLS and B cells in 
tumors with a favorable outcome in patients treated with 
anti- PD- 1.14–16 An expression signature for memory B cells 
has also been correlated with response to anti- CTLA- 4.53 
The PDO- HIS model presented here provides empirical 
evidence—through B cell depletion—of an essential role 
for B cells in the eradication of liver metastases by anti- 
CTLA- 4 therapy. B cells may help generate an effective 
antitumor immune response via several mechanisms. We 
found that B cells in primary tumors and liver metastases 
express high levels of class II MHC antigens and are in 
close physical contact with CD4+ T cells within TLS, as 
has been observed in patient tissues54 suggesting that 
the B cells activate CD4+ T cells which may subsequently 
help CD8+ CTL to attack tumor cells. Because the tumor 
cells are at least partly MHC disparate from the T cells 
and B cells, one should assume that the T cells are acti-
vated by an indirect alloantigen pathway.55 B cells may 
also contribute to anti- CTLA- 4- induced tumor regression 
by producing antibodies that may mediate complement- 
mediated cytotoxicity, or antibody- dependent- cellular 
cytotoxicity mediated by FcR- expressing effector cells 
such as natural killer cells and/or monocytes. A recent 
study in syngeneic mouse models for triple negative 
breast cancer showed that B cells and T cells activate 
each other during ICB with anti- CTLA- 4 and anti- PD- 1.54 
In this setting, the activated T follicular helper cells 
provided help to B cells to produce antibodies and loss 
of antibody secretion concomitant with ICB diminished 
the antitumor response.54 We performed a limited anal-
ysis of the B cells present in the tumors, which suggested 
that only in the cecum a change in the B cell composi-
tion occurred. There was an increase in CD24− IgM+ IgD− 
and switched, CD24− IgM− IgD− cells in the cecum after 
treatment with anti- CTLA- 4, but whether this results in 
production of tumor- specific IgM/IgG/IgA antibodies 
has yet to be determined. B cells may also be important 
for formation of the intratumor TLS, thereby creating an 
environment for optimal interaction of T cells with B cells 
and dendritic cells. We found that B cells in cecum tumors 
and liver metastases expressed lymphotoxin alpha and 
beta transcripts, making it likely that they express LTα1β2 
on the cell surface. However, how TLS in these niches 
were formed in the absence of human non- hematopoietic 
stromal cells remains to be established.

Our finding that treatment benefit was dependent 
on the anatomical site where tumor cells were growing 
indicates that organ- specific niches are important deter-
minants of treatment outcome. Organ site- dependent 
TLS formation has previously been demonstrated in 
mouse models of metastatic breast cancer.56 Likewise, 
organ site- dependent differences in the response to 
ICB therapy have recently also been demonstrated in 
models for castration- resistant prostate cancer.57 In 
the latter study, TGFβ signaling in the bone marrow 
niche prevented the generation of an effective immune 
response against bone metastases, and this could be 
relieved by TGFβ inhibition. Elucidating the influence 
of organ site on ICB therapy response is now recognized 
as an important novel area of research that is aimed at 
elucidating the mechanisms of resistance against ICB 
therapies.4

The finding that peritoneal metastases in this model 
are insensitive to ICB are clinically highly relevant, as 
recent studies have demonstrated that patients with 
MSI- H mCRC with peritoneal metastases and ascites 
are unlikely to benefit from ICB.18 19 Moreover, our 
finding that ascites contains very high levels of immu-
nosuppressive cytokines (both in patients with cancer 
and in the model) provides a first clue as to why peri-
toneal metastases may be refractory to ICB. Follow- up 
studies with specific antibodies or inhibitors neutral-
izing one or more of these immunosuppressive signals 
(including IL- 10 and the various TGFβ isoforms) are 
needed to identify cause- effect relationships and design 
and test therapeutic approaches that may sensitize 
the poor- prognosis subgroup of patients with MSI- H 
mCRC with peritoneal metastases to ICB. Alternatively, 
the models can be applied to design TLS biogenesis- 
stimulating therapeutic approaches in the perito-
neum, such as tumor vessel normalization.58 Finally, by 
choosing specific PDOs with distinct patterns of meta-
static organotropism the humanized mouse models 
provide a unique platform for studying organ site- 
specific responses to ICB. Possibly, distinct strategies 
will be needed to sensitize metastases growing in these 
completely distinct microenvironments, to ICB.
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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

2
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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.

9

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-005345:e005345. 10 2022;J Immunother Cancer, et al. Küçükköse E



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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