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ABSTRACT
Colorectal cancer (CRC) is the second-highest cause for cancer-related mortality world-

wide. Patients suffering from CRC generally don’t die from primary tumours but rather from 
metastasis, for which there are no effective therapies to date. CRC progression has been 
correlated with the accumulation of mutations in four key signalling pathways: Wnt, MAPK, 
p53 and TGF-β. However, there are no relevant driver mutations described for CRC metas-
tasis, which is produced primarily in the liver. Instead, main features of the tumour micro-
environment (TME), such as T cell infiltration and overall levels of TGF-β, have acquired a 
prognostic value in CRC patients and can predict metastatic potential. 

Over the years, a better understanding on the TME has led to designing novel therapies 
for patients with overt metastatic disease. In the past decade, immunotherapies have rep-
resented a revolution in clinical oncology. Of note, antibodies targeting the PD-1/PD-L1 
inhibitory pathway have yielded promising results in solid tumours such as melanoma, non-
small-cell lung cancer and bladder cancer. Nevertheless, these therapies have failed for 
the majority of CRC patients, who have immunologically “cold” tumours devoid of cytotoxic 
T cells. In the first chapter of the present thesis, we have used a novel mouse model for 
metastatic CRC to describe that T cell exclusion in CRC is driven by TGF-β. By blocking the 
TGF-β pathway using Galunisertib, an inhibitor of the TGF-β receptor 1, activated T cells 
were able to infiltrate liver metastasis. Consequently, by combining treatment with Galuni-
sertib and monoclonal antibodies against PD-L1, we were able to cure full-blown liver me-
tastases by unleashing a potent T cell-mediated cytotoxic response. 

Despite the results obtained in chapter 1, the specific cellular mechanisms of this 
TGF-β-mediated T cell exclusion needed further elucidation. In this regard, our lab has 
reported that TGF-β leads to the expression of a gene signature in cancer-associated fibro-
blasts (CAFs) that predicts relapse in patients, and that CAFs are crucial for CRC tumour 
survival and metastatic colonisation. Therefore, we asked whether TGF-β-activated CAFs 
were also responsible for T cell exclusion in liver metastases. 

The work conducted to tackle this question is divided in two chapters. In chapter 2, we 
have focused on investigating the biology of CAFs from CRC liver metastases, resulting in 
the establishment of specific markers to target fibroblasts. Moreover, we have defined two 
different CAF subpopulations coexisting in CRC liver metastases, one of which could be 
directly related with T cell exclusion.  In chapter 3, we have established a genetic mouse 
model of CRE-LoxP-mediated recombination to specifically ablate the TGF-β receptor 2 in 
CAFs from liver metastases. CRE expression was driven by the promoter of Transgelin, 
a TGF-β target gene expressed in CAFs that strongly correlates with relapse in CRC pa-
tients. Abrogation of the TGF-β pathway in CAFs did not alter T cell infiltration in metasta-
ses. Nevertheless, combination of genetic ablation of the TGF-β receptor 2 and treatment 
with blocking antibodies against PD-L1 led to curative responses, strongly suggesting that 
TGF-β-activated CAFs are crucial for mediating T cell exclusion in metastases and evading 
checkpoint immunotherapy. 
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INTRODUCTION

“The good thing about science is that it’s true whether or 
not you believe in it”

- Neil deGrasse Tyson





31

Introduction

1. General introduction on  Colorectal Cancer (CRC)

1.1. Epidemiology

Death rates from communicable diseases have declined thanks to recent medical ad-
vances and access to an improved health care. As a result, worldwide life expectancy has 
increased. However, cancer-related mortality has increased by 40% over the past 40 years 
and it is expected to escalate further (Bray et al., 2018). In particular, colorectal cancer 
(CRC) has become the third-most prevalent type of cancer. This fact can be attributed to an 
increasingly ageing society and to harmful lifestyle habits such as smoking, reduced phys-
ical activity and increased dietary intake. CRC is the most diagnosed type of cancer within 
the Spanish society and the second-highest cause for cancer-related mortality worldwide 
(Bray et al., 2018; Sociedad Española de Oncología Médica, 2019). Age is the highest 
risk factor, as 90% of diagnosed CRC occur after 50 years of age (Asociación Española 
Contra el Cáncer, 2018). 

CRC is originated by both genetic and environmental factors. Around a 15% of CRC pa-
tients are affected by a hereditary component (Kuipers et al., 2015). One of the better-un-
derstood hereditary syndromes is familial adenomatous polyposis (FAP), characterized by 
the appearance of a large number of polyps in the colon that could eventually lead to CRC 
formation. This syndrome is caused by inactivating mutations in the Adenomatous Polyposis 
Coli (APC) gene, which negatively regulates the WNT canonical pathway by binding β-cat-
enin (Galiatsatos and Foulkes, 2006; Lynch and de la Chapelle, 2003; Segditsas and 
Tomlinson, 2006). FAP patients inherit one mutated APC copy. Therefore, the appearance 
of polyps is a result of inactivation of the remaining allele in the intestinal epithelium. Anoth-
er major hereditary CRC subtype is Lynch syndrome, also called hereditary non-polyposis 
colorectal cancer (HNPCC), which accounts for 5-10% of total CRC patients. This syndrome 
is caused by germline mutations in DNA mismatch-repair genes, including MLH1, MSH2, 
MSH6, PMS2 or EPCAM (Fearon, 2011; Lynch et al., 2009). 

Nonetheless, about 75% of CRCs are sporadic, suggesting that environment may play the 
strongest role in CRC incidence. The risk of acquiring sporadic CRC is increased, however, 
by the presence of an affected family relative (Kuipers et al., 2015). Up to 80% of sporadic 
CRCs present APC mutations, characterized by chromosomal instability (CIN, or microsat-
ellite stable [MSS]), while about 10-15% contain defects of the mismatch repair machinery, 
which lead to a microsatellite instability (MSI) phenotype (Fearon, 2011; Kuipers et al., 
2015; Nojadeh et al., 2018). 

1.2. Progression from benign adenomas to distant metastasis

The processes governing the formation of adenomas from normal colonic cells and their 
transition to adenocarcinomas have been extensively studied. As a result, two discrete mod-
els of sequential CRC progression have been proposed, which are summarized in Figure 1 
(Kuipers et al., 2015). The canonical model involves the formation of tubular adenomatous 
polyps that progress into adenocarcinomas (Kuipers et al., 2015). Meanwhile, between 
5-10% of CRC cases originate from a subset of polyps called sessile serrated polyps (Mur-
cia et al., 2016) 

In 1990, Bert Vogelstein and Eric Fearon proposed for the first time a multi-stage model 
for CRC progression (Fearon and Vogelstein, 1990). This model has been extensively 
updated and a handful of key mutations have been correlated with every CRC stage. The 
starting event in more than 80% of CRC patients consists in the acquisition of inactivating 
mutations in APC, which lead to polyp formation (Fearon, 2011; Fearon and Vogelstein, 
1990). Formation of advanced adenomas involves activating mutations of oncogenes affect-
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Figure 1. Representation of the canonical and serrated polyp models for CRC initiation and 
progression. The classical progression in the canonical model (upper) includes mutations in the 
WNT pathway (APC), the MAPK pathway (NRAS, KRAS), the TGF-β pathway (SMAD4, TGFBR2) 
and TP53. On the other hand, events leading to the formation of serrated polyps (lower) include 
the CpG island methylator phenotype (CIMP) and mutations in catenin-β1 (CTNNB1), followed by 
mutations in BRAF and in PI3K signalling. Both progression models share mutations included in the 
yellow boxes. Figure extracted from Kuipers et al., 2015.

ing the MAPK signalling pathway. In the canonical model, these generally include point mu-
tations in KRAS or amplification of the upstream Epidermal Growth Factor (EGF) receptors 
(Fearon, 2011; TCGA, 2012). On the other hand, point mutations in BRAF are associated 
with the progression of serrated polyps (Fearon, 2011; Kuipers et al., 2015). Further facil-
itating tumour progression are inactivating mutations in tumour suppressor genes included 
in the Transforming Growth Factor-β (TGF-β) pathway, which typically occur in SMAD4, and 
less frequently in SMAD2/3 and TGF-β receptors (Fearon, 2011; TCGA, 2012). Another 
frequently occurring alteration is the inactivation of cell cycle regulator p53 (Fearon, 2011; 
TCGA, 2012). The accumulation of these key mutations leads to full-blown colon carcino-
mas, which can take up to 10 to 15 years to develop (Figure 1).

During the last decade, several studies support the hypothesis of cancer stem cells that 
originate and fuel tumours (reviewed in Ayob and Ramasamy, 2018). CRC cancer stem 
cells express a gene program that overlaps to some extent to that of normal LGR5+ intesti-
nal stem cells (Barker et al., 2007; Dalerba et al., 2007; O’Brien et al., 2007; Ricci-Vitiani 
et al., 2007). Because of their proliferative capabilities, cancer stem cells are likely to gener-
ate distant metastasis. Evidence shows that self-renewing, stem-like tumour cells are able 
to generate metastasis compared to differentiated-like, non-proliferating cells (Dieter et al., 
2011; Merlos-Suárez et al., 2011).

Metastatic dissemination is an inefficient process that requires the trafficking of tumour 
cells through the circulation, colonization, and resuming tumour growth into distant organs. 
In CRC, tumour cells enter the portal circulation and rapidly colonize the liver, the primary 
metastatic site in CRC patients. Less frequently, CRC can also metastasize to the lungs, 
which require that tumour cells reach the general circulation to infiltrate the lungs (reviewed 
in Tauriello et al., 2017). In contrast to the mechanisms described for progression from ad-
enomas to carcinomas, the processes governing metastatic dissemination from aggressive 
carcinomas remain poorly understood. 
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1.3. Staging and survival

CRC is most often classified using the Tumour, Node and Metastasis staging (TNM) es-
tablished by the American Joint Committee on Cancer (AJCC), which is based in the follow-
ing three parameters (AJCC, 2009; Weiser, 2018), assessed by histopathology:

- T: tumours are classified according to size and invasiveness. The lowest category 
(Tis) includes carcinomas in situ which have not invaded subjacent layers. Further 
categories define tumours that invade the submucosa (T1), the muscularis propria 
(T2), pericolorectal tissues (T3), and the peritoneum and/or other structures (T4).

- N: measures tumour cell spread into regional lymph nodes. N1 CRCs contain me-
tastasis in 1-3 regional lymph nodes. N2 is assigned when 4 or more lymph node 
metastases have been detected.

- M: informs whether tumours have generated distant metastasis to one (M1a) or more 
(M1b) organs, or whether the distant peritoneal surface is involved (M1c). 

According to AJCC guidelines, once TNM parameters have been determined, CRC pa-
tients are grouped into four different stages (AJCC, 2009; Weiser, 2018; American Cancer 
Society; National Cancer Registration and Analysis Service, Figure 2):

1) Stage 0: localized and non-invasive carcinomas in situ.
2) Stage I (T1-2, N0, M0): localized tumours that invade the lamina propria and muscu-

laris mucosa. 5-year survival rate is above 90% and only localized resection surgery 
is required. 

3) Stage II (T3-4, N0, M0): comprises tumours that spread out of the muscle layer of 
the colon wall without signs for lymph node metastasis. Stage II CRC patients have 
a 60-80% survival.

4) Stage III (T1-4, N1-2, M0): tumours become more invasive and may have invaded 
nearby tissues. Also, metastasis may be present in nearby lymph nodes. Adjuvant 
chemotherapy is required after surgery. Survival rates are 25-60%.

5) Stage IV (T1-4, N1-2, M1): tumour cells have spread to distant organs. Liver, lungs 
and peritoneum are primary sites for CRC tumour cells spreading and metastasis 
formation. Despite recent therapeutic improvements, patients with metastatic CRC 
have a survival rate below 8% and to date there is no effective treatment (Yaffee et 
al., 2015; Yu and Cheung, 2018).

1.4. Current therapies for CRC

For CRC, the main therapeutic strategy is removal of primary tumour with surgery, some-
times accompanied by preoperative chemotherapy or radiotherapy, the latter mainly for rec-
tal cancer (Aklilu and Eng, 2011; De Rosa et al., 2015) This strategy is highly effective for 
tumours diagnosed at stage I (Figure 2). However, tumours at stage II and stage III require 
a combination of surgery with adjuvant therapy to reduce recurrence (Figure 2). Although 
there is no fully accepted postoperative therapy for CRC, current chemotherapeutic strat-
egies include targeting highly proliferative tumour cells with drugs like 5-Fluoroacil (5-FU), 
Oxaliplatin or Irinotecan. Usually, a cocktail of cytotoxic drugs is administrated (i.e FOLFIRI 
[5-FU + Leucovorin + Irinotecan], FOLFOX [5-FU + Leucovorin + Oxaliplatin]) (Aklilu and 
Eng, 2011).

Simultaneously, alterations in CRC can be used as biomarkers to stratify patients into 
specialized therapy cohorts (Van Schaeybroeck et al., 2011). One example is using block-
ing antibodies against EGFR (Cetuximab or Panitumumab) in CRCs without mutations in 
BRAF, KRAS and NRAS (Kuipers et al., 2015; Van Schaeybroeck et al., 2011). Other 
examples are the specific inhibition of BRAF (Vemurafenib) for patients presenting serrated 
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Figure 2. AJCC stages for CRC patients. For each stage, the 5-year survival rate, the probability 
of relapse from the primary tumour and the main therapeutic strategies are represented. Relapse 
from primary tumour does not apply for stage IV CRC. 

adenomas with mutations in this kinase (Ursem et al., 2018) and the inhibition of angiogen-
esis with anti-VEGF such as Bevacizumab (Van Schaeybroeck et al., 2011). 

About 50% of CRC patients will develop distant metastasis, and approximately 20% of 
them already present synchronous liver metastasis, which are detected before or at the 
same time the primary tumour is diagnosed (Verhoef et al., 2011). Overall survival for pa-
tients with metastatic disease has improved to a median of 30 months (Kuipers et al., 
2015). However, current therapies not only produce severe secondary effects, but also tu-
mours develop resistances that make these strategies ineffective in the long term (Van Der 
Jeught et al., 2018). Current therapeutic strategies for metastatic CRC follow a sequence 
of at least two lines of treatment. When resectable metastases are restricted to the liver, 
surgical removal in combination with chemotherapy and/or blocking antibodies during the 
first line of treatment is the main treatment option and ensures up to 65% of improved sur-
vival rate (Figure 2). For patients with synchronous unresectable metastasis, resection of 
the primary tumour can be considered prior to treatment (Modest et al., 2019; Verhoef et 
al., 2011). The second line of treatment consists in combinations of fluoroacil, oxaliplatin and 
irinotecan with anti-EGFR and VEGF antibodies, which depend on the decision taken for 
the first line of treatment. A third line of treatment can be considered, but response rates are 
substantially reduced (Modest et al., 2019).

1.5. Molecular classification of CRC

Although recurrent driver mutations have been identified, non-hypermutated CRCs are 
highly heterogeneous (Fearon, 2011; TCGA, 2012). This poses a challenge in establishing 
a molecular classification for colorectal tumours with clinical prognostic relevance. Sever-
al independent studies have tried to classify CRC according to gene expression profiling 
(Marisa et al., 2013; Sadanandam et al., 2013; De Sousa E Melo et al., 2013). However, 
the similarities found were not very consistent across the different suggested classification 
systems.
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Figure 3. The four consensus molecular subtypes for CRC. Percentages repre-
sent the proportion of analysed tumours included in each category. SCNA = somatic 
copy number alterations. MSI = Microsatellite Instability. CIMP = CpG island methyl-
ator phenotype. Figure extracted from Guinney et al., 2015.

Efforts to reconcile these classifications (Sadanandam et al., 2014), integrating genomic 
data from several sources including mutation, copy number, methylation, microRNA and 
proteomics, led to four robust Consensus Molecular Subtypes (CMS) (Guinney et al., 2015, 
Figure 3). MSI hypermutated tumours fall into the CMS1 category, which has the best sur-
vival rates in the clinic, but worsen after tumour relapse. Non-hypermutated tumours are 
classified across the three remaining CMS: CMS2 represents the canonical category en-
riched in tumours with high epithelial differentiation and upregulation of WNT and MYC 
targets. CMS3 encompasses tumours enriched in KRAS mutations, which leads to enriched 
metabolic epithelial signatures. Finally, CMS4 is characterized by tumours with increased 
stromal signatures and TGF-β signalling. Patients with tumours classified as CMS4 have 
worse overall survival compared to the other three groups (Guinney et al., 2015).

2. The	Transforming	Growth	Factor-β	(TGF-β)	pathway	in	CRC

2.1. TGF-β is a strong predictor of patient outcome in CRC

Understanding CRC heterogeneity could help treatment decision making in the clinical 
setting. The CMS classification offers strong molecular similarities in tumours within a same 
category (Guinney et al., 2015). However, its use as decision criterion for patient treatment 
still remains questionable. It should be noted that while 30-40% of CRC patients present 
relapse and overt metastatic disease, only 8% of tumours at stage IV were included into 
this analysis, leaving this population underrepresented in this classification (Fontana et 
al., 2019). Furthermore, while some mutations are enriched in certain groups -i.e. BRAF in 
CMS1 and KRAS in CMS3-, CMS2 and CMS4 still contain an additional level of biological 
variability affecting responses to chemotherapy. Indeed, both CMS2 and CM4 can be sub-
classified into additional categories that are also predictive for poor outcome, which implies 
that the CMS classification lacks prognostic strength (Fontana et al., 2019).

Whereas there are a number of prognostic biomarkers used for stage II and stage III pa-
tients -i.e MSI tumours, BRAF and EGFR mutations-, the ability to predict relapse outcome 
and metastatic dissemination remains elusive. In an attempt to solve this issue, analysis of 
serum from CRC patients revealed that high levels of TGF-β1 were associated with poor 
outcome (Tsushima et al., 2001). Later, an extensive analysis of a CRC metacohort led 
by Alexandre Calon and Elisa Espinet in our laboratory demonstrated that stage II to IV 
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Figure	4.	TGF-β	is	a	strong	predictor	of	patient	outcome.	A.	Detected TGF-β ex-
pression in patients from all four AJCC CRC stages. B. Smooth function correlating 
relative expression of TGF-β with risk of recurrence. For each standard deviation of 
TGF-β expression, the Hazard Ratio (HR) increases by 1.83. C. Kaplan-Meier plots 
showing recurrence of CRC after therapy over time in stages I, II and III combined (C) 
and individually (D). Low, Medium and High groups are defined as in B. Figure extract-
ed from Calon et al., 2012.

tumours expressed higher levels of TGF-β compared to those from stage I. Moreover, they 
showed that the levels of TGF-β were a robust predictor of relapse in patients with stage II 
and stage III CRC, where patients with tumours expressing elevated levels of TGF-β had 
poor outcome while patients with low levels remained relapse-free in an interval of 10 years 
(Calon et al., 2012, Figure 4). 

2.2. The CRC paradox of TGF-β

TGF-β canonical signalling pathway starts upon binding of activated TGF-β ligands 
(TGF-β1, β2 and β3) to TGF-β Receptor 2 (TGFBR2). TGFBR2 then heterodimerizes with 
TGF-β Receptor 1 (TGFBR1), whose cytoplasmic domain becomes phosphorylated by TG-
FBR2. As a result, SMAD2 and SMAD3 proteins become phosphorylated and form a het-
erotrimeric complex with SMAD4. This protein complex translocates into the nucleus, where 
SMAD4 binds target regions of the DNA and allows the expression of multiple target genes 
(Padua and Massagué, 2009, Figure 5). 

TGF-β exerts numerous functions that depend on the cellular context. In epithelial cells, 
TGF-β induces a gene-expression program that promotes cytostasis and cell differentiation, 
which makes it a potent tumour suppressor (Massagué, 2012). Therefore, loss of TGF-β 
sensitivity is often required for tumour cells in order to proliferate. Indeed, TGFBR2 and 
SMAD4 are frequently mutated in CRC tumours (Fearon, 2011; TCGA, 2012). Interestingly, 
CRC tumours with mutated TGF-β pathway in an APC mutant background raise their overall 
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Figure	5.	The	canonical	TGF-β	signalling	pathway. 
Upon binding TGF-β ligands, TGFBR2 dimerizes and 
phosphorylates TGFBR1. Signal is transduced by 
phosphorylating SMAD2/3, which form a protein com-
plex with SMAD4. This complex then translocates into 
the nucleous and allows expression of multiple target 
genes together with other co-factors. Figure extracted 
from Massagué and Gomis, 2006. 

TGF-β1 expression levels (Muñoz et al., 2006). 

A duality exists by which TGF-β both inhibits tumorigenesis and promotes malignancy 
and relapse once tumours are established. Paradoxically, tumour epithelial cells with a trun-
cated TGF-β pathway cannot respond to secreted TGF-β. Hence, the importance of TGF-β 
expression in advanced cancers lies in how it affects components of the tumour microenvi-
ronment (TME). Indeed, immunohistochemistry (IHC)  stainings for phosphorylated SMAD3 
(p-SMAD3) in CRC tumours show a stronger signal in the TME compared to tumour epithe-
lial cells (Calon et al., 2012, Figure 6). 

In contraposition to the notion of tumour cells as main drivers of malignancy, this phenom-
enon highlights how tumour progression may be a result of a complex interaction between 
tumour cells and a reactive TME. In CRC, as will be discussed further below, TGF-β helps 
create a microenvironment that promotes tumour growth and survival. Consequently, this 
fact opens a new frontier for novel tumour therapies that prioritize targeting cells in the TME 
over the proliferating tumour cells, which could also avoid possible drug resistances as the 
TME is genetically more stable compared to tumour epithelial cells (Tauriello and Batlle, 
2016). 

Figure 6. Stromal activation by TGF-β 
in advanced CRC. Immunohistochem-
istry stainings of p-SMAD3 in adenomas 
(Ad) and carcinomas (CRC). Adenomas 
show stronger expression of p-SMAD3 
in epithelial cells, while in CRC signal is 
found exclusively in the tumour stroma 
(Str). Black arrowheads = epithelial cells. 
White arrowheads = stromal cells. Black 
arrows = stromal cells with positive stain-
ing for p-SMAD3. Figure extracted from 
Calon et al., 2012.
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3. The tumour microenvironment (TME)

The concept of an existing TME in tumours is not novel, as at the end of the 19th century 
Stephen Paget proposed the “seed and soil” hypothesis that explains how tumour cells (the 
“seed”) would need and take advantage from favourable non-tumoral cells located in select 
tissue (the “soil”) for metastatic growth (reviewed in Langley and Fidler, 2011). However, 
the TME gained importance during the past two decades in contraposition of the simplistic 
point of view where tumours were considered as a mass of highly proliferative, mutated cells. 
Indicating the emerging appreciation for the TME, Douglas Hanahan and Robert Weinberg 
included parameters of the TME as hallmarks of cancer in their updated review (Hanahan 
and Weinberg, 2011; Hanahan et al., 2000 Figure 7).

The TME is composed of cells surrounding and infiltrated into tumours, and includes any 
secreted factors, elements and physical characteristics such as pH and stiffness that com-
pose the extracellular matrix (ECM). Cells of the TME establish complex and tight relation-
ships with cancer epithelial cells and cancer stem cells, which typically results in a protective 
environment for malignant growth. The main cellular subsets found in the TME are endothe-
lial cells, immune cells and cancer-associated fibroblasts (CAFs) (Hanahan and Weinberg, 
2011, Figure 7). Within the scope of this work, we will focus specifically on immune cells 
and CAFs.

Figure 7. The tumour microenvironment. Cancer cells 
and Cancer stem cells are embedded into an environment 
of non-tumoral cells that support their growth, invasion and 
metastasis to distant organs. Cells of the tumour microenvi-
ronment include immune cells, endothelial cells, pericytes 
and cancer-associated fibroblasts. Figure extracted from 
Hanahan and Weinberg, 2011.
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3.1. The tumour immune microenvironment

3.1.1. Tumour-associated inflammation

Tumours are nowadays considered as entities that establish complex interactions with the 
immune system. The TME of most, if not all, tumours includes a wide range of inflammato-
ry cytokines and cells. Among other features, the redefinition of the hallmarks of cancer in 
2011 included cancer-related inflammation and avoiding destruction by the immune system 
(Hanahan and Weinberg, 2011 Figure 8). These two hallmarks reflect the existence of 
both anti- and pro-tumoral immune responses. These opposite effects are not surprising, 
however, when tumours are compared to a wound: for any wound-healing process, the 
damaged tissue releases cytokines that recruit inflammatory cells which will destroy any 
foreign pathogen that has infiltrated the tissue. Once the pathogens are cleared, a second 
inflammatory phase will allow proliferation of neighbouring cells and extracellular matrix 
deposition in order to fully repair the damaged tissue (Shaw and Martin, 2009). As “wounds 
that do not heal”, tumours take advantage of a chronic regenerative inflammation to support 
their growth (Dvorak, 1986). For instance, in pancreatic ductal adenocarcinoma (PDAC) tu-
mour-associated macrophages support metastatic tumour growth by activating surrounding 
myofibroblasts (Nielsen et al., 2016). 

Figure 8. Inclusion of four new hallmarks of cancer to the six pre-ex-
isting hallmarks. Two of the new hallmarks describe tumour-immune 
interactions: tumour-promoting inflammation and avoiding immune de-
struction. Figure extracted from Hanahan and Weinberg, 2011.

Tumours recruit a variety of inflammatory cells through two different pathways: an “extrin-
sic” and an “intrinsic” pathway (Mantovani et al., 2008). The extrinsic pathway is driven by 
previous chronic inflammatory diseases that predispose to cancer. The first connection be-
tween immunity and tumorigenesis was established in the 19th century, with the observations 
that tumours often arise from chronic inflammation sites (Reviewed in Balkwill and Man-
tovani, 2001). A very good example is found in patients suffering from inflammatory bowel 
disease, which predisposes to development of CRC (Jess et al., 2012). Alternatively, the 
intrinsic pathway is driven by acquired mutations in tumour cells that can lead to secretion of 
cytokines and chemokines, which coordinate autocrine and paracrine interactions between 
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inflammatory cells and tumour cells. These interactions in turn result in increased migration, 
angiogenesis and metastasis (Anderson et al., 2017; Erreni et al., 2011; Mantovani et 
al., 2008). For instance, in a model for breast cancer metastasis, upregulation of HER2 in 
cancer cells activates NF-κB, which in turn activates production of CCL2. Subsequently, the 
secretion of CCL2 attracts macrophages that promote metastatic dissemination (Linde et 
al., 2018). 

However, several other studies correlate the presence of immune infiltrates with a better 
outcome in patients (Barnes and Amir, 2017; Carstens et al., 2017; Galon et al., 2006). 
Despite the pro-tumoral effects of inflammation, these studies imply that the immune system 
in the TME can execute anti-tumour effects.  

3.1.2. Adaptive immune responses 

Adaptive immunity is directed to an effective eradication of pathogens in a host. Pathogens 
contain foreign antigens that are processed by infected cells and are typically “shown” to 
cells of the immune system by loading them into proteins belonging to the major histocom-
patibility complex (MHC), which are generally divided into MHC class I (MHC-I) and class II 
(MHC-II). MCH-II is mainly expressed by professional antigen-presenting cells (APCs) such 
as dendritic cells (DCs) and macrophages, which uptake and process antigens released by 
destroyed pathogens and infected cells. Antigen presentation by MHC-II proteins conse-
quently triggers the activation, trafficking and expansion of T cells to eliminate the aggres-
sion. On the other hand, MHC-I is expressed in all cell types but erythrocytes, and mediate 
destruction of infected cells by cytotoxic T cells (CTLs) and alternatively by natural-killer 
(NK) cells when the levels of MHC-I are decreased. For an effective T cell response, T cells 
do not only first need to encounter a foreign antigen coupled to MHC receptors, which will 
bind the T cell receptors (TCR) expressed on the surface of T cells (step 6, Figure 9), but 
also they require positive co-stimulation through the interaction between CD28 expressed 
on T cells and CD80 (B7.1) and/or CD86 (B7.2) from APCs (Sharpe and Pauken, 2018). 
Another subset of lymphocytes are B cells, which act also as APC and produce antibodies 
upon recognition of an antigen through their B cell receptor (BCR). Secretion of antibodies 
by B cells further exacerbates immune responses. 

Due to the high mutational burden of many tumours, tumour cells express neoantigens 
that differ from those expressed by normal cells, which are recognized by the host’s immune 
system as foreign. Therefore, tumours are under constant vigilance by immune cells and are 
destroyed in a process called “immune surveillance” (Swann and Smyth, 2007). In 2013, 
Daniel Chen and Ira Mellman described the steps of anti-cancer immune responses in the 
“Cancer-Immunity Cycle” (Chen and Mellman, 2013, Figure 9). In this cycle, neoantigens 
generated due to mutations or aberrant expression patterns are processed by professional 
APCs. Through presentation of neoantigens and the expression of activating receptors and 
cytokines, APCs trigger an anti-tumour T cell-mediated response. Consequently, the de-
stroyed cancer cells release more neoantigens that further foster adaptive responses (Chen 
and Mellman, 2013).  

The cancer-immunity cycle describes how adaptive immunity should typically react to any 
cancer, and it includes the activation of CD4+ helper 1 T cells (Th1 cells) and CD8+ cytotoxic 
T cells (CTLs), resulting in recognition and specific destruction of cancer cells. Infiltration of 
CTLs in tumours is often mediated by stromal secretion of CXCL9 and CXCL10, and upon 
stimulation they secrete IL-2, interferon gamma (IFNγ), Granzyme B (GZMB), and Perforin 
(Chen and Mellman, 2013; Nowacki et al., 2007). IL-2 induces activation and prolifera-
tion of T cells in a paracrine and autocrine manner (Chen and Mellman, 2013), whereas 
IFNγ induces activation of macrophages and expression of MHC-II (Gieseck et al., 2018). 
Secreted GZMB is internalized by malignant cells and, aided by Perforin, induces their de-
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Figure 9. The cancer-immunity cycle. Seven steps are described by Chen and Mell-
man, starting with the release (1) and processing of tumour antigens (neoantigens) 
by APCs (2). Primed APCs traffic to lymph nodes and activate T cells (3), which then 
travel (4) and infiltrate tumours (5). Upon recognition neoantigens loaded in the MHC 
complex (6), T cells mediate specific killing of cancer cells (7). After death, tumour 
cells release neoantigens (1) which further foster immunologic responses by restart-
ing the cycle. Figure extracted from Chen and Mellman, 2013.

struction (Waterhouse et al., 2004). Several reports have demonstrated that deficiencies 
in CTLs and Th1 cells promote tumour growth, and their presence is widely accepted as a 
favourable prognostic marker (Barnes and Amir, 2017). Moreover, in some cancers T cells 
and B cells have been found creating lymphoid-like agglomerations called as “tertiary lym-
phoid structures” (TLS). These TLS are mostly found within the invasive margin and have 
also been associated mostly with good prognosis (Hiraoka et al., 2016; Pagès et al., 2010; 
Salmon et al., 2019). 

The immunological events described in the cancer-immunity cycle belong to type 1 im-
mune responses, which are directed against a particular pathogen or, in this case, tumour 
cells. On the other hand, type 2 immunity is dedicated to arrest inflammation and foster 
tissue repair. These responses are commonly mediated by secretion of IL-4, IL-5, IL-9 and 
IL-13, which activate CD4+ T cells into a helper 2 phenotype (Th2 cells) (Gieseck et al., 
2018). In addition, tumours secrete CCL22 that recruits CD4+ FOXP3+ regulatory T cells 
(Tregs), which in turn also repress CTL activity (Gajewski et al., 2013). 

3.1.3. Avoiding recognition from the immune system

For a tumour to be successful it must overcome the immunologic selective pressure. 
Tumours possess several mechanisms by which they can break the cancer-immunity cycle 
(Figure 9). The first example could be selection of tumour cells that avoid eradication by the 
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immune system, a process that is called “immunoediting” (Dunn et al., 2004, 2006; O’Don-
nell et al., 2019). Consequently, immunoedited tumour clones will sustain tumour growth. In 
this line, some tumours have a rather low mutational burden and do not produce as many 
neoantigens, resulting in the generation of “immunologically cold” tumours that are poorly 
recognized by immune cytotoxic cells (Bonaventura et al., 2019; Spranger, 2016).

A second mechanism is the ability of these tumours to “mask” these neoantigens by block-
ing their presentation at the plasma membrane (Bonaventura et al., 2019). Loss of MHC-I 
expression by tumour cells is one recurrent strategy to avoid T cell recognition (Bonaventu-
ra et al., 2019). In addition, a recent study elegantly demonstrated how the immune system 
is blind to slow-proliferating stem cells in homeostatic tissues which express low levels of 
MHC-I proteins (Agudo et al., 2018). Although it still remains speculative, the same mech-
anism could exist for slow-proliferating cancer stem cells, which would become resistant to 
immune surveillance (Malladi et al., 2016).

Finally, tumour cells can express a range of inhibitory cytokines and receptors that inhibit 
proliferation and activation of NK cells and CTLs. Several cytokines in the TME promote 
recruitment or polarization of anti-inflammatory macrophages and myeloid-derived suppres-
sor cells (MDSCs). These cells can suppress Th1 immune responses directly or through the 
recruitment of Treg cells (Veglia et al., 2018). Infiltration of Treg cells suppress CTL activity 
through secretion of IL-10 and TGF-β and is often associated with poor outcome in patients 
(Gajewski et al., 2013; Galdiero et al., 2013; Mantovani et al., 2008; Tu et al., 2016). 
On the other hand, binding of receptors such as CTLA-4/PD-L1 or NKG2A expressed in tu-
mours by T cells and NK cells respectively suppress immune cytotoxic responses (Sprang-
er, 2016). As will be discussed below, this phenomenon is currently being exploited in the 
clinic by blocking these inhibitory pathways in an attempt to reactivate an anti-tumoral effect 
of the immune system.

3.1.4. TGF-β and the tumour immune microenvironment

The TGF-β superfamily comprises the most important anti-inflammatory cytokines, includ-
ing activins, BMPs and TGF-β itself. (Chen and Ten Dijke, 2016). TGF-β in particular has 
pleiotropic effects on multiple components of the immune system, exerting strong immuno-
suppressive effects and thereby affecting several, if not all, steps of the cancer-immunity 
cycle.

Secreted TGF-β in the tumour microenvironment recruits macrophages and neutrophils 
and induces their differentiation into the immunosuppressive M2 phenotype and MDSCs re-
spectively. In turn, they become sources of TGF-β in the immune microenvironment. Impor-
tantly, TGF-β can inhibit antigen presentation by DCs through repression of MHC-II expres-
sion. DCs are also reprogrammed to secrete TGF-β which will further dampen anti-tumour 
responses (reviewed in Batlle and Massagué, 2019). 

TGF-β can directly suppress the cytotoxic effect of CTLs and NK cells by repressing ex-
pression of IFNγ and GZMB. Furthermore, TGF-β impacts on Th1 responses by inhibiting 
TBET expression and inducing FOXP3, which consequently shifts the balance of CD4+ T 
cells into the Treg phenotype. In addition, TGF-β downregulates the expression of eomeso-
dermin (EOMES), which in turn represses the transcriptional program related to the effector 
cytotoxic phenotype of CTLs (reviewed in Batlle and Massagué, 2019, Figure 10). 

3.1.5. The revolution of immunotherapies in cancer treatment

The first reports of an anti-cancer immune activity were from 1908, when William Coley 
observed that cancer patients suffering from mild colds and fevers showed improved re-
sponses to cancer treatment (reviewed in Mccarthy, 2006). This relationship suggested for 
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Figure 10. The immunosuppressive 
roles	 of	 TGF-β	 on	 the	 adaptive	 im-
mune system. TGF-β blocks antigen 
presentation by APCs, effector T cell 
activity and differentiation of CD4+ into 
the Th1 phenotype. Instead, it induces 
differentiation of CD4+ T cells into Treg 
cells. Overall, these responses lead into 
a suppressed tumour immune microen-
vironment that supports tumour growth. 
Figure extracted from Batlle and Mas-
sagué, 2019.

the first time that an immune response could target tumours in patients. Further research on 
the immune system has led to major advances in immunotherapy. The term “immunother-
apy” includes any treatment aimed to stimulate the immune system to achieve anti-tumour 
responses and, in a way, re-establish the integrity of the cancer-immunity cycle (Figure 11).

Two promising immunotherapies being developed are cancer vaccines and T cells with 
engineered chimeric antigen receptors (CAR T cells), which aim to foster presentation (Fig-
ure 11, step 2) and recognition (Figure 11, step 6) of tumour neoantigens, respectively 
(Chen and Mellman, 2013). Cancer vaccines introduce antigenic peptides or nucleic acids 
combined with adjuvants into the host (Palucka and Banchereau, 2013), while CAR T 
cells are generated ex vivo by first isolating circulating T cells from patients and inducing 
expression of recombinant T cell receptors through genetic engineering, after which they 
are reintroduced into the host (Kalos and June, 2013). Although these therapies promise 
encouraging results, the majority of antigens from tumour cells are also expressed by cells 
in the healthy tissue. T cells are tolerant to these antigens and will consequently show poor 
binding affinity to the pertinent MHC-antigen complex. Therefore, discovering tumour-specif-
ic antigens that produce strong and targeted immune responses remains challenging.

When an inflammatory process is resolved, T cells cease to respond upon reception of 
inhibitory stimuli by binding to “immune checkpoint” receptors, which compete with T cell ac-
tivation triggered by CD28 binding to CD80/86 (Ribas, 2015; Sharpe and Pauken, 2018). 
The Nobel Prize of Medicine awardees James P. Allison and Tasuku Honjo were the first sci-
entists who described how two of such inhibitory receptors, CTLA-4 and PD-1 respectively, 
inhibit T cell responses in mouse tumour models (Freeman et al., 2000; Hodi et al., 2003; 
Iwai et al., 2005; Leach et al., 1996). The breakthrough of this discovery, however, was that 
tumours can express immune checkpoint ligands as alternative mechanisms for immune 
evasion. Therefore, when tumour bearing mice were treated with blocking monoclonal an-
tibodies against CTLA-4 or PD-1, anti-tumour immune responses were then re-established 
(Freeman et al., 2000; Hodi et al., 2003; Iwai et al., 2005; Leach et al., 1996). 
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Figure 11. Current therapies and immunotherapies integrated into the can-
cer-immunity cycle. Therapeutic strategies are classified according to the step of 
the cancer-immunity cycle (Figure 9) they reinforce. Therapies including chemother-
apy, radiation and targeted therapies inflict direct damage to tumour cells and foster 
antigen release (1). Several therapeutic strategies are directed towards increased 
antigen presentation and T cell priming (2 and 3), such as cancer vaccines, treatment 
with inflammatory cytokines (i.e. IL-2, IL-12, IFN-α) and agonists for co-stimulatory 
receptors (i.e. CD27, CD137). Treatment with Bevacizumab is directed to T cell ex-
travasation from circulation (5). Engineered CAR T cells foster recognition of tumour 
specific antigens (6). Finally, blocking of checkpoint inhibitors such as PD-1/PD-L1 
and CTLA-4 induce T cell activation and trigger cancer cell killing (3 and 7).  Figure 
extracted from Chen and Mellman, 2013.

These immune checkpoint receptors counteract the activation stimuli by direct competi-
tion of CTLA-4 with CD28 to bind CD80/86 or through engagement with PD-L1/2 (Sharpe 
and Pauken, 2018). It has been shown that mice lacking of CTLA-4 and PD-1 develop 
autoimmune diseases, highlighting the importance of these receptors in controlling T cell 
responses (Nishimura et al., 2001; Tivol et al., 1995). In particular, PD-1/PD-L1 signalling 
is a relatively well-understood mechanism of T cell checkpoint inhibition. PD-1 is expressed 
mainly on the surface of T cells, B cells and NK cells (Sharpe and Pauken, 2018, Figure 
12A). Upon activation, T cells upregulate expression of PD-1 and is sustained until the an-
tigen is cleared, after which PD-1 expression decreases. In the event of cancer, where an-
tigens are persistently expressed, T cells become exhausted and PD-1 expression remains 
high (Sharpe and Pauken, 2018, Figure 12B), although PD-1 expression per se does not 
define T cell exhaustion (Sharpe and Pauken, 2018; Wherry, 2011). PD-L1 can be ex-
pressed on the surface of a plethora of cells including lymphoid cells, myeloid cells such as 
macrophages, mesenchymal cells and even tumour epithelial cells (Bai et al., 2017; Sharpe 
and Pauken, 2018, Figure 12A). Induced by cytokines and interferons, IFN-γ is one of the 
most potent drivers of PD-L1 expression (Garcia-Diaz et al., 2017; Katlinski et al., 2017; 
Ribas et al., 2017). Therefore, its expression can be a consequence of a high secretion of 
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Figure 12. A. The PD-1/PD-L1 inhibitory pathway. Summary of the PD-1/PD-L1 mechanism be-
tween T cells and APC and tumour cells. For effective inactivation of T cell responses, PD-1 from 
primed T cells can bind PD-L1 and PD-L2 expressed by tumour cells and the TME. PD-1 binding 
of PD-L1 competes with CD80, which disrupts T cell inactivation. B. T cell activation induces PD1 
expression to limit overactivation upon antigen recognition. Once the antigen is cleared, PD1 ex-
pression is decreased and T cells become memory T cells, and tissue returns to homeostasis. Oth-
erwise, if antigen persists, PD1 expression is sustained and T cells become exhausted, therefore 
promoting tumour resistance to adaptive responses. Figure adapted from Sharpe and Pauken, 
2018.

IFN-γ due to an enhanced cytotoxic activity. PD-1 can also bind PD-L2, whose expression is 
less abundant compared to PD-L1 (Rozali et al., 2012; Sharpe and Pauken, 2018, Figure 
12A). The mechanisms underlying PD-1/PD-L2 signalling are poorly understood. However, 
recent reports point that expression of PD-L2 in the tumour stroma is crucial to dampen tu-
mour-specific T cell responses (Lakins et al., 2018).
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Ever since the immune checkpoint mechanism was described, many therapies have been 
approved by the Food and Drug Agency (FDA) or are currently being tested in clinical trials. 
Some of the most relevant blocking antibodies used in the clinic are Ipilimumab (anti-CT-
LA-4), Nivolumab, Pembrolizumab (anti-PD-1), Durvalumab and Avelumab (anti-PD-L1) 
(Drake et al., 2014). In addition, alternative inhibitory receptors affecting NK cell activity 
have been explored and are being tested in clinical trials (Monalizumab, anti-NK2GA) (An-
dré et al., 2018). 

The responses associated with immune checkpoint inhibition therapy are specific against 
tumour antigens and are T cell dependent, as they can be ablated upon depletion either of 
CD4+ T cells or CTLs or by neutralizing IFN-γ (Gubin et al., 2014). Upon treatment with an-
ti-CTLA-4 or anti-PD-1 antibodies, there is an expansion of both memory- and effector-like 
CD8+ TILs specific for tumour antigens, which increase secretion of GZMB (Kurtulus et 
al., 2019). Moreover, anti-NKG2A antibodies can foster both NK and T cells anti-tumour re-
sponses. In a model of head-and-neck squamous cell carcinoma (HNSCC), combination of 
anti-NKG2A antibodies with cancer vaccines shows delayed relapses (André et al., 2018; 
van Montfoort et al., 2018).

Immunotherapies have offered promising results in cancers such as melanoma, non-
small-cell lung cancer (NSCLC) and renal cell carcinoma (RCC) (Drake et al., 2014). These 
cancers are immunologically “hot” tumours that are frequently infiltrated by CTLs (Drake et 
al., 2014; Galon and Bruni, 2019). Cancer vaccines have produced beneficial clinical ef-
fects in melanoma and RCC, and clinical trials have offered high response rates and overall 
survival for these three cancers, especially in patients treated with Nivolumab (Drake et al., 
2014). However, other cancers, such as CRC, are largely refractory to immunotherapies. 
Clinical trials on CRC have yielded responses in less than 5% of patients, most of which 
have MSI CRCs (Le et al., 2015). Due to the high mutational burden, MSI tumours are en-
riched in T cells and express high levels of immune checkpoint receptors. Therefore, MSI 
state is a good biomarker for successful immunotherapies (Le et al., 2015; Llosa et al., 
2015). On the other hand, patients with MSS CRC typically have immunologically “cold” 
tumours with low densities of TILs, making immunotherapies more challenging (Galon and 
Bruni, 2019; Jacobs et al., 2015; Le et al., 2015).

3.2. Cancer-associated fibroblasts (CAFs)

3.2.1. From normal fibroblasts to CAFs

While CAFs are one of the most abundant components in the tumour stroma, it was not 
until the past decade that we started to understand their intricate biology. Once thought as 
a uniform population, the development of next-generation sequencing techniques, including 
RNA-sequencing from single cells, has deepened our knowledge on the biological and func-
tional heterogeneity of CAFs in tumours. It is nowadays accepted that CAFs play a crucial 
role in promoting tumour aggressiveness and metastatic dissemination. 

Virchow and later Duvall initially described fibroblasts through microscopy techniques as 
spindle-shaped cells resembling fibres that produce collagen (reviewed in Kalluri, 2016). In 
his review on the biology of CAFs published in 2016, Raghu Kalluri redefined the concept 
of fibroblast as a quiescent cell “with the potential to be activated by appropriate stimuli to 
become a mesenchymal stem cell (MSC)”, and which reside in the interstitial tissue (Kalluri, 
2016). This new definition poses two implications: 1) the homeostatic state of a fibroblast is 
that of a quiescent, non-proliferative cell with reduced metabolic activity, and 2) almost all 
described properties of fibroblasts are actually associated with an active state.
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Active fibroblasts were first characterized in wound-healing experiments as cells with in-
creased intracellular expression of α-smooth muscle actin (αSMA), which gave them the 
term of “myofibroblasts” (Kalluri and Zeisberg, 2006; Shaw and Martin, 2009). Although 
αSMA expression has always been considered as a marker for active fibroblasts in fibrotic 
processes and in cancer, a large number of studies have proposed several other markers 
associated with an active state, such as Vimentin, Fibroblast Specific Protein 1 (FSP1), and 
Fibroblast Activation Protein (FAP) (Kalluri, 2016, Figure 13). 

In the presence of any insult, fibroblasts are activated and proliferate in response to cyto-
kines and growth factors. Of note, platelet-derived growth factors (PDGF) and TGF-β are the 
main mediators of fibroblast proliferation, and TGF-β is strongly associated with fibroblast 
activation (Kalluri and Zeisberg, 2006). Activated fibroblasts express a secretory program 
that includes immunologic cytokines, components of the ECM such as Collagen I (COL1), 
COL3, COL4, COL5, Laminins and Fibronectin, and matrix metalloproteases (MMPs). This 
results in profound ECM remodelling, which favours epithelial cell proliferation and migra-
tion, together with recruitment of inflammatory cells to repair the damaged tissue. Once the 
aggression is resolved, the inactive phenotype is retrieved either by direct reversion of ac-
tive fibroblasts or through apoptosis (Kalluri, 2016, Figure 13). 

However, a situation of chronic fibrosis is produced during tumorigenesis. As “wounds 
that do not heal”, fibroblasts enter into a permanently activated state, thus becoming CAFs 
(Dvorak, 1986; Kalluri, 2016). CAFs proliferate at a higher rate compared to fibroblasts 
from healthy tissues and lead to desmoplasia due to excessive deposition of ECM proteins 
(Kalluri, 2016). Evidence suggests that activation of CAFs could be an irreversible process 
governed by epigenetic changes (Bechtel et al., 2010; Hu et al., 2005; Mrazek et al., 2014, 
Figure 13).

Figure	13.	Activation	of	quiescent	fibroblasts	into	normal	activated	fibroblasts	associated	
with wound healing or CAFs. Purple boxes indicate secreted ECM proteins. Yellow boxes indi-
cate cytokines secreted after fibroblast activation. Scissors include MMPs and other matrix-de-
grading proteins. Figure extracted from Kalluri, 2016.
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3.2.2. Markers for fibroblasts and CAFs

One of the multiple definitions for fibroblasts has been “non-vascular, non-epithelial and 
non-inflammatory cells of the connective tissue” (Kalluri and Zeisberg, 2006). This defini-
tion highlights what could possibly be the predominant problem in fibroblast research, which 
is that there is no specific (pan)marker for this mesenchymal population; instead, it relies on 
the exclusion of endothelial, epithelial and immune cells, which each have a specific lineage 
marker.

To date, the common embryonic origin of all adult fibroblasts remains obscure. In fact, 
fibroblasts differentiate from distinct progenitors depending on the tissue they reside, re-
sulting in different gene expression programs and proteins expressed in the surface. Lung 
fibroblasts, for instance, share a common TBX4ENH+ progenitor, which derives from GLI1+ 
WNT2+ ISL1+ progenitors in the developing heart (Barron et al., 2016). Skin fibroblasts 
have been reported to originate from a common progenitor expressing PDGF Receptor 
alpha (PDGFRα), DLK1 and IRIG1 (Driskell and Watt, 2015). Fibroblasts found in the in-
testinal lamina propria are thought to differentiate from WT1+ serosal mesothelial cells, 
while liver mesenchymal cells are known to originate from CD34+ cells (Chen et al., 2014b; 
Friedman, 2008; Powell et al., 2011).

Differentiation from these distinctive progenitors results in the generation of mesenchymal 
populations whose gene expression program differs not only between distinct fibroblasts 
within the same tissue, but also from fibroblasts located in distant organs. A study in 2002 
compared the genome-wide expression profiles of 50 fibroblast lines isolated from 16 dif-
ferent locations, and reported that the magnitude of difference in their gene expression 
programs is comparable to those found in different leukocyte populations (Chang et al., 
2002). Following the examples above, whereas almost all mesenchymal cells in the liver, 
lungs and skin express PDGFRα, several subpopulations can be detected depending on 
expression of NG2 and PDGFRβ in lungs, GFAP in liver and a broad combination of markers 
such as CD26, DlLK1 and SCA1 in the skin (Barron et al., 2016; Driskell and Watt, 2015; 
Friedman, 2008). In the intestinal lamina propria, the majority of resident fibroblasts express 
αSMA except for a basal subpopulation that express PDGFRα instead (Kurahashi et al., 
2013; Powell et al., 2011).

In addition to lineage heterogeneity, activated fibroblasts found in fibrotic diseases and 
tumours also express a wide range of markers. Some of the most common markers used to 
isolate fibroblasts are PDGFRα, PDGFRβ, αSMA, FAP, NG2, FSP1, DDR2, CD34, CD90, 
Vimentin and Desmin (Kalluri, 2016). However, most of these markers are not entirely spe-
cific for fibroblasts. CD34 can be found in hematopoietic and vascular tissue, and CD90 
is also a general marker for stem cells. Although FAP and FSP1 have been broadly used 
to detect activated CAFs, they are also expressed in immune populations (Kalluri, 2016). 
Therefore, one should use these markers with caution and scrutinize their use to avoid 
false-positive signals.

3.2.3. Sources of CAFs 

Despite recent advances in fibroblast biology, the sources for CAFs still remain partially 
unknown. Given the broad heterogeneity of tumour types, one could argue that there is 
no unique or common source of fibroblasts in cancer. Instead, several origins have been 
postulated to contribute to the recruitment of CAFs in the TME (Kalluri, 2016; Xouri and 
Christian, 2010).

Although CAFs acquire higher proliferative capabilities compared to normal fibroblasts, 
their division rate is rather low when compared to tumour cells and other cells in the TME, 
which opposes the idea of a mesenchymal origin of CAFs. In this direction, many studies 
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have proposed that, in response to TGF-β, epithelial cells may attain fibroblastic features 
through epithelial-to-mesenchymal transition (EMT). During EMT, epithelial cells lose cell-
to-cell junctions and experience cytoskeletal reorganization resulting in a fibroblast-like phe-
notype with increased migratory capabilities (Alkasalias et al., 2018; Calon et al., 2014; 
Kalluri, 2016). Cells that undergo EMT could possibly produce a fraction of the total CAF 
population. However, as TGF-β is the main mediator of EMT (Xu et al., 2009), it cannot ex-
plain CAF origin for tumours with epithelial cells that are insensitive to TGF-β signalling, such 
as many CRCs. In a similar way, endothelial cells can also undergo endothelial-to-mesen-
chymal transition (EndMT) in response to TGF-β as a possible source of CAFs (Alkasalias 
et al., 2018; Kalluri, 2016).

Other studies have suggested that fibrocytes contribute to the CAF population. Fibrocytes 
are circulating, myeloid-derived CD45+ cells originated in the bone marrow, which also ac-
quire fibroblastic features such as COL1 production (Abe et al., 2001; Phillips et al., 2004; 
Saijo et al., 2018; Zhu et al., 2016). However, their low numbers in circulation (less than 
0.5% of total CD45+ cells, reviewed in Alkasalias et al., 2018) makes them unlikely to pro-
duce the majority of CAFs in tumours. 

Despite the multiple proposed origins of CAFs, several studies conclude that fibroblasts 
in tumours are derived from local sessile mesenchymal precursors. Lineage tracing experi-
ments using a dual reporter for COL1 and αSMA show that precursors from a donor’s bone 
marrow are not able to generate CAFs in colon adenomas generated in an APCmin genetic 
mouse model (Arina et al., 2016). This concept is particularly interesting in the liver, the 
primary site for CRC metastasis, where almost 10% of total cells are mesenchymal pre-
cursors (Friedman, 2008; Wells, 2014). Indeed, in models of liver fibrosis, fate-mapping 
experiments point to a mesenchymal origin, especially to hepatic stellate cells, which reside 
in close contact with the sinusoidal endothelial cells of the liver (Iwaisako et al., 2014; Liu 
et al., 2015; Mederacke et al., 2013; Sekiya et al., 2016). 

The multiple origins of CAFs in a particular tumour can be context-dependent and can be 
a result of multiple sources. This fact can be a cause for the heterogeneity of fibroblasts in 
tumours, which will be further discussed below.

3.2.4. CAFs enhance tumour progression and metastasis

A key feature of CAFs is that they promote tumour progression. Co-injection of active 
CAFs with tumour cells in mice leads to increased tumour burden. Moreover, a similar ef-
fect can be achieved when tumour cells are stimulated with CAF conditioned media, and 
the introduction of CAFs can rescue tumour growth in a model where FSP1 is knocked out 
(reviewed in Kalluri, 2016 and Kalluri and Zeisberg, 2006).

Upon activation, CAFs display migratory capabilities and enhance secretion of cytokines 
and growth factors, which create a supportive niche that favours tumour growth, invasive-
ness and, ultimately, metastatic colonization. Several mechanisms of direct tumour growth 
stimulation by CAF-secreted growth factors have been reported. A first example is CXCL12, 
which can both directly promote tumour growth through CXCR4 signalling, and induce an-
giogenesis (Orimo et al., 2005). It has also been shown that TGFBR2-deficient FSP1+ 
CAFs foster tumour progression through increased secretion of Hepatocyte Growth Factor 
(HGF) (Bhowmick et al., 2004; Cheng et al., 2008). In a model of CRC, Interleukin 11 (IL-
11) secreted by CAFs enhanced survival of tumour cells in a context of metastatic coloni-
zation (Calon et al., 2012). On the other hand, it has been shown that tumour cells located 
near CAFs retain stem cell properties, which could be explained by increased WNT signal-
ling induced by CAFs (Saijo et al., 2018; Vermeulen et al., 2010). 
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CAF-secreted factors can also foster migratory capabilities of tumour cells and metastatic 
spreading, especially by producing MMPs that remodel the ECM and by inducing angiogen-
esis through secretion of CXCL12 and VEGFA (Cirri and Chiarugi, 2012; Kalluri, 2016). 
Some studies point to the possibility of collective migration of cancer cells and CAFs, which 
could be responsible for tumour cell invasiveness and circulation through the bloodstream 
(Gonzalez-Zubeldia et al., 2015; Labernadie et al., 2017). For efficient metastatic colo-
nization, some reports suggest the generation of a pre-metastatic niche that could be ex-
plained by secretion of MMPs, cytokines and growth factors by CAFs into the bloodstream 
either directly or through circulating exosomes (Cirri and Chiarugi, 2012; Kalluri, 2016; 
Mannavola et al., 2019; Wortzel et al., 2019).  

The enormous implication of CAFs in tumour progression renders them as possible tar-
gets of cancer treatment. CAFs mediate angiogenesis through secretion of VEGFA, which 
can be targeted with Bevacizumab (Kalluri, 2016). In fibrotic diseases, Pirfenidone was 
proposed to efficiently target multiple signalling pathways in activated fibroblasts, and may 
be able to inhibit CAFs and cancer-related fibrosis as well (Hisatomi et al., 2012; Kozono 
et al., 2013; Lopez-de la Mora et al., 2015; Takai et al., 2016). 

Conversely, it has been shown that fibroblasts can have tumour-suppressive roles as well: 
the loss of resident fibroblasts in homeostatic tissues increases susceptibility for cancer 
(Franco et al., 2011). Furthermore, depletion of myofibroblasts in a model of PDAC promot-
ed tumour progression and reduced survival (Özdemir et al., 2014). Although these effects 
may be context-dependent, this calls for caution when using CAF-targeting therapies.

3.2.5. Immunomodulation by CAFs

The presence of TILs in tumours is generally associated with a treatment response to im-
munotherapy (Uryvaev et al., 2018). However, some tumours that have a high mutational 
burden and an increased number of infiltrating lymphocytes may not respond to current im-
munotherapies. This can be explained by intrinsic tumour properties conferred by the TME. 
In particular, the heterogeneity of CAFs can have an impact on the recruitment and activa-
tion of distinct immune cell types during tumorigenesis (Salmon et al., 2019, Figure 14). 
For a single patient, stromal composition can also vary from primary tumours to metastasis 
(Jiménez-Sánchez et al., 2017), also explained by a tissue-dependent factor discussed in 
3.2.2 and 3.2.3.

The desmoplastic reaction, which results from the deposition of proteins such as Colla-
gens by CAFs, produces profound changes in the architecture of the ECM. This results in 
the creation of dense areas with packed matrix fibres, which in consequence pose a physi-
cal barrier to the entrance of T cells (Salmon et al., 2012, Figure 14). Indeed, gene signa-
tures associated with expression of ECM-related genes are correlated with poor prognosis 
in patients (Chakravarthy et al., 2018).  

Furthermore, the abundance of cytokines and chemokines secreted by CAFs has direct 
impacts on T cell trafficking and regulation. Chemokines such as CCL2, CCL2, CCL4 and 
CCL5 recruit myeloid cells into the tumours which foster tumour progression (Turley et al., 
2015, Figure 15). Other reports have shown that CAF-secreted CXCL14, CXCL16 and IL-
33 recruit macrophages, which in turn contribute to tumour aggressiveness and metastasis 
(Allaoui et al., 2016; Vianello et al., 2006; Yang et al., 2016). Importantly, CAFs have a 
direct influence on macrophage polarity: by secreting cytokines such as IL-4, IL-6, IL-10 and 
TGF-β, CAFs induce macrophage differentiation into the immunosuppressive phenotype M2 
(Kalluri, 2016; Turley et al., 2015). 

Although CAFs can recruit T cells by secretion of CXCL9 and CXCL10, secreted CXCL12 
is associated with T cell “chemorepulsion” via signalling through CXCR4 expressed on the 
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Figure 14. Different tumour types recruit different types and proportions of stromal cells. 
Distinct stromal cells will generate a TME with different architectures. The type of stromal cells and 
the desmoplastic reaction generated determine the effectiveness of immune checkpoint blockade 
(ICB) therapies. High (red) and low (blue) presence and ICB efficacy is indicated. Figure extracted 
from Salmon et al., 2019.

surface of lymphocytes (Joyce and Fearon, 2015; Kalluri, 2016; Turley et al., 2015; Vi-
anello et al., 2006,  Figure 15). Furthermore, CAFs recruit MDSCs, B cells and Tregs, 
which can further inhibit Th1 responses in tumours (Joyce and Fearon, 2015; Turley et 
al., 2015), and can also impair proliferation and viability of intratumoral T cells (Joyce and 
Fearon, 2015).

Interestingly, a study in 2018 showed that CAFs can present tumour antigens loaded in 
the MHC-I complex, together with expression of the inhibitory checkpoint receptor PD-L2, 
resulting in a direct inactivation of antigen-specific CTLs. In this same study, researchers 
detected increased PD-L2 expression in patients with lung, colon, pancreatic and breast 
cancer (Lakins et al., 2018). Remarkably, a more recent report has provided evidence that 
CAFs can also present antigens loaded in MHC-II molecules, which represents a break-
through into our current knowledge of professional APCs. These antigen-presenting CAFs 
lack the stimulatory receptors that canonical APCs express, which could add to the mecha-
nism of suppression of antigen-specific T cell responses (Elyada et al., 2019).
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Opposed to the immunosuppressive effect of CAFs, it has been reported that genetic ab-
lation of αSMA+ CAFs in PDAC increases tumour burden by allowing infiltration of Treg cells 
into the tumours (Özdemir et al., 2014), which suggests that the immunosuppressive role of 
CAFs could be context-dependent. 

Figure 15. Main cytokines expressed by CAFs with immunossupressive ef-
fects in tumours. CAFs can avoid T cell infiltration by secreting CXCL12, and 
contribute to tumour progression by recruiting myeloid cells and B cells by secret-
ing CCL2, CCL3, CCL4, CCL5 and CXCL13. Figure extracted from Turley et al., 
2015.

3.2.6. Subpopulations of CAFs in tumours

Until recently, the majority of studies focusing on CAFs were based on the assumption 
that a single marker could be used to target a homogeneous stromal population. However, 
the multiplicity of mesenchymal embryonic progenitors and sources for activated fibroblasts 
in the tumour makes that assumption fairly unlikely. Instead, it has become more evident 
that several subpopulations coexist within a tumour and that this would be tissue-depen-
dent, which could alter the TME composition of metastatic growth compared to the tumour of 
origin. In this line, an initial simple approach conducted by Hikaru Sugimoto and colleagues 
detected that, despite the prevalence of FSP1 expression in mouse models of both breast 
and pancreatic cancer, several markers associated with activated fibroblasts defined both 
overlapping and mutually exclusive patterns, thus identifying a heterogeneous composition 
of CAF subpopulations (Sugimoto et al., 2006). This study marked the start of support for 
a new hypothesis, comparable to that of T cell differentiation or macrophage polarization: it 
proposes that CAFs have several differentiation states with different, and possibly opposing, 
roles in tumour progression (Kalluri, 2016; Öhlund et al., 2014, Figure 16). 

Despite the broad genetic divergence of CAFs from different tumours discussed earlier, 
this new hypothesis of different CAF states suggests the possible existence of functionally 
similar categories of activated fibroblasts. One might also speculate that these categories 
are plastic and CAFs might be reverted into different states upon specific stimuli. More re-
search into this field might give birth to novel strategies to target crucial subpopulations of 
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Figure 16. Hypothesis of CAF subpopulations in the TME. 
Model proposed by Raghu Kalluri of functionally different fibroblast 
phenotypes, represented as F states. States could be plastic de-
pending on appropriate stimuli. This model  also proposes the exis-
tence of a particular phenotype (F3) with crucial roles in metastasis 
and immune suppression. Figure adapted from Kalluri, 2016.

CAFs as new therapeutic approaches, as well as defining consensus populations of CAFs 
with phenotypic similarities (Kalluri, 2016, Figure 16). 

4. Prognostic value of the TME in CRC

4.1. Infiltration of lymphocytes correlates with improved outcome

It is now clear that tumour progression is not only governed by intrinsic genetic changes, 
but also by the composition of the TME, especially by CAFs and immune infiltrates. The 
TME composition is highly dynamic and evolves through tumour progression. This effect dic-
tates the nature of immunologic responses not only within different areas of a same tumour, 
but may also affect distant metastases. In the end, an immunosuppressive environment fos-
ters tumour growth and metastatic dissemination. This observation is supported by several 
studies showing that increased immunologic cytotoxic responses are associated with good 
outcome in patients. 

The group of Jérôme Galon has made major contributions in determining immune-related 
prognosis in patients from CRC. Tumours in patients can be classified according to the type 
and density of T cells in the tumour centre and invasive margins by creating a parameter 
titled as “Immunoscore” (Galon and Bruni, 2019; Galon et al., 2006). Their investigations 
show that an increased T cell infiltration in both the tumour centre and tumour margins or in 
other words, high Immunoscore, is correlated with improved overall survival and decreased 
relapse. On a special note, CTL responses identified by the presence of CD8+ T cells and 
expression of factors such GZMB, Perforin, Granulysin and TBET strongly correlated with 
good outcome (Camus et al., 2009; Galon et al., 2006; Pagès et al., 2005). As mentioned 
earlier, MSI CRCs have better prognosis due to increased infiltration of CTLs, probably as a 
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consequence of the high immunogenicity generated by their high mutational load (Jacobs 
et al., 2015; Le et al., 2015; Llosa et al., 2015). Furthermore, an independent study has 
shown a positive correlation between PD-L1 expression and good prognosis. In this study, 
authors found that tumours with high expression of PD-L1 were surprisingly infiltrated with 
CD8+ T cells, which could predict response to immunotherapy (Droeser et al., 2013). How-
ever, there appears to be no association between the presence of FOXP3+ Treg cells and 
prognosis in CRC (Pagès et al., 2010). 

Classification of infiltrates in CRC patients could be a valuable tool to predict responses to 
current therapies. Moreover, understanding the mechanisms of immune evasion in non-re-
sponders might also lead to new combinatorial strategies with immunotherapies.

4.2. CAFs express a gene signature correlated with poor prognosis

One of the main issues with current CRC molecular classifications, including the newest 
CMS subtypes discussed previously, is that they are based on data from bulk tumours, 
which are not segregated according to cell types (Fessler and Medema, 2016). 

As a matter of fact, in previous classifications to the CMS, two independent studies showed 
that most genes associated with poor prognosis were expressed by FAP+ CAFs rather than 
by tumour epithelial cells  (Calon et al., 2015; Isella et al., 2015). Moreover, most of them 
were TGF-β targets, which correlates well with the observed decreased survival rates in pa-
tients with tumours bearing high levels of TGF-β, where it creates a reactive stroma (Calon 
et al., 2012, 2015). In line with this observation, elevated protein and mRNA expression of 
some of these target genes such as FAP, CALD1 and IGFBP7 correlated with worse out-
come in CRC patients (Calon et al., 2015). 

The TGF-β response signature expressed by CAFs could be compared with genes ex-
pressed in the 5 categories defined by Sadanandam and colleagues, where the Stem-like 
category showed the worst prognosis in patients (Sadanandam et al., 2013). This analysis 
showed that the gene signature defining the stem-like category was mostly enriched in 
CAFs. Moreover, the remaining categories with better prognosis could be further segregated 
depending on the expression levels of this CAF signature, resulting on a new category of 
“high CAF cluster expression” that showed increased relapse (Calon et al., 2015). Support-
ing the predictive strength of CAFs, a similar result was found in an independent study on 
PDAC (Moffitt	et	al.,	2015). 

Therefore, TGF-β expression levels and CAF phenotypes hold a stronger prognostic 
strength for patient survival than most features of tumour epithelial cells. One of the conclu-
sions extracted from the studies led by Calon and Isella is that the epithelial gene signatures 
alone are not sufficiently informative for molecular classification of CRC tumours, and that 
further evaluation of stromal signatures could substantially benefit the molecular classifica-
tion of CRC (Calon et al., 2015; Fessler and Medema, 2016; Guinney et al., 2015; Isella 
et al., 2015). Thus, whereas CMS4 tumours are clearly characterized by an increased stro-
mal signature, it should be considered that other CMS could be subclassified into further 
categories depending on the CAF gene signatures that correlate to poor prognosis. 

5. TGF-β	on	the	TME	of	metastatic	CRC:	from	prognosis	to	novel	roles

As discussed above, TGF-β is the main activator of CAFs in tumours. Moreover, it can 
induce EMT and EndMT as sources of CAFs. Interestingly, CAFs become the main source 
of TGF-β in the tumour microenvironment, where it exerts immunosuppressive and pro-an-
giogenic roles (Reviewed in Calon et al., 2014).

The importance of TGF-β and CAFs in CRC progression and metastasis goes beyond the 
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mere predictive potential. The work conducted in the group of Eduard Batlle has revealed 
that TGF-β is crucial for metastatic colonization and initiation. When mice were treated with 
Galunisertib, a TGFBR1 inhibitor currently in clinical trials, tumour cells failed to generate 
liver metastasis. Supporting this observation, mice transplanted with tumour cells overex-
pressing TGF-β had reduced survival. A similar effect could be achieved when tumour cells 
were coinjected with fibroblasts pre-treated with TGF-β, and further evidence showed that 
TGF-β-activated CAFs secreted IL-11, which promoted tumour cell survival (Calon et al., 
2012, 2015). Of note, these studies were performed transplanting patient-derived cell lines 
into immunocompromised mice.

Therefore, the problem remains in dissecting the specific roles of high levels of TGF-β in 
an immunocompetent TME. The discussed evidence procures hints of a correlation between 
TGF-β expression and immune-excluded tumours. However, these observations remain 
correlative, and the mechanisms of TGF-β-driven immune exclusion of CRC are still poorly 
understood. As potent modulators of the tumour immune microenvironment, it is of special 
relevance to understand if and how CAFs in CRC impact on the infiltration of immune cells 
in response to TGF-β activation. In the era of immunotherapies, discovering these mecha-
nisms in the context of liver metastasis could pave the way for novel stroma-targeted thera-
pies that could be pivotal for patients with metastatic CRC.
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Chapter 1
TGF-β drives immune evasion in genetically re-

constituted colon cancer metastasis

Patients suffering from CRC generally don’t die from the primary tumour but rath-
er succumb to metastasis, which occur primarily in the liver. Most patients generate 
immunologically cold, microsatellite-stable tumours, which are refractory to current 
checkpoint immunotherapies. Using a novel mouse model for metastatic CRC, we 
discovered that TGF-β promotes metastatic progression by contributing to the tumour 
immune exclusion. When the TGF-β pathway was inhibited using Galunisertib, a TGF-
BR1 small molecule inhibitor, tumours became highly infiltrated with activated T cells. 
Combinational therapy of Galunisertib with monoclonal antibodies against PD-L1 pro-
duced a synergistic effect on T cells that resulted into strong curative responses in 
mice with overt metastatic disease. Our results suggest a novel therapeutic approach 
for patients with microsatellite-stable CRC metastasis. 

Summary

Objectives

Tauriello, D.V.F., Palomo-Ponce, S., Stork, D., Berenguer-Llergo, A., Badia-Ramentol, 
J., Iglesias, M., Sevillano, M., Ibiza, S., Cañellas, A., Hernando-Momblona, X., et al. 
(2018). TGFβ drives immune evasion in genetically reconstituted colon cancer metas-
tasis. Nature 554, 538–543.

Publication

-  Analysis of the dynamics of T cell exclusion in CRC liver metastasis.

- Investigation of the effects of TGF-β inhibition in the TME of CRC metastasis using 
pharmacological inhibition with Galunisertib and ubiquitous genetic ablation of the 
TGFBR2.

-  Analysis of the immune phenotype on established CRC liver metastasis upon treat-
ment with Galunisertib and in combination with checkpoint immunotherapy. 
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TGFβ drives immune evasion in genetically 
reconstituted colon cancer metastasis
Daniele V. F. Tauriello1,2, Sergio Palomo-Ponce1,2, Diana Stork1, Antonio Berenguer-Llergo1, Jordi Badia-Ramentol1, 
Mar Iglesias2,3,4,5, Marta Sevillano1,2, Sales Ibiza1, Adrià Cañellas1, Xavier Hernando-Momblona1,2, Daniel Byrom1, 
Joan A. Matarin1, Alexandre Calon1†, Elisa I. Rivas1†, Angel R. Nebreda1,6, Antoni Riera1,7, Camille Stephan-Otto Attolini1 & 
Eduard Batlle1,2,6

Most patients with colorectal cancer die as a result of the disease 
spreading to other organs. However, no prevalent mutations have 
been associated with metastatic colorectal cancers1,2. Instead, 
particular features of the tumour microenvironment, such as lack 
of T-cell infiltration3, low type 1 T-helper cell (TH1) activity and 
reduced immune cytotoxicity2 or increased TGFβ levels4 predict 
adverse outcomes in patients with colorectal cancer. Here we 
analyse the interplay between genetic alterations and the tumour 
microenvironment by crossing mice bearing conditional alleles 
of four main colorectal cancer mutations in intestinal stem cells. 
Quadruple-mutant mice developed metastatic intestinal tumours 
that display key hallmarks of human microsatellite-stable colorectal 
cancers, including low mutational burden5, T-cell exclusion3 and 
TGFβ-activated stroma4,6,7. Inhibition of the PD-1–PD-L1 immune 
checkpoint provoked a limited response in this model system. By 
contrast, inhibition of TGFβ unleashed a potent and enduring 
cytotoxic T-cell response against tumour cells that prevented 
metastasis. In mice with progressive liver metastatic disease, 
blockade of TGFβ signalling rendered tumours susceptible to 
anti-PD-1–PD-L1 therapy. Our data show that increased TGFβ in 
the tumour microenvironment represents a primary mechanism 
of immune evasion that promotes T-cell exclusion and blocks 
acquisition of the TH1-effector phenotype. Immunotherapies 
directed against TGFβ signalling may therefore have broad 
applications in treating patients with advanced colorectal cancer.

Progression of colorectal cancer (CRC) generally coincides with suc-
cessive alterations in four signalling pathways: WNT, EGFR, p53 and 
TGFβ 5,8. Mice bearing compound mutations in these four pathways 
were recently shown to enable the study of CRC metastasis9–11. We 
crossed mice bearing conditional alleles in homologues of four key 
human CRC mutations: Apcfl/fl, KrasLSL-G12D, Tgfbr2fl/fl and Trp53fl/fl 
 (designated A, K, T and P, respectively)12–15, and targeted gene recom-
bination to intestinal stem cells (ISCs) by means of the Lgr5eGFP-creERT2 
driver16, which we designated L. We generated eight mouse strains 
bearing combinations of these mutations (Fig. 1a). Histopathological 
 scoring demonstrated a stepwise increase in prevalence and severity 
of  invasive adenocarcinomas along the linear progression sequence  
(Fig. 1b, c and Extended Data Fig. 1c–i). Ninety per cent of LAKTP 
mice developed carcinomas, more than half of which breached all intes-
tinal layers (Fig. 1c). These cancers displayed a histology similar to 
human tumours, with mostly medium to high degrees of differentiation 
and abundant desmoplastic reaction (Extended Data Fig. 1d–j). Forty 
per cent of LAKTP mice developed metastases in the liver or lungs, or 
as carcinomatosis (Fig. 1d and Extended Data Fig. 1k–n), with a median 
latency of 66 days. Notably, mice bearing triple-mutant genotypes 

(LAKT, LATP or LAKP) presented with similarly invasive cancers but 
not metastasis (Fig. 1c). In LAKTP mice, T cells extensively infiltrated 
the stroma of normal mucosa and adenomas but were largely excluded 
from adjacent invasive cancers (Fig. 1e and Extended Data Fig. 2a). This 
exclusion phenotype intensified along the CRC mutational sequence 
(Fig. 1e). Invasive margins of compound-mutant  cancers displayed high 
levels of stromal TGFβ  activity, as indicated by the presence of phos-
phorylated SMAD3 (pSMAD3) (Fig. 1f and Extended Data Fig. 2b)  
and expression of CALD1 and IGFBP7 (Extended Data Fig. 2c, d)—
two TGFβ -induced genes expressed in cancer-associated fibroblasts 
(CAFs) that predict poor prognosis4. These genetic CRC models there-
fore reproduce key features of the tumour microenvironment (TME) 
in advanced human CRCs.

We collected fresh samples from multiple primary mouse tumours 
or metastases and established a mouse tumour organoid (MTO)  
biobank (Fig. 1g). Quadruple-mutant LAKTP MTOs expanded  
in vitro independently of factors that stimulate WNT, EGF and TGFβ  
pathways (Fig. 1h and Extended Data Fig. 3). When injected into the 
caecum wall of syngeneic C57BL/6J recipients, these MTOs engrafted 
with a success rate of 10 out of 32 (31%) and progressed to fully invasive  
T3–T4 tumours (Extended Data Fig. 4a, b). Forty per cent of engrafted 
MTOs produced overt liver metastatic disease. We observed prominent 
T-cell exclusion and increased TGFβ  activity in the TME in primary 
tumours from orthotopically transplanted LAKTP MTOs (Extended 
Data Fig. 4c–f). TGFβ -activated stroma is a defining feature of poor 
prognosis consensus molecular subtype 4 (CMS4)7. Transcriptomic 
classification indicated that LAKTP MTOs displayed the CMS4  
phenotype when transplanted in the caecum of syngeneic mice, but not 
when cultured in vitro (Fig. 1i and Extended Data Fig. 5). We obtained 
similar results with triple-mutant MTOs. These findings confirm 
that stromal gene expression is required to identify poor prognosis 
 molecular subtypes4,17–19 (see Supplementary Discussion).

Similar to microsatellite-stable (MSS) human CRCs20, triple- and 
quadruple-mutant MTOs accumulated between 0.5 and 3.5 non- 
synonymous coding mutations per megabase (Extended Data Fig. 6a, b),  
which indicates that the genomes of these tumours evolved  extensively. 
The most prevalent mutational signature in MTOs was signature 1, 
characteristic of MSS CRCs21 (Extended Data Fig. 6c). MTOs and 
human MSS CRCs also displayed similar numbers of predicted 
high-affinity MHC-I-binding neoantigens, whereas mouse CRC 
cell lines CT26 and MC-38 exhibited around 40 times this number  
(Fig. 1j). Experimental liver colonization by MTOs caused an increased 
metastatic burden in the nu/nu background compared to wild-type 
C57BL/6J mice (Fig. 1k), indicating that the tumours were sus-
ceptible to T-cell-mediated adaptive immunosurveillance. Indeed, 
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micrometastases were characterized by abundant CD3+ T cells inter-
mingled with tumour cells (Fig. 1l). Notably, T cells were progressively 
excluded at later time points (Fig. 1l, m).

Cell-population profiling of human or mouse CRC samples revealed 
that CAFs were the main contributors to TGFβ  production (Extended 
Data Fig. 7a, b). We made use of the TGFBR1-specific inhibitor 
 galunisertib22 to inhibit TGFβ  signalling in the TME. Treatment with 
galunisertib starting 11 days after transplantation of LAKTP MTOs in 

the caecum of syngeneic mice reduced primary tumour size, reduced 
the extent of carcinomatosis and blocked the appearance of liver meta-
stases (Fig. 2a). Immunohistochemical quantification showed that 
 galunisertib reduced the number of pSMAD3+ cells (Fig. 2b) and gene 
expression profiling demonstrated decreased levels of TGFβ -response 
signatures6 in fibroblasts (F-TBRS) and T cells (T-TBRS) (Fig. 2c).

To directly test therapeutic effects on liver metastatic disease, we 
inoculated LAKTP MTOs derived from either primary CRCs or liver 
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Figure 1 | Analysis of compound mutant mouse models and MTOs. 
a, Combination of alleles used to generate mouse models; dashed line 
distinguishes strains along the linear progression model8 of A–K–T–P 
from other combinations of mutations. b, Classification of tumours 
according to the AJCC–TNM system, ranging from carcinoma in situ or 
adenoma (Tis/Ad) to four levels of increasingly invasive cancers (T1–T4, 
see Methods). c, Worst T-phenotype diagnosis per mouse, number of mice 
is indicated in the circles. The thick lines indicate the linear progression 
sequence. d, Metastasis in LAKTP mice. Outer ring, associated type of 
primary cancer. e, Box plot of T-cell density in normal mucosa (NM) and 
adenoma (Ad), compared to double-mutant (LAK, LAT and LAP, 2× ),  
triple-mutant (LAKT, LAKP and LATP, 3× ) and quadruple-mutant 
(LAKTP, 4× ) cancers. n =  119, 242, 7, 8 and 16 regions of interest 
(ROIs), left to right. Right, CD3 immunohistochemistry of a LAKTP T4 
carcinoma (CA), arrowheads indicate CD3+ cells. Box plots have whiskers 
of maximum 1.5 times the interquartile range; the boxes represent 
first, second (median) and third quartiles. f, Box plot of pSMAD3+ cell 
density in normal submucosal tissue (NSM), compared to 2× , 3×  and 
4×  cancers, n =  37, 5, 10 and 16 ROIs, left to right. Right, pSMAD3 

immunohistochemistry of a LAKTP T4 carcinoma, arrowheads indicate 
pSMAD3+ cells. Two-sided Welch’s t-test (e, f). g, MTO biobank and isograft 
technology. h, Mean sensitivity of MTOs to niche factors. WT, wild type.  
i, Left, cross-validation of consensus molecular subtype 4 (CMS4) classifier 
on human CRCs. Patients (shown as vertical bars) are ranked by subtype on 
the basis of classifier score. Right, classifier applied to 3× and 4× mutant 
MTOs in vitro (grey, n =  5 and 3, respectively) and to orthotopic isografts 
of those MTOs (orange, n =  2 and 3). j, Predicted MHC-I neoantigens in 
MTOs (n =  6 and 10, left and right, respectively), human CRCs (n =  266 
and 112, left and right, respectively) and mouse CRC cell lines (n =  2). 
k, Liver metastasis generated by 4×  MTOs in C57BL/6J or nu/nu mice 
(n =  10, 5, 11, 5, 10 and 5 mice, left to right; mean ±  s.e.m.; two-sided 
Mann–Whitney U-test). l, CD3 immunohistochemistry on MTO129 
liver metastases (Met) at the indicated days after intrasplenic injection. 
Micromet, micrometastasis. m, CD3+ cell densities (individual metastases  
in grey and mean for mice in black; bars, group means ±  s.e.m.);  
analysed with a mixed-effects linear model; n =  4, 3, 3, 2 and 2 mice, and 
n =  39, 58, 71, 56 and 56 tumours, left to right. Scale bars, 500 µ m.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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metastases in the portal circulation; the latter exhibited enhanced 
metastatic capacity (Extended Data Fig. 6e). Treatment with galuni-
sertib markedly decreased metastatic burden for all MTOs (Fig. 2d and 
Extended Data Fig. 6f), effectively curing a large proportion of mice  
(Fig. 2e). Galunisertib blocked TGFβ  signalling in the TME of meta stases 
(Extended Data Fig. 7c–h). We also transplanted LAKTP MTOs in mice 
bearing floxed Tgfbr2 alleles that express a ubiquitous CreERT2 recom-
binase (UBCcreERT2;Tgfbr2fl/fl). Tamoxifen treatment induced recom-
bination in fibroblasts, endothelial cells and leukocytes, and inhibi ted 
metastasis formation by isografted MTOs (Fig. 2f, g and Extended 
Data Fig. 8a). To analyse triple-mutant MTOs in vivo, we inocu lated 

large numbers of cells. Four out of six tested MTOs (two LAKP and 
two LAKT) gave rise to metastases. However, these liver tumours 
remained very small (Extended Data Fig. 6g), possibly owing to niche 
factor dependencies9,11,19. Nevertheless, galuni sertib treatment reduced 
liver metastases generated by LAKP MTOs (Fig. 2h and Extended Data  
Fig. 8b, c). We also introduced loss of function Smad4 mutations (S) in 
LAKP MTOs using CRISPR–Cas9 technology. In vitro, LAKPS MTOs 
were resistant to the cytostatic action of TGFβ  (Fig. 2i, j). In vivo, LAKPS 
formed larger numbers of liver tumours that were also larger in size 
than those formed by parental LAKP MTOs. Galunisertib effectively 
abrogated the metastatic capacity of LAKPS MTOs and, importantly, 
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Figure 2 | Therapeutic effect of TGBβ inhibition. a, Galunisertib reduces 
tumour burden and metastasis in orthotopic MTO140 isografts. Middle, 
mean tumour volume ±  s.e.m.; right, median number ±  95% confidence 
interval; n =  21 mice per condition, two-sided Mann–Whitney U test.  
b, pSMAD3+ cell density (mean ±  s.e.m.) in primary carcinomas (n =  9, 7);  
two-sided Student’s t-test. c, Expression levels of TBRS in primary CRCs. 
Tukey box plots, n =  6 tumour samples, two-sided Mann–Whitney U 
test. d, Liver metastases (mean ±  s.e.m.) generated by MTOs, treated with 
vehicle or galunisertib; n =  5, 5, 5, 5, 15, 17, 12, 12, 20 and 25 mice, left to 
right; analysed with a mixed-effects linear model. Exp. LiM, experimental 
liver metastasis; LiM2, second-round experimental liver metastasis. 
e, Representative livers at end point, arrows point to metastases. 
Kaplan–Meier survival curve of mice treated as in d. Control, n =  41 
mice; galunisertib, n =  35 mice; Mantel–Cox test. f, Liver metastases 

(mean ±  s.e.m.) in UBCcreERT2;Tgfbr2fl/fl mice, recombined (n =  9) or not 
(n =  6). g, Liver tumours from f, stained for the recombination marker 
GFP, representative of three experiments. Scale bars, 1 mm. The graph 
shows the percentage of GFP+ cells (mean ±  s.e.m.). h, Liver metastases 
(mean ±  s.e.m.) generated by 3×  LAKP MTOs. n =  15 and 14 mice, left 
and right, respectively; two-sided Mann–Whitney U test. i, Western blot 
for SMAD4 and actin of LAKP empty guide (EG)- or CRISPR-targeted  
(#1 and #2) Smad4KO organoids. j, LAKP or LAKPS organoids. 
(mean ±  s.e.m., n =  4 technical replicates) in control medium or  
treated with TGFβ 1. k, Liver metastases (mean ±  s.e.m.) from  
LAKP (EG) and LAKPS (guide #1) MTOs. Gal, galunisertib;  
x, diameter. n =  5 mice per condition; two-sided Mann–Whitney U test. 
Right, tumour diameters with s.e.m., n =  10 mice per condition.
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did not enhance growth of metastases generated by LAKP MTOs with 
wild-type TGFβ  pathway (Fig. 2k and Extended Data Fig. 8d).

To study the kinetics of metastasis, we transduced MTOs with luci-
ferase, which did not modify the therapeutic efficacy of galunisertib 
(Extended Data Fig. 8e). Bioluminescence revealed that galunisertib 
markedly enhanced cell killing at the onset of the exponential growth 
phase. However, this did not occur in nu/nu mice (Extended Data  
Fig. 8f–h). These kinetics are suggestive of an adaptive anti-tumour 
immune response. Indeed, the therapeutic effect of galunisertib was 
abolished upon depletion of CD8+ cytotoxic T lymphocytes (CTLs) 
(Fig. 3a, b) or CD4+ T-helper (TH) cells (Extended Data Fig. 8i). We 
also transplanted MTOs in mice from the colony used to generate the 
original compound mutant mice. Galunisertib decreased metastatic 
burden in these hosts (Extended Data Fig. 8j), indicating that immuno-
logical rejection was not due to expression of exogenous antigens in 
MTOs such as those encoded by eGFP and creERT2 transgenes.

We next assessed the status of the adaptive immune system in a tran-
scriptomic dataset of human MSS CRC samples (n =  981) by measuring  
levels of expression signatures specific for naive or TH1-activated CD4+ 
T cells. Microsatellite-instable (MSI) CRCs displayed increased ratios 
of TH1-to-naive T-cell genes, consistent with previous observations23 
(Extended Data Fig. 9a). In MSS CRCs, the ratio of TH1 to naive cells 
was inversely correlated to the mean expression of TGFB1, TGFB2 and 
TGFB3 genes or the CAF-specific gene expression program (Extended 
Data Fig. 9b–f) and predicted disease relapse (Extended Data Fig. 9d, g).  
Therefore, abrogated T-cell differentiation, and increased TGFβ  and 
CAF gene expression characterize a substantial subset of patients with 
MSS CRC and a poor prognosis.

Flow-cytometry analyses on whole livers colonized by MTOs for 
7–10 days showed that there was increased recruitment of CD3+ and 

CD4+ cells after galunisertib treatment (Fig. 3c). This finding was 
confirmed by immunohistochemistry-based quantifications of liver 
sections, which also revealed an increased presence of T-bet, the mas-
ter transcription factor regulating TH1 cell differentiation (Extended 
Data Fig. 9h, i). Equivalent observations were made in treated liver 
meta stases from parental MTOs, in experiments with orthotopic 
implantation, and during genetic abrogation of TGFβ  signalling in the 
TME (Extended Data Fig. 10a–c). Importantly, both TH cells and CTLs 
underwent activation, indicated by the increase in CD44+CD62L− and 
CD69+CD62L− populations (Fig. 3c, d), increased levels of T-bet and 
IFNγ  effector molecules in TH cells, and increased GZMB  production 
and expression of proliferation genes in CTLs (Fig. 3e, f). We hypoth-
esized that this robust immune response might immunize mice against 
the tumour cells. When survivors were rechallenged with the same 
MTO, most tumours were rejected within two weeks in the  continued 
absence of treatment, whereas the MTOs grew efficiently in naive 
C57BL/6J recipients. Concurrent depletion of CD8+ CTLs inhibited 
tumour rejection (Fig. 3g). We conclude that increased TGFβ  levels in 
the TME limit adaptive immune responses by inhibition of the TH1-
effector cell phenotype.

Finally, we assessed the therapeutic action of galunisertib in mice 
with overt metastatic disease. Galunisertib treatment 14 days after MTO 
inoculation reduced metastatic burden but resulted in few complete 
remissions (Fig. 4a). Nevertheless, we observed increased infiltration 
of CD4+ T cells and of T-bet+ lymphocytes immediately after initiation 
of therapy (Extended Data Fig. 10d). Exploring resistance mechanisms 
to explain this mild response, we discovered that galunisertib-activated 
T cells exhibited marked surface expression of programmed cell-death 
protein 1 (PD-1) (Fig. 4b), and that  metastases generated by MTOs 
progressively recruited stromal PD-1 ligand 1 (PD-L1)+ cells—most 
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Figure 3 | TGFβ mediates immune evasion. a, b, Liver metastases 
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mice per condition (b). Two-sided Mann–Whitney U test.  
c–e, Immunophenotyping in whole livers from mice injected with 
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cytometry plots from c, representative of two experiments. e, Intracellular 

cytokine expression (mean percentage ±  s.e.m.), n =  4, 6, 4, 6, 5 and 5 
mice, left to right; two-sided Student’s t-tests. f, Relative mRNA expression 
(mean ±  s.e.m.) on sorted CTLs from the experiment in c; n =  4 mice 
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(mean ±  s.e.m.) at end point. x axis, number of grown tumours/number of 
injections.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



TGF-β drives immune evasion in genetically reconstituted colon metastasis

65
0 0  M O N T H  2 0 1 8  |  V O L  0 0 0  |  N A T U R E  |  5

LETTER RESEARCH

prominently tumour-associated  macrophages—as they expanded 
in size (Fig. 4c, d and Extended Data Fig. 10e, f). Treatment of mice 
bearing overt metastatic disease with anti-PD-L1 therapy alone had a 
very modest therapeutic effect (Fig. 4e). However, combined treatment 
with galunisertib and anti-PD-L1 antibodies induced a pronounced 
immune response, with increased T-bet and IFNγ  levels in CD4+ TH 
cells and increased GZMB production in CTLs, which eradicated most 
metastases and prolonged recurrence-free survival for over a year after 
cessation of treatment (Fig. 4e–g). This response was associated with 
a marked, synergistic increase in infiltrating lymphocytes and T-bet 
expression (Fig. 4h, i), indicating both a disruption of the T-cell-
exclusion phenotype characteristic of progressed metastatic disease 
and prominent TH1 immune activation.

It has been hypothesized that MSS CRCs are immunologically ‘cold’, 
that is, scarcely T-cell infiltrated and possibly non-immunogenic, and 
that they are therefore unlikely to benefit from immune therapies24 
(Supplementary Discussion). By contrast, our data reveal that this 
class of CRCs can be killed effectively by the adaptive immune system 
through a CTL-dependent process, which CRC cells avert by  increasing 
TGFβ  levels. Consistent with the well-established role of TGFβ   
signalling in suppressing differentiation and activity of T cells25–28, we 
observed that a TGFβ -activated TME antagonizes the TH1-effector 
cell phenotype. We also show that such a TME excludes T cells from 
tumours, a phenomenon associated with poor outcomes across can-
cer types3,29,30. Enabling immune infiltration using TGFβ  inhibitors is  

sufficient to confer susceptibility to anti-PD-1–PD-L1 checkpoint- 
based therapies, a strategy that may have broad applications for treat-
ment of cancers that grow in a TGFβ -rich environment. These results 
strongly suggest that inhibition of TGFβ  signalling could be promising 
as immunotherapy for patients with MSS, stroma-rich CRCs and a 
poor prognosis.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Ethics and animal maintenance. All experiments with mouse models were 
approved by the Animal Care and Use Committee of Barcelona Science 
Park (CEEA-PCB) and the Catalan government. Mice were maintained in a 
 specific-pathogen-free (SPF) facility with a 12-h light–dark cycle and given   
ad libitum access to standard diet and water. All mice were closely monitored by 
the authors (D.V.F.T. and S.P.-P), facility technicians (during treatments) and by 
an independent veterinary scientist responsible for animal welfare.
Genetically modified mice. Lgr5-EGFP-IRES-creERT2 (B6.129P2-Lgr5tm1(cre/ERT2)Cle/J;  
stock 008875), LSL-K-rasG12D (B6.129S4-Krastm4Tyj/J; stock 008179), p53LoxP 
(B6.129P2-Trp53tm1Brn/J; stock 008462) and Tgfbr2LoxP (B6.129-Tgfbr2tm1Karl/J; 
stock 012603) mouse strains13–16 were obtained from The Jackson Laboratory, 
and ApcLoxP mice were obtained from C. Perret12. Mice were inbred on a C57BL/6J 
background and successive crosses were performed to combine alleles. In this study, 
we have abbreviated the alleles: L (Lgr5eGFP creERT2), A (ApcLoxP), K (LSL-KrasG12D), 
T (Tgfbr2LoxP) and P (p53LoxP) and generated the following strains: LAK, LATK, 
LAPK, LATPK. For practical reasons, the strains were maintained as homozygous 
(lox/lox) when possible (A, T, P) and we used both K-heterozygous and wild-type 
littermates. -UBCcreERT2;Tgfbr2fl/fl(B6.Cg-Tg(UBC-creERT2)1Ejb/2J; stock 008085) 
and Rosa26mTmG (B6.129(Cg)-Gt(ROSA)26Sortm4 (ACTB-tdTomato-eGFP)Luo/J; 
stock 007676) mice have been described previously31,32. The latter allele allowed 
us to detect recombination using the shift from tdTomato to eGFP expression.
Recombination of genetic models. To induce tumorigenesis from mutated 
intestinal stem cells (ISC) with preferred localization in the distal part of the 
 intestine, adult mice (at 12–13 weeks of age) were given drinking water (ad  libitum) 
 containing 2.5–3% (w/v) dextran sodium sulfate (DSS) for five days, and two intra-
peritoneal injections of diluted (4 mg/kg) tamoxifen (Sigma; dissolved in sunflower 
oil with 0.5% ethanol) on days 0 and 5. Thirteen per cent of mice treated in this 
way died in the first two weeks, most likely owing to DSS toxicity. These mice 
were excluded from the analysis. Animal weight, stool type and overall appearance 
were scored two times per week. With increasing morbidity, mice were evaluated  
more frequently until the experimental end point: progressive or rapid weight loss 
or emaciation and poor physical appearance, characterized by anaemia, hunched 
posture, ungroomed appearance and lethargy. Mice were then euthanized and 
dissected; the wall of the peritoneum was inspected and intestines, mesentery, liver, 
spleen, kidneys, diaphragm and lungs were collected. After macroscopic and/or 
binocular analysis, tissues were washed in phosphate-buffered saline (PBS), fixed 
in 10% formalin solution (Sigma) overnight and embedded in paraffin. Survival 
statistics were analysed using GraphPad Prism software (v.7.03). Median latency 
of metastasis was obtained by taking the median survival time of the animals in 
which metastases were detected.

Although the DSS-treatment-mediated induction of inflammation is acute and 
subsides after 2–3 weeks, we also induced gene recombination with tamoxifen 
without DSS treatment. Without this acute inflammation, induction still gave rise 
to tumours equivalent to those described here (including invasive  carcinomas). 
However, tumour burden tended to concentrate to the distal ileum (small 
 intestine), leading to adenomatous carpets, causing serious complications for the 
mouse, including reduced life span. The benefit of DSS is that it helps to target the 
colon. The experiments without DSS are not included in the survival and tumour 
assessment of this study.

Recombination on the UBCcreERT2;Tgfbr2fl/fl background was performed with 
two shots of 80 mg/kg tamoxifen on days two and three. One mouse was excluded 
from the analysis shown in Fig. 2f because it exhibited no recombination upon 
tamoxifen treatment.
Histology and immunohistochemistry. Standard haematoxylin and eosin 
and antibody staining were performed on 4-µ m tissue sections using standard 
 procedures, as described previously4. Antibodies against CALD1 (rabbit; Sigma 
HPA008066; 1:250), IGFBP7 (rabbit; Sigma HPA002196; 1:200), pSMAD2 (rabbit; 
Cell Signaling 3108; 1:50), CD4 (rabbit; Sino Biological 50134-R001; 1:1000), CD8 
(rabbit; Biorbyt orb10325-200; 1:200), FoxP3 (rabbit; Abcam ab54501; 1:1000), 
T-bet (Santa Cruz sc-21003; 1:500), pSMAD3 (rabbit; Abcam ab52903; 1:500) 
and PD-L1 (Cell Signalling 16764988S; 1:25) were used for staining overnight at 
4 °C. Antibodies against GFP (rabbit; Life Technologies A11122; 1:500) and CD3 
(rabbit; DAKO IS50330; 1:30) were used for staining for 2 h at room temperature. 
Images of histology and immunohistochemistry were taken with a Nikon Eclipse 
E600 and Nikon DS-Ri1 camera or with a Hamamatsu NanoZoomer Digital Slide 
Scanner (20×  magnification).
Histopathological quantifications. Haematoxylin- and eosin-stained sections 
of intestines were scored blindly for T (tumour) status by an expert pathologist 
(M.I.) and a second observer (D.V.F.T.) using the AJCC–TNM system: scoring 
for Tis (carcinoma in situ), T1 (adenocarcinoma with submucosal invasion), T2 
 (intramuscular invasion), T3 (transmuscular invasion; serosa intact or cannot 
be evaluated) or T4 (transserosal invasion; T4b when local metastasis is evident, 

otherwise T4a). Across all genotypes, 156 tissue samples were scored (both small 
intestine and large intestine: caecum, colon and rectum) from 68 mice across eight 
genotypes. Given the high expression of Lgr5 in the distal ileum and caecum, these 
tissues were in some cases overgrown with a carpet of dysplastic tissue, making 
adenoma counting impossible. However, we observed no obvious correlation 
between the percentage of dysplastic small-intestine surface and genotype. All 
invasive adenocarcinomas (small and large intestine) and large intestine adenomas 
were counted individually, reaching a total count of 1,477 tumours.
Mouse tumour organoid generation and culture. Before tissue fixation, tumours 
were dissected to include potential submucosal invasion and washed in PBS. 
Dissected material was roughly chopped with razor blades, followed by  enzymatic 
digestion with 200 U/ml collagenase IV in DMEM (Life Technologies) for 20 min 
at 37 °C. Tissue fragments were subsequently treated by mechanical disruption 
in DMEM with 10% FBS (Life Technologies), washed with cold PBS and filtered 
through 100- and 40-µ m meshes. Single-cell preparations were stained with 
propidium iodide (PI, a membrane integrity marker) and GFP+PI− cells were 
sorted in a FACS Aria flow cytometer (BD Biosciences). Typically, around 1,000 
cells were obtained and plated in a drop of cold basement-membrane extract 
(BME) medium (Cultrex BME Type 2, Amsbio): 40 µ l in a prewarmed (37 °C) 
well of a standard 24-well plate (Corning). After 5 min, mouse tumour organoid 
culture medium (advanced DMEM/F12, supplemented with 10 mM HEPES, 
Glutamax, B-27 without retinoid acid (all Life Technologies), 50 ng/ml recombi-
nant human EGF (Peprotech), 100 ng/ml recombinant human NOGGIN and 1 µ M  
galunisertib (LY2157299, see below)) was added. NOGGIN was produced in house; 
expressed as a His-tagged protein in HEK293-6E cells and purified with a 5-ml 
nickel-affinity column and a 5-ml HisTrap HP column in an ÄKTAxpress at 4 °C. 
Protein fractions were pooled and desalted (HiPrep 26/10 column), and tested on 
mouse Apc-mutant adenoma organoids or on bone morphogenic protein (BMP)-
sensitive patient-derived organoids, analysing ID1 and ID3 gene expression by 
quantitative PCR. In initial passages, MTO medium was supplemented with the 
antimicrobial reagent Normocin (InvivoGen). MTOs were cultured at 37 °C with 
85–90% humidity, atmospheric O2 and 5% CO2.

For MTO passaging, basement-membrane extract drops were washed once 
with HBSS (Lonza) and treated with Trypsin-EDTA (Sigma) for 20 min at 37 °C, 
followed by mechanical disaggregation of organoid fragments (by pipetting) until 
a single-cell suspension was obtained. Trypsin was quenched with FBS, cells were 
washed with HBSS and replated in cold BME medium on warm plates. MTOs were 
frozen as trypsinized organoids (single cells or small clusters) in DMEM with 50% 
FBS and 10% DMSO (Sigma). Cultures were checked bimonthly for mycoplasma 
contamination.
CRISPR genome editing. For gene knockout, guides were designed and cloned 
into px330-U6-Chimeric BB-CBh-hSpCas9 (Addgene: #42230), which was 
 modified by introducing a SV40 promoter–IRFP expression cassette downstream 
of hSpCas9. Guide sequences (sgRNA indicated in upper case, restriction overhang 
in lower case):

Smad4: #1 forward, caccgAGACAGGCATCGTTACTTGT and reverse, 
 aaacACAAGTAACGATGCCTGTCTc; Smad4: #2 forward, caccgAGTTTGATGTG 
TCATAGACA and reverse, aaacTGTCTATGACACATCAAACTc; mCherryLuc: 
forward, caccGCGCATGAACTCCTTGATGA and reverse aaacTCATCAAGG 
AGTTCATGCGC.

Organoids were nucleofected using a Nucleofector 2b (Lonza) in combina-
tion with the Cell Line Nucleofector Kit V (Lonza). Organoids were trypsinized 
for 15 min at 37 ºC to generate single cells (1.0–1.5 ×  106 cells per guide), which 
were resuspended in 100 µ l nucleofection buffer mix containing 3 µ g sgRNA and 
nucleofected using program A32. Subsequently, cells were plated in BME medium 
and cultured in full growth medium. For Smad4 knockout mutants, three days after 
nucleofection, growth medium was exchanged for selection medium (+  TGFβ 1).  
Selection of mCherry-Luc knockout mutants was achieved by FACS sorting of 
IRFP-mCherry double-negative cells twice.
Western blotting. Trypsinized MTO cell pellets were resuspended in lysis buffer 
(1 mM EDTA, 1 mM EGTA, 1% SDS) containing protease inhibitor cocktail 
(Sigma). Protein concentration was determined using a standard Bradford assay 
(BioRad) and 30 µ g per sample was separated by SDS–PAGE and transferred to 
a PVDF membrane (Millipore). Membranes were incubated with antibodies in 
TBS-Tween (0.2%) containing 5% milk at room temperature for 1 h. Antibodies 
against SMAD4 (B-8; Santa Cruz sc7966) and actin (Abcam ab20272) were used. 
The secondary antibody was horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (Pierce 31430).
Immunohistochemical quantifications. Scanned CD3, CD4, CD8, FoxP3, T-bet 
and pSMAD3 immunohistochemistry stainings were analysed in QuPath (v.0.1.2) 
using the positive cell detection feature with empirical parameters. Several ROIs 
(tumours) were taken per section. In cases in which multiple sections per mouse 
or liver were considered, care was taken to avoid quantifying the same tumour 
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more than once. Data were processed and visualized with R and RStudio33 (v.3.4.2 
and v.1.1.383, respectively) and the ggplot234 package (v.2.2.1) (see Statistics and 
reproducibility).
Neoantigen prediction. Single-nucleotide variants that were annotated as 
non-synonymous or nonsense and in-frame insertions or deletions were selected 
for each sample. Peptides including ten bases upstream and downstream from 
the alteration were extracted from the canonical protein associated with the  
corresponding gene and were discarded if they matched another annotated protein. 
Human CRC: all mutations and predicted neoantigens for human CRC samples 
were downloaded from https://tcia.at/neoantigens. Samples were classified as MSS 
or MSI according to the TCGA consortium5.

For both mouse and human data, neoantigens were predicted using  netMHCpan 
software (v.2.8). See Supplementary Methods for a detailed  description.
Mouse injections. For all injections, C57BL/6J (or athymic BALB/c nu/nu) mice 
were purchased from Janvier Labs at six weeks of age and injected at seven weeks. 
Sex was matched with the origin of the tumour. Intrasplenic or portal vein injec-
tions were used for liver colonization by the introduction of dissociated organoids 
(single cells) into the portal circulation; MTOs were cultured in standard six-well 
plates for four days and trypsinized as described in ‘Mouse tumour organoid 
 generation and culture’. The resulting cell suspension was filtered through 100-
and 40-µ m meshes (to remove clumps of cells and aggregated debris). Cells were 
counted and suspended in HBSS for injection, using 2–5 ×  105 cells in 70 µ l per 
mouse. Intrasplenic injections were performed as previously described4,6,35. For 
portal vein injections, a 30G syringe was used to inject 100 µ l of cell suspension 
directly into the portal vein. Mice were euthanized at 3–5 weeks, visible liver metas-
tases were counted and data were analysed using GraphPad Prism software (v.7.03). 
For subcutaneous injections, MTOs were cultured in standard six-well plates for 
three days and recovered with Cell Recovery Solution (BD Biosciences) for 40 min 
on ice. Organoids were washed in HBSS and a 10% fraction was trypsinized for cell 
counting (Neubauer or TC20 automated cell counter, Bio-Rad). Organoids were 
suspended in HBSS with 30% BME, an equivalent of 1.5 ×  105 cells was injected 
in 2–4 locations on the flanks of each mouse. Growth was scored by palpation and 
volume was measured with a caliper (multiplying three orthogonal diameters and 
dividing by two) twice per week. In accordance with our IACUC protocol, mice 
with tumours over 300 mm3 in volume were euthanized. Intracaecum injections 
were used for orthotopic isograft formation: MTOs were recovered as for sub-
cutaneous injection, and an equivalent of 5 ×  105 cells in 11 µ l was injected per 
mouse. Intracaecum injections were performed using a 30G needle under binocu-
lar guidance, adapting the protocol used in ref. 36. Mice were euthanized ten weeks 
after injection and metastasis was scored macroscopically as well as histologically. 
Alternatively, orthotopic primary tumours were generated by transplantation of 
a 1-mm3 piece of subcutaneously grown MTO-derived tumour (for example, for  
3×  MTO orthotopic transplantation); the piece was sutured on the tip of the 
caecum, which was folded over itself to mitigate carcinomatosis. Post-injection, 
all mice received analgesia (buprenorphine). The caliper technique was used to 
measure orthotopic tumour sizes after mice were killed. After measurement, pieces 
were dissected from fresh tumours and lysed in TRIzol (Life Technologies). RNA 
was purified with the Ambion PureLink kit (Life Technologies).
Mouse treatments. Galunisertib (also known as LY2157299) was synthesized in 
house and prepared as previously described6. Galunisertib or vehicle control was 
administered by gavage in a 0.15 ml volume, twice per day, starting two days after 
cell injection for metastasis-initiation experiments, unless otherwise indicated 
(treatments starting two days after injection give identical results to pre- treating 
two days before injection). A 800 mg/kg dose per treatment was used for all 
 experiments except for the treatment of MTO138, or for the prolonged  treatment 
of orthotopically implanted mice, in which 400 mg/kg doses were used. For  
in vivo CD8+ T-cell depletion, rat CD8α  (YTS 169.4; BioXCell BE0117) or rat 
IgG2b (LTF-2; BioXCell BE0090) isotype-control antibodies were diluted to 1 mg/
ml in PBS and 200 µ l was administered per mouse by intraperitoneal injection on 
days − 1, 6 and 13 (unless otherwise indicated) relative to the day of MTO  injection. 
For CD4− TH cell depletion, rat anti-CD4α  (GK1.5; BioXCell BE0003-1) or rat 
IgG2b isotype-control antibodies were used. For checkpoint immunotherapy or 
dual immunotherapy, we used rat PD-L1 (10F.9G2; BioXCell BE0101) or rat IgG2b 
(LTF-2; BioXCell BE0090) isotype-control antibodies.
In vivo study design. Experimental group sizes were practically associated to cage 
sizes (five mice per cage) and treatment experiments were designed to have n ≥  5 
mice per group (one or more cages). No mice were excluded from the analysis, 
unless explicitly indicated in the Methods. For gavage (galunisertib) treatment, as 
vehicle control and galunisertib are visually distinguishable, the only randomiza-
tion we performed was the order of injecting mice: the researcher performing the 
injections was blinded to the treatment group. End-point criteria are equivalent to 
those described in ‘Recombination of genetic models’. For genetic models, litter-
mates were used as controls and cohorts were accumulated over time for logistical 

reasons. Mice were excluded if no tumours were observed after a year of survival 
post-induction.
Statistics and reproducibility. When no statistical control for confounders was 
needed, numbers of metastases in each condition were compared using a two-
sided Mann–Whitney U test with exact computation of the null hypothesis, as 
implemented in the wilcox_test function in the R33 coin package37 or in GraphPad 
Prism. For Fig. 2d, where data were derived from different experimental runs and/
or the same  treatment performed on multiple MTOs, a mixed-effect linear model 
was fitted in which experiment run and/or MTO were included as a random effect.

In immunohistochemical experiments and the FACS experiment shown in Fig. 3c, 
group mean differences were assessed using a linear model. When the data involved 
more than one MTO (Fig. 3c and Extended Data Figs 9h and 10a) or more than one 
experiment run (Extended Data Figs 9h and 10c), these  variables were included in 
the models as covariates. When multiple observations per mouse were derived, a 
mixed-effects linear model was fitted that included the mouse as a random effect  
(Figs 1m, 4h and Extended Data Figs 9h, 10a, c, d); otherwise, a standard linear regres-
sion model (only fixed effects) was used for analysis (Extended Data Fig. 10b).

In all cases, a fourth root was used to transform the outcomes in order to  fulfil 
the assumptions of the linear models. Immunohistochemical  quantifications: 
besides plotting individual tumours (grey), results were represented at the mouse 
level (coloured or black squares or MTO-dependent symbols) and at group 
level using the adjusted means and standard error of the means derived by the 
models in their original scale, after undoing the transformation. To achieve this, 
 standard error of the means were computed by simulation from the corresponding 
model38. Wald tests derived from the linear models were used to perform pairwise  
comparisons between experimental conditions. A 5% level was chosen for statistical  
significance. All the analyses were performed using R33. Mixed-effects models were 
fitted using the R packages lme439 and lmerTest40.

For the Kaplan–Meier survival curve after galunisertib treatment (Fig. 2e), all cen-
sored mice were metastasis-free when killed. Some mice were euthanized at the end 
point of control mice (severe morbidity), in order to count nodules at the same time 
point. Metastasis-burdened mice (≥ 1 tumour) were scored as death events, whereas 
disease-free mice were censored from the plot (ticks, zeroes in Source Data).

Tukey box plots in Figs 1e, f, j, 2c 3c and Extended Data Figs 3d, 7a and 9a–c, 
have whiskers of maximum 1.5 times the interquartile range; the boxes represent 
first, second (median) and third quartiles. In Fig. 1c, P values for comparison of 
phenotype severity, defined as severe (T3 or higher) versus less severe (< T3), 
are 0.0002 for LAKTP versus combined 3×  genotypes, and < 0.0001 for LAKTP 
versus combined 2×  genotypes and for LAKTP versus LA (Fisher’s exact test). We 
also tested for the presence (≥ T1) or absence of carcinomas and the P values for 
these comparisons are: 0.0013 for LAKTP versus 3× , 0.0005 for LAKTP versus 
2× , and < 0.0001 for LAKTP versus LA (Fisher’s exact test). The immunohisto-
chemistry images in Fig. 1e, f are representative of four independent experiments. 
In Fig. 1i, numbers of patients are indicated; MTOs in vitro: 3× , n =  5 individual 
MTOs; and 4× , n =  3; plotted values are means of biological duplicates. MTOs 
orthotopically transplanted: 3× , n =  2 individual MTOs (MTO54 and 207); 4× , 
n =  3 individual MTOs (MTO68, 93 and 140); plotted values are biological dupli-
cates (2n). The experiment in Fig. 1l, m was performed once. Besides providing 
individual P  values, this model was used for the overall assessment of galunisertib 
treatment effect: control mean (95% confidence interval), 24.0 (10.5–47.7) versus 
galunisertib: 0.084 (0.00–0.81); P =  1.2 ×  10−12. Data are from ten independent 
experiments. In Fig. 2e, data are from seven independent experiments, using either 
MTO129 or MTO138. In Fig. 2h, data are from MTO54 and MTO220, combined. 
Figure 2i, j, using MTO220, is representative of two independent experiments. 
Western blot source data are shown in Supplementary Fig. 1. In Fig. 2k, right, the 
values are fraction of total ±  s.e.m. Data are from experiment with empty guide or 
from guides #1, #2 LAKP and S combined, from two independent experiments. 
The experiment in Fig. 3a was performed with MTO138, and the experiment in 
Fig. 3b was performed with MTO129. In Fig. 3g, P values refer to the  comparison 
between: anti-CD8 and IgG in the survivors (P =  0.0043); rechallenge IgG and 
naive IgG, and between rechallenge IgG and naive anti-CD8 (P <  0.0001); two-
sided Mann–Whitney U test. Figure 4b, c are representative of two experiments. 
In Fig. 4d, MTO129 is injected. In Fig. 4f, P values are for CD4 and CD62L: 0.0002 
(control versus galunisertib) and 0.0051 (control versus double); CD44: 0.0008 
(control versus galunisertib) and 0.0297 (control versus double); CD8 and CD62L: 
0.0159 (control versus galunisertib) and 0.0181 (control versus double). In Fig. 4g, 
P values are for CD4 and IFNγ : 0.0099 (control versus galunisertib) and < 0.0001 
(control versus double); T-bet: 0.0208 (control versus galunisertib) and 0.0017 
(control versus double); CD8 and GZMB: 0.0054 (control versus galunisertib) and 
0.0001 (control versus double). For Fig. 4h, all P values are listed in Source Data. 
The experiment in Fig. 4i was performed once.
Patient data analysis. We used five publicly available Affymetrix microarray 
 datasets from the NCBI GEO repository, which include gene expression and 
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 clinical information from a total of 1,194 patients with CRC. In order to obtain 
CD4-naive and CD4+ TH1 profiles, we carried out a differential expression  analysis 
on gene expression dataset GSE2288641. We defined the CD4 naive signature to 
include genes that are upregulated at least threefold in both CD4-naive versus 
TH1 and in CD4-naive versus Th2; Benjamini–Hochberg false discovery rate42 
(FDR) <  5% in both comparisons. Similarly, the CD4-TH1 signature included 
genes that were upregulated at least threefold compared to CD4-naive, and 
limma FDR <  5%. Association with metastasis was evaluated using a frailty Cox 
 proportional hazards model. Statistical significance was assessed by means of 
a log- likelihood ratio test, and Wald tests were used for pairwise comparisons 
when necessary. Association of expression intensities was evaluated as continuous 
variables assuming a linear relationship with the logarithm of the relative risk. 
Sample groups of low, medium and high expression levels were defined using 
the tertiles of the intensity distribution after correction for technical effects. For  
visualization purposes, Kaplan–Meier curves were estimated for groups of tumours 
showing low, medium and high gene or signature expression. Only samples from 
patients diagnosed in stages I, II and III were taken into consideration for these 
analyses. The threshold for statistical significance was set at 5%. All analyses were 
carried out using R33,43. See Supplementary Methods for a detailed description.
Classification of mouse tumours according to consensus molecular subtypes. 
We used the k-top scoring pairs (k-TSP) algorithm and trained the classifier for 
a binary outcome (CMS4 versus not-CMS4) in 960 samples. See Supplementary 
Methods and Extended Data Fig. 5 for a detailed description.
Data availability. MTO whole-exome sequencing and RNA sequencing analysis 
(RNA-seq) data have been deposited in the ENA archive with accession number 
PRJEB22559. Expression array data are available at GEO with accession number 
GSE103562. Computer code is available upon request. Source Data are available 
in the online version of the paper.
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Extended Data Figure 1 | See next page for caption.
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Extended Data Figure 1 | Additional description of the genetic 
mouse models. a, Kaplan–Meier survival curves for LA (n =  18 mice), 
LAK (n =  10), LAKT (n =  11) and LAKTP (n =  16) mice, as days post-
tamoxifen induction of recombination in intestinal stem cells. Median 
survival is indicated in parentheses; Mantel–Cox test. b, Number of 
tumours (adenomas and carcinomas) in the large intestine, by genotype. 
Numbers for individual mice (n =  9 (LA), 8 (LAK, LAT and LAKT), 7 
(LAP and LAKP), 10 (LATP), and 13 (LAKTP)) are indicated, as well as 
mean ±  s.e.m. c, Number and grade of adenocarcinomas per individual 
mouse (bars), by genotype. P value for pairwise comparisons of tumour 
number: LA versus 2× , 0.0198; LA versus 3× , 0.0337; LA versus LAKTP, 
0.0001; 2×  versus LAKTP, 0.0051; and 3×  versus LAKTP, 0.0014; n =  9 
mice (LA), 8 (LAK, LAT, LAKT), 7 (LAP, LAKP), 10 (LATP), 13 (LAKTP); 
two-sided Mann–Whitney U test. d–i, Example images of tumour types 

scored by the TNM criteria, representative of 23 independent experiments. 
Arrows indicate invasive cells or glands, absent in an adenoma (d), 
restricted to the mucosa in an in situ tumour (Tis, e), breaching the 
muscularis mucosae (MM) in a submucosal invasive tumour (T1, f), 
penetrating the muscle layer (ML) in an intramuscular invasive tumour 
(T2, g), reaching the serosa layer beyond the ML in a submuscular invasive 
tumour (T3, h), or infringing all layers including the serosa in a subserosal 
or T4 tumour (i). j, Representative micrograph of an haematoxylin- and 
eosin-stained invasive subserosal adenocarcinoma (T4) of an LAKTP 
mouse. Carcinoma (CA) glands are indicated, invading through the 
muscle layer (ML). k–n, Examples of spontaneous metastases (Met) in the 
mesentery, diaphragm, liver and lung of induced LAKTP mice, each image 
is representative of two experiments. Scale bars, 500 µ m.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



72

Chapter 1

LETTERRESEARCH

Extended Data Figure 2 | Analysis of the TME of LAKTP 
adenocarcinomas in the genetic model. a, Immune infiltration in  
LAKTP carcinomas. Immunohistochemistry for CD3, indicating 
infiltrating T cells, in an intestinal adenocarcinoma of an LAKTP mouse. 
Insets show a magnified view of normal mucosa and tumour centre (TC). 
Arrowheads indicate T cells. b–d, Markers of TGFβ  activation and poor 
prognosis in LAKTP carcinomas in a representative section of intestine 
with two aggressive invasive adenocarcinomas. b, Staining for pSMAD3. 
Note nuclear staining in stromal cells of the tumour centre. c, Staining 

for CALD1. Note that it is expressed in the muscle layer throughout the 
intestine, and in a subset of cells in the stroma of the normal mucosa.  
In the tumour centre of invasive carcinomas, the staining intensity is 
clearly higher, especially in fibroblast-like cells. d, Staining for IGFBP7, 
which is barely detectable in the normal mucosa. Expression is strong 
in the TME of the tumour centre. Images are representative of four 
independent experiments Scale bars, 1 mm (b–d, top); 500 µ m (a, left; 
b–d, middle); 100 µ m (all other panels).
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Extended Data Figure 3 | Niche factor analysis of MTOs in vitro. 
Organoid formation assay in different media with representative MTOs 
from LA and LAKTP mice. a, Images obtained by automated plate 
scanning, z-stack projection and stitching of the niche factor requirement 
assay. Shown are full medium, medium without EGF and medium without 
galunisertib (Gal) but with TGFβ1. b, Results from automated organoid 
detection for the MTOs shown in a, each data point shows the number  
of organoids in three replicate wells for representative analyses.  

Data are shown as mean ±  s.e.m. c, Organoid diameter was calculated 
from detected pixel area. Data points are individual organoids, pooled 
from triplicate wells. Violin plots and medians are shown. d, Summary 
of all data obtained from different LAKTP MTOs analysed in triplicates, 
from both primary tumours and liver metastases. Data (individual values 
and Tukey box plots) are normalized to the mean of full medium. Scale 
bars, 1 mm.
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Extended Data Figure 4 | Histology and TME of primary tumours 
from orthotopically isografted LAKTP MTOs. a, b, Haematoxylin 
and eosin staining of a LAKTP-T4 carcinoma in the genetic model (a) 
and of a recapitulated adenocarcinoma developed from orthotopically 
isografted LAKTP MTO93 (b). Liver and lymph node (LN) metastasis 
observed in orthotopic isografted mouse (b, right panels). Iso, primary 
isograft. c–f, Markers of poor prognosis in isografted primary tumours. 
c, Immunohistochemistry for the T-cell marker CD3 (c, main panel 
and right, bottom right two panels) and haematoxylin and eosin 

stain (c, bottom left) of an orthotopic isograft, with typical glandular 
differentiation. Note that there are few infiltrating T cells in the tumour 
centre (c, bottom right), compared to the periphery and the normal 
mucosa (c, middle right). d–f, An orthotopically isografted, invasive 
primary tumour, stained for pSMAD2 (d, arrows indicate positive stromal 
cells), CALD1 (e) and IGFBP7 (f). Images represent three independent 
experiments. Scale bars, 1 mm (c, main and bottom left); 500 µ m (all other 
panels).
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Extended Data Figure 5 | Schematic of the CSM4 classifier, using  
the k-TSP algorithm. a, A metacohort of four pooled human CRC 
datasets with CMS annotation is used to find upregulated and 
downregulated genes in the CMS4 subtype (434 with > 1.5-fold change 
and 300 with < 0.8-fold change). To ensure usability in mouse samples, 
candidate genes are filtered by high-confidence homology between the 
two species. The k-TSP algorithm selects from among the up- and down-
regulated genes the optimal set of pairs that correctly classifies CMS4 
samples. The resulting classifier is applied to mouse samples by comparing 

the expression of pairs of genes. For each sample, the score is increased  
by one unit if the expression of the ‘Up’ gene is greater than that of the 
‘Down’ gene. The maximum score for CMS4 classification is 14.  
b, Cross-validation by a leave-one-out approach. To assess performance, 
we repeatedly trained a classifier on three out of the four human datasets 
and tested using the remaining dataset. c, Results of the leave-one-out 
analysis. Area under the curve (AUC) was computed after re-scaling 
the classifier scores to the range between zero and one. Right, receiver 
operating characteristic curve.
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Extended Data Figure 6 | See next page for caption.
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Extended Data Figure 6 | Genetic and functional analyses of MTOs.  
a, Whole-exome sequencing of MTOs. Number of reads for the 
recombined exons in reads per kilobase per million mapped reads (RPKM) 
in MTOs and their matched host tail DNA (Con). Mouse genotypes are 
indicated. b, Overview of the different LAKTP MTOs analysed, including 
experimental metastatic descendance (indicated by arrows), and heat 
map and table of the number of indicated type of somatic mutation per 
Mb of sequenced exome. c, Mutational signatures21 in the MTOs and 
mouse monolayer cell lines CT26 and MC38. As in human MSS CRC, 
mutations in MTOs (but not in the cell lines) are predominantly of type 1. 
d, mRNA expression of intestinal epithelial genes Cdx1, Cdx2 and Krt20 
in cultured MTOs derived from primary tumours MTO34, 68 and 93, and 
spontaneous liver metatasis MTO94, compared to mouse liver fibroblasts. 
Values are relative t o 2−∆Ct for Ppia, normalized to the value for MTO93; 
and are shown as three technical replicates with mean ±  s.e.m. e, Number 
of liver nodules after intrasplenic injection of primary LAKTP tumour 
and spontaneous or experimental liver metastasis (LiM)-derived MTOs in 

syngeneic C57BL/6J mice. Data points represent individual mice;  
data are mean ±  s.e.m. P values (95% confidence interval) are MTO34 
(n =  10 mice) versus MTO48 (n =  9): 0.0325 (− 2−0), MTO48 versus 
MTO138 (n =  10): 0.0305 (− 108–0); MTO34 versus MTO138: 0.0031 
(− 108−0); MTO68 (n =  11) versus MTO129 (n =  8): 3.2 ×  10−4  
(− 207 to − 30); MTO93 (n =  10) versus MTO94 (n =  10): 1.1 ×  10−4  
(− 60 to − 19); MTO93 versus MTO140 (n =  9): 2.2 ×  10−5 (− 149 to − 81); 
MTO93 versus MTO163 (n =  8): 9.1 ×  10−5 (− 220 to − 31); two-sided 
Mann–Whitney U test. f, Number of liver nodules (mean ±  s.e.m.) after 
inoculation of disaggregated MTO129 or MTO138 directly into the 
portal vein in syngeneic animals. Data are from individual mice, n =  6 per 
condition. 95% confidence interval: MTO129, (− 223−0) and MTO138 
(− 805 to − 66); two-sided Mann–Whitney U test. g, Number of liver 
nodules (mean ±  s.e.m.) of intrasplenically injected 3×  and 4×  MTOs, 
n =  22 mice (MTO54), 20 (MTO220), 5 (MTO221), 7 (MTO193), 19 
(MTO207), 5 (MTO219), 14 (MTO34), 16 (MTO68) and 29 (MTO93). 
Right, distribution of tumour diameters.
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Extended Data Figure 7 | See next page for caption.
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Extended Data Figure 7 | Source of tumoral TGFβ and pathway 
blockade in vivo. a, b, TGFB1−TGFB3 (a) or Tgfb1–Tgfb3 (b) mRNA 
expression levels in sorted cell populations from disaggregated human 
CRCs (a) or mouse liver metastasis (b). First, epithelial cancer cells, 
immune cells, endothelial cells and CAFs were sorted with labelled 
antibodies against EPCAM, CD45 (n =  14 patients for each), CD31 and 
FAP (n =  6 for each) for human and PDGFRB for mouse. Subsequently, 
RNA from sorted cells was extracted and analysed by microarray (human) 
or reverse transcription–quantitative PCR (RT–qPCR) (mouse).  
a, Standardized expression data are shown as z score. Individual values 
and Tukey box plots; P values are for TGFB1: epithelial versus leukocytes, 
7.5 ×  10−6; epithelial versus endothelial, 6.2 ×  10−4; epithelial versus CAFs, 
6.2 ×  10−4; and the Kruskal–Wallis (KW) P value is 6.3 ×  10−6. For TGFB2: 
CAFs versus epithelial, 6.2 ×  10−4; CAFs versus leukocytes, 8.4 ×  10−4; 
CAFs versus endothelial, 0.0051; the Kruskal–Wallis P value is 0.0017. For 
TGFB3: epithelial versus CAFs, 6.2 ×  10−4; epithelial versus leukocyte, 
0.0409; epithelial versus endothelial, 0.0150; leukocyte versus CAFs, 

6.2 ×  10−4; endothelial versus CAFs, 0.0051; the Kruskal–Wallis P value 
is 8.5 ×  10−5. Direct comparisons using two-sided Mann–Whitney U test. 
Data are shown as mRNA expression levels normalized to epithelial cells, 
mean ±  s.e.m. from technical triplicates; Tgfb2 was undetectable (ND) in 
leukocytes. Note that in both settings, TGFB1 is expressed by all stromal 
cell types, TGFB2 and TGFB3 are mainly expressed by CAFs. Expression 
in epithelial cancer cells is comparatively low. c–h, Immunohistochemistry 
for TGFβ  target gene products in the TME of MTO138-derived liver 
metastases, representing two independent experiments (c, e, g), as well as 
for the inhibition of stromal TGFβ  signalling by galunisertib (d, f, h).  
c, d, Micrographs of sections of liver metastases stained for pSMAD2.  
e, f, Staining reveals expression of the TGFβ  target CALD1 exclusively in 
the metastatic TME. Treatment with galunisertib for three days abrogates 
expression of this cytoplasmic protein. g, h, Staining for the TGFβ  target 
IGFBP7, which is exclusively expressed in the metastatic TME. Treatment 
with galunisertib for three days abrogates expression of this secreted  
protein. Scale bars, 100 µ m.
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Extended Data Figure 8 | See next page for caption.
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Extended Data Figure 8 | Characterization of MTOs in metastatic 
experiments. a, Representative examples of GFP positivity measured 
by flow cytometry, indicating genetic recombination in the 
UBCcreERT2;Tgfbr2fl/fl genetic model (representative of three independent 
experiments). b, Liver metastases counted five weeks after intrasplenic 
injection of LAKP MTO54 or MTO220 and treatment from day 2 to day 
14 with galunisertib (red; n =  4 mice for MTO54 and n =  10 for MTO220) 
or control (blue; n =  5 mice for MTO54 and n =  10 for MTO220), 
mean ±  s.e.m., 95% confidence interval for MTO220 is (− 3–0), from a 
two-sided Mann–Whitney U test. c, Stromal TGFβ  activation markers 
in LAKP MTO liver tumours, both supporting the classification of these 
tumours as CMS4 (Fig. 1i) and explaining the efficacy of galunisertib in b; 
representative of two independent experiments. d, Number of nodules five 
weeks after injection of LAKP empty guide or LAKPS (LAKP +  S) MTOs 
and treatment with galunisertib (red) or control (blue), mean ±  s.e.m., 
95% confidence interval for LAKPS is (− 554 to − 176), n =  5 mice per 
condition; two-sided Mann–Whitney U test. e, Number of liver nodules 
(mean ±  s.e.m.) four weeks after intrasplenic injection of MTOs (either 
unlabelled or with mCherry–luciferase vector, or after CRISPR knockout of 
the mCherry–luciferase coding region for MTO138), after treatment. 95% 
confidence intervals are: for MTO93, (− 113−0), n =  5 mice per condition; 
MTO93-LUC: (− 104 to − 4), n =  5 control and n =  4 galunisertib; MTO140, 
(− 297 to − 21), n =  7 control and n =  5 galunisertib; MTO140-LUC, (− 251 
to − 21), n =  5 per condition; MTO138-LUC, (− 86 to − 8), n =  5 per 

condition; MTO138-KO-LUC, (− 70 to − 13), n =  7 per condition; two-
sided Mann–Whitney U test. f, Longitudinal intravital bioluminescence 
imaging (BLI) quantification (photons s−1, normalized to day 0) of an 
intrasplenic metastasis initiation experiment with MTO140 in C57BL/6J 
mice treated with galunisertib or control until day 14, n =  5 mice per 
condition. Points and lines represent individual mice, trend lines (bold) 
show a LOESS model with 95% confidence interval (grey band). 95% 
confidence interval for the difference at day 25: (− 222.7 to − 23.9), two-
sided Mann–Whitney U test. g, BLI (as in f) of a metastasis-initiation 
experiment with MTO138 in C57BL/6J mice, n =  24 control mice, n =  15 
galunisertib. h, BLI (as in f) of galunisertib treatment in intrasplenic 
liver colonization assays with MTO129 or MTO138, in C57BL/6J (n =  7 
mice per condition, except for MTO138 +  Gal, n =  11) or athymic nu/
nu mice (n =  5 per condition). Note the complete absence of treatment 
effect in the mice lacking functional T cells. i, Number of liver nodules 
(mean ±  s.e.m.) in mice intrasplenically injected with MTO129 and treated 
with galunisertib alone or with antibodies against CD4 or IgG control. 
95% confidence interval for galunisertib versus control is (− 79 to − 8), 
n =  5 mice per condition; two-sided Mann–Whitney U test. j, Number 
of liver nodules (mean ±  s.e.m.) after intrasplenic injection of MTO93 in 
syngeneic, Lgr5eGFP-creERT2 mice—from the colonies that gave rise to the 3×  
and 4×  genetic models—treated with galunisertib (red) or control (blue). 
95% confidence interval is (− 13 to − 1), n =  20 control mice and n =  25 for 
galunisertib; two-sided Mann–Whitney U test. Scale bars, 500 µ m.
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Extended Data Figure 9 | See next page for caption.
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Extended Data Figure 9 | Immune modulation by TGFβ in CRC. 
A human meta-cohort was used to analyse the interaction of TGFβ  
expression levels and T-cell-activation state. a, Expression signature 
ratio between active CD4 TH1 and naive CD4 T cells differs significantly 
between MSS and MSI patients. Standardized expression for individual 
patients and Tukey box plots; MSS, n =  981 samples; MSI, n =  198; two-
sided Wald test. b, c, Expression signature for naive CD4 T cells (b) and 
TH1-differentiated CD4 T cells (c) in patients with low, medium and high 
expression of TGFB1–TGFB3. Standardized expression for individual 
patients and Tukey box plots. P values (b): low versus medium (n =  327), 
1.7 ×  10−4; low versus high, 2.2 ×  10−16; medium versus high, 2.2 ×  10−16. 
P values (c): low versus medium, 0.0503; low versus high, 6.8 ×  10−14; 
medium versus high, 8.1 ×  10−8; n =  327 patient samples per group; two-
sided Wald test. The log-likelihood ratio test P value is 2.2 ×  10−16 for b 
and 2.3 ×  10−14 for c. d, TGFB1–3 mRNA expression levels predict poor 
prognosis. Hazard risk (HR) 95% confidence intervals are: low versus 
medium, (0.65–1.42); low versus high, (1.08–2.20); medium versus high, 
(1.12–2.32); n =  255 patient samples (low), n =  254 (medium) and n =  249 

(high); two-sided Wald test. e, f, Correlation between ratio of CD4 TH1 
versus naive CD4 signatures and TGFB1–3 mRNA expression levels (e) or 
expression of a FAP+ CAF signature (f) in n =  981 MSS patient samples. 
Pearson correlation coefficients are indicated; two-sided Wald test.  
g, Kaplan–Meier curves for relapse-free survival for patients according 
CD4 TH1-naive signatures ratio. Hazard risk 95% confidence intervals 
are: low versus medium (0.40–0.81), low versus high (0.37–0.78), medium 
versus high (0.64–1.41); n =  243 (low), n =  259 (medium) and n =  257 
(high); two-sided Wald test. h, Cell densities in micrometastases 10 days 
after injection, treated with vehicle (control, blue) or galunisertib (red); 
shown are individual MTO129 and MTO140 tumour values and mouse 
means (diamonds and triangles, respectively), together with group 
mean ±  s.e.m. derived from a mixed-effects linear model; n =  4 mice per 
condition (MTO129) and n =  6 for MTO140. i, Representative images of 
immunohistochemistry of the MTO140 micrometastases quantified in 
h. Mean cell densities (cells mm−2) are indicated. Images represent two 
independent experiments. Scale bars, 100 µ m.
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Extended Data Figure 10 | TGFβ inhibition and the tumour immune 
microenvironment. a–d, Densities of tumour-infiltrating lymphocytes in 
galunisertib (Gal, red) or control (blue) treated liver metastases derived 
from primary LAKTP MTOs (a), in treated orthotopically injected MTO-
derived primary cancers (b), in liver metastases in the UBCcreERT2;Tgfbr2fl/fl  
background compared to UBC+/+;Tgfbr2fl/fl control (c), or two days after 
start of treatment in established liver metastases (d; treatment started on  
day 14). Shown are individual tumours (grey circles, a, c, d), mouse 
means (squares, or triangles for MTO93, a), and group means ±  s.e.m. 

Data are analysed with a mixed-effects linear model; in (a) n =  5 (control) 
or n =  4 (galunisertib) mice per condition; in (b), n =  9 (control) or 
n =  8 (galunisertib) mice per condition; in (c), n =  5 (UBC+/+) or n =  7 
(UBCcreERT2;Tgfbr2fl/fl) mice per condition; and in (d), n =  6 mice per 
condition. e, Distribution of cell types within the PD-L1+ population 
(mean ±  s.e.m.) in microdissected tumours (euthanized at day 18, four 
days after treatment start); n =  3 mice. f, Myeloid cell types (gated for 
CD45/(CD11b and/or CD11c)) within the CD45+ PD-L1+ population. 
Mean ±  s.e.m. percentage of n =  3 mice.
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    Experimental design
1.   Sample size

Describe how sample size was determined. Experimental group sizes were practically associated to cage sizes (5 mice/cage) 
and treatment experiments were designed to have n >= 5 per group (1 or more 
cages) .

2.   Data exclusions

Describe any data exclusions. In the DSS/tam induction of the genetic model, 13% of mice died in the first 2 
weeks from DSS treatment and were excluded from analysis. 
One mouse was excluded from the Fig. 2f because it showed no recombination 
upon tamoxifen treatment. 
In the KM survival curve in Fig 2e, some cohorts of mice (Con and Gal) were 
sacrificed at endpoint of Con (metastasis-associated severe morbidity) for tumour 
nodule count. Fully cured Gal mice that were culled this way were censored from 
the survival plot (ticks). 
 

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

All experiments were reproducible.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

Because daily drug treatments were given as one type per cage (to avoid confusion 
and errors), we found the best way to randomize was to inject mice with tumour 
organoids in semi-random order: balanced among the predetermined treatment 
arms so as to not have any difference in cell viability but otherwise unpredictable 
to the person doing the injection.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

T (tumour) status scoring from H&E stained sections was performed by two 
blinded observers. 
As stated above, the investigator doing the injection was blinded to treatment arm. 
In addition, the technicians doing the daily drug administrations were blinded to 
the experiment design including groups. Data collection and analysis was not 
blinded.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

We used R (v3.4.2), RStudio (v1.1.383) and FIJI/ImageJ (v1.51d), and have custom 
codes that are available upon request. In addition, we used QuPath (v0.1.2), 
GraphPad Prism (v7.03), netWHCpan (v2.8), bwa (v bwa-0.7.4), Sambamba 
(v0.5.9), Picard (v1.128), GATK (v3.5), snpEff (v4.1), deconstructSigs (c1.8.0), Star 
(v2.3.0e), GeneAtlas, FlowJo (v10.4),

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

The MTO biobank established in this paper is available to the community upon 
request, subject to restrictions imposed by the original mouse strain MTAs. All 
other materials are readily available from indicated standard commercial sources.



TGF-β drives immune evasion in genetically reconstituted colon metastasis

87
3

nature research  |  life sciences reporting sum
m

ary
June 2017

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

Only commercial antibodies have been used: 
Rat αCD8α (YTS 169.4; BioXCell BE0117) or Rat αCD4α (GK1.5; BioXCell BE0003-1) 
or Rat IgG2b (LTF-2, BioXCell BE0090) isotype control antibodies were used for in 
vivo T cell depletion. All routinely validated and confirmed by flow cytometry 
analysis on peripheral blood (by us). 
Rat αPD-L1 (10F.9G2; BioXCell BE0101) or Rat IgG2b (LTF-2, BioXCell BE0090) 
isotype control antibodies were used for PD-1/PD-L1 therapy. Validation reported 
on supplier's website. 
 
For IHC, we used: Antibodies against CALD1 (Rabbit, Sigma, ref HPA008066; 1:250), 
IGFBP7 (Rabbit, Sigma, HPA002196; 1:200), phopsho-SMAD2 (rabbit, Cell Signaling, 
ref 3108; 1:50), CD4 (Rabbit, Sino Biological, ref 50134-R001; 1:1000), CD8 (Rabbit, 
Biorbyt, ref orb10325-200; 1:200), FoxP3 (Rabbit, Abcam, ref ab54501, 1:1000), T-
bet (Santa Cruz, ref sc-21003; 1:500), phospho-SMAD3 (Rabbit, Abcam, ref 
ab52903; 1:500) and PD-L1 (Cell Signalling, ref 16764988S; 1:25); staining o/n at 
4ºC. We used anti-GFP (Rabbit, Life Technologies, ref A11122; 1:500), anti-CD3 
(Rabbit, DAKO, ref. IS50330; 1:30), staining for 2h at room temperature. Antibodies 
were validated extensively by the provider (including westernblot analysis) and 
confirmed by the authors for specific localization and--in case of TGF-beta targets--
on modulation upon pathway inhibition in vivo. 
 
The following (routinely used and community-validated) antibodies were used for 
flow cytometry staining: anti-CD45 (clone 30-F11), anti-CD4 (clone GK1.5), anti-
aCD8 (clone 53-6.7), anti-CD69 (clone H1.2F3), anti-CD104b (PDGFRb, clone APB5), 
and anti-MHCII (clone M5/114.15.2) were obtained from eBioscience; Epcam 
(clone EBA-1), anti-CD3e (clone 145-2C11), anti-CD44 (clone G44-26), CD62L (clone 
MEL-14), anti-IFNγ (clone XMG1.2), anti-CD274 (PD-L1, clone MIH-5), and anti-Ly6C 
(clone AL-32)  were obtained from BD Pharmingen; anti-CD31 (clone 390) was 
obtained from Abcam; and anti-CD11b (clone M1/70), anti-CD11c (clone H418), 
anti-GZMB (GB11), anti-CD279 (PD-1, clone 29F.1A12), anti-CD8a (clone 53-6.7), 
anti-T-bet (clone 4B10), anti-Ly6G (clone 1A8) were obtained from BioLegend. 
Extra validation was performed by comparing expression in internal controls 
(known negative populations). 
 
For Westernblot, we used antibodies against SMAD4 (B-8, Santa Cruz, ref: sc7966) 
and actin (Abcam, ref: ab20272), validated on protein size and by knockout 
(SMAD4).

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. Mouse tumour organoids were derived from genetic models in our lab. 

MC38 and CT26 murine cell lines as well as L cells producing Wnt3a (L-Wnt3a) 
were obtained from the ATCC.

b.  Describe the method of cell line authentication used. Cancer cell lines used were exome sequenced. Wnt3a production was tested in a 
cellular reporter assay, sensitive to Wnt ligands.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Mycoplasma contamination was tested for (bi-monthly) and always negative.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

None were used
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    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

Genetic models: We used inbred (backcrossed) C57BL/6J mice in which we induced 
recombination at age 12-15 weeks, observing up to 1 year after induction or 
sacrificing upon severe morbidity. 
From tumours/polyps in this model we derived tumour organoids (MTOs) to study 
metastasis vastly more efficiently than otherwise possible with purely genetic 
(spontaneous) mouse models. Injection and transplantation of these MTOs was 
performed again in C57BL/6J hosts or in  BALB/c Nude mice, aged 7-8 weeks. (This 
age limit was made more flexible (7-10 weeks) when injecting in cohorts of genetic 
mice such as the UBC-creERT2;Tgfbr2-fl/fl or Lgr5-creERT2 hosts, to reduce total 
numbers of litters necessary.) Experimental mice were typically observed for 3-5 
weeks, but treatment survivors are being kept for over 1 year after injection.  
All mice were closely monitored by authors, facility technicians (during treatments) 
and by an external veterinary scientist responsible for animal welfare.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

No human research subjects.
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Flow Cytometry Reporting Summary
 Form fields will expand as needed. Please do not leave fields blank.

    Data presentation
For all flow cytometry data, confirm that:

1.  The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

2.  The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of 
identical markers).

3.  All plots are contour plots with outliers or pseudocolor plots.

4.  A numerical value for number of cells or percentage (with statistics) is provided.

    Methodological details
5.   Describe the sample preparation. Livers with tumours were removed, lobules (and in case of micro-

dissection: individual liver metastases) were carefully dissected and finely 
minced with scalpels. The tissue was enzymatically digested in 10 ml of 
DMEM supplemented with 10% FBS, 1% HEPES, sodium pyruvate, 
glutamine, streptomycin and penicillin and 0.1% β -mercaptoethanol 
(Gibco) and containing 1 mg/ml Collagenase A (Roche), 0.2 mg/ml Dispase 
II (Sigma) and 0.2 mg/ml DNAse I (Roche), during 25 min at 37ºC with 
rotation. The enzymatic reaction was quenched by the addition of 30 ml of 
ice-cold DMEM (10% FBS, supplement). Cell suspension was filtered 
through a 70 μm cell strainer (BD). The filter was washed with 10 ml of ice-
cold 10% FBS DMEM and the cells were pelleted at 280 g for 5 min at 4ºC. 
Lysis of erythrocytes was performed in Red Cell Lysis Buffer (RCLB, 155 
mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) during 4 min at room 
temperature and immediately washed with ice-cold 10% FBS DMEM, 
followed by filtration through a 70 μm cell strainer and centrifugation. 
Sequentially, cells were purified by centrifugation 30 min at 2,400 rpm in 
40/80 Percoll (Sigma) gradient. Cells were resuspended in DMEM (10% 
FBS, supplement; FACS buffer).

6.   Identify the instrument used for data collection. Flow cytometry analysis and cell separation were performed in a 
FACSAriaFusion flow cytometer (Beckton Dickinson). 

7.   Describe the software used to collect and analyze 
the flow cytometry data.

Data were analyzed using FlowJo software v10.4.

8.   Describe the abundance of the relevant cell 
populations within post-sort fractions.

Purity was not assessed

9.   Describe the gating strategy used. Figure 1g (MTO biobank generation): To sort Lgr5-GFP+ tumour cells, we 
gated: Cells/Single cells/Living cells/GFP+. Figures 2g, ED Figs 7b and 8a: To 
assess genetic recombination in the UbC-CreERT2; Tgfbr2fl/fl; R26mTmG 
model, or to sort tumour cell populations, we gated: Living cells/Cells/
Single cells/PDGFRb+ (CAFs). From the negative population, we followed: 
Endothelial cells CD31+/CD45- and Leukocytes CD31-/CD45+, further 
refined to small size and good viability. Figure 3c-d: T-cell activation 
markers were assessed inside: Living cells/Cells/Single cells, than CD45+/
CD3+, then CD4+/CD8- or CD4-/CD8+. Figure 3e and 4g: T-cell cytokine 
levels were assessed inside: Living cells/Cells/Single cells/CD45+/CD3+/
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NK1.1-, then CD4+/CD8- or CD8+/CD4-. Figure 3f: CD8+ T cells were sorted 
using gates: Living cells/Cells/Single cells/CD45+/CD19-/MHCII-/CD3+/
CD4-/CD8+. Figure 4b: PD-1 expression was assessed inside: Living cells/
Cells/Single cells/CD45+/CD3+, then CD4+/CD8- or CD8+/CD4-. Figure 4d 
and ED Fig 10e: PD-L1 populations were determined using: Living cells/
Cells/Single cells/PD-L1+.  Within these we measured for CAFs (PDGFRb+/
Epcam-) or Epithelial cells (PDGFRb-/Epcam+). From the double-negative 
population, we followed: Endothelial cells (CD31+/CD45-) and Leukocytes 
(CD45+/CD31-). Fig. 4d: PD-L1 was measured inside Living cells/Cells/Single 
cells/CD45+. Figure 4f: For T-cell activation markers we gated: Living cells/
Cells/Single cells/CD45+/CD3+/NK1.1-, then CD4+/CD8- or CD8+/CD4-. ED 
Fig. 10f: Myeloid populations were assessed inside: Living cells/Cells/Single 
cells/CD45+/PD-L1+/Ly6G-/Ly6C+/CD11b+. 

 Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Supplementary Discussion 
The	mutant	mice	and	MTOs	described	herein	are	models	to	study	poor	prognosis	human	
MSS	CRC.	Mutations	 in	 the	 four	driver	pathways	render	 tumour	cells	 independent	of	 ISC	
niche	factors,	a	feature	that	enables	autonomous	growth	in	unfavourable	environments	such	
those	encountered	by	disseminated	tumour	cells	in	foreign	organs	as	previously	observed1–
4. We	 found	 that	 malignancy	 co‐evolves	 with	 changes	 in	 the	 TME	 reminiscent	 of	 those
associated	to	poor	prognosis	CRCs	such	as	T	cell	exclusion5,6	and	prominent	recruitment	of
TGF‐beta	 activated	 CAFs7,89.	 The	 finding	 that	 the	 penetrance	 of	 metastasis	 is	 ultimately
modulated	by	 the	TME	supports	previous	studies	 indicating	 that	 features	of	 the	 immune
system	 and	 the	 tumour	 stroma	 can	 help	 prognosticate	 the	 evolution	 of	 the	 disease	 in
patients5,7,9,10.	Recent	consensus	molecular	classifications	of	CRC	revealed	the	existence	of	a
poor	prognosis	patient	subset	‐	CMS4	‐	characterized	by	prominent	desmoplastic	reaction,
high	TGF‐beta	levels	and	expression	of	signatures	that	indicate	immunosuppression8,11.	We
show	triple	and	quadruple	mutant	MTOs,	when	grown	orthotopically,	can	be	classified	as
CMS4	CRCs.	It	is,	however,	important	to	consider	that	frequency	of	genetic	alterations	in	the
main	driver	genes	does	not	substantially	differ	between	CMS2,	CMS3	and	CMS4	subtypes
(the	three	subtypes	that	encompass	most	of	the	MSS	patients)8,	implying	that	genotype	–	or
at	 least	 mutations	 in	 the	 key	 oncogenes	 and	 tumor	 suppressor	 that	 modulate	 CRC
progression	‐	does	not	completely	define	molecular	subtypes.	It	remains	vital	to	characterize
which	other	features	and	processes	drive	the	acquisition	of	a	TGF‐beta	activated	TME.
It	has	been	proposed	that	MSS	CRCs	are	immunologically	cold	due	to	low	mutational	burden	
and	 therefore	 that	 they	are	unlikely	 to	benefit	 from	 immune	 therapies12.	 In	 contrast,	we	
found	that	metastatic	cells	from	this	class	of	CRCs	can	be	effectively	killed	by	the	adaptive	
immune	system	through	a	CTL‐dependent	process,	which	CRC	cells	avert	by	raising	TGF‐
beta	levels.	This	finding	provides	a	rationale	for	the	overarching	association	between	TGF‐
beta‐driven	gene	programmes	in	the	TME	and	poor	prognosis	in	CRC5,7,8,10,13.	We	described	
two	 TGF‐beta‐driven	 mechanisms	 that	 cooperatively	 dampen	 immune	 responses.	 First,	
TGF‐beta	impacts	directly	on	the	capacity	of	T	cells	to	mount	a	robust	adaptive	anti‐tumor	
response.	We	observed	a	tight	association	between	lack	of	T	cell	differentiation	towards	a	
Th1	effector	phenotype	and	TGF‐beta	levels	in	CRCs.	In	line	with	this	finding,	mice	deficient	
for	 Tgfbr2	 in	 T	 cells	 develop	 an	 early	 onset	 autoimmune	 syndrome	 characterized	 by	
premature	 differentiation	 of	 naïve	 CD4+	 T	 helper	 cell	 to	 a	 Th1	 phenotype14,15.	Mice	 that	
express	a	dominant	negative	Tgfbr2	 in	T	cells	showed	improved	T‐cell	 responses	against	
melanoma	and	thymoma	cell	lines16.	The	expression	of	T‐bet,	the	master	transcription	factor	
to	drive	the	Th1	effector	phenotype,	is	directly	repressed	by	TGF‐beta	signalling17.	TGF‐beta	
signalling	 also	 inhibits	 CD8+	T	 responses	 to	 T	 cell	 receptor	 stimuli18–20.	 In	 addition,	 the	
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immunosuppressive	TME	imposed	by	TGF‐beta	is	likely	the	result	of	a	coordinated	effect	on	
multiple	immune	and	non‐immune	cell	types10.	
Second,	our	data	also	reveal	that	a	TGF‐beta‐activated	TME	excludes	T	cells	from	tumours,	
a	phenomenon	that	characterizes	MSS	CRCs	as	well	as	many	other	cancer	types5,21,22.	The	
mechanisms	 of	 immune	 exclusion	 remains	 poorly	 understood	 but	 it	may	 occur	 through	
direct	action	of	TGF‐beta	on	T	cells	or/and	indirectly	through	regulation	of	certain	cytokines	
and	 extracellular	 matrix	 proteins	 by	 TME	 components	 such	 as	 CAFs	 and	 endothelial	
cells23,24.	Nevertheless,	facilitating	T	cell	infiltration	through	TGF‐beta	inhibition	appears	a	
pre‐requisite	 for	enabling	anti‐tumour	responses	by	 the	adaptive	 immune	system.	 In	 the	
particular	case	of	CRC,	blockade	of	immune	exclusion	by	Galunisertib	is	sufficient	to	confer	
susceptibility	 to	 PD1/PDL1	 checkpoint‐based	 therapies,	 a	 strategy	 that	may	 have	 broad	
application	 for	 treatment	 of	 multiple	 cancer	 types	 that	 thrive	 in	 a	 TGF‐beta	 rich	
environment.	Our	 findings	can	also	be	 interpreted	such	that	TGF‐beta‐mediated	 immune	
evasion	operates	hierarchically	upstream	of	the	PD1/PD‐L1	inhibitory	checkpoint.		
Whereas	 future	 studies	 should	 be	 aimed	 at	 dissecting	 the	 relevance	 of	 each	 of	 these	
responses	 for	CRC	immune	evasion,	our	results	 immediately	suggest	 the	use	of	TGF‐beta	
signalling	 inhibitors	 as	 immunotherapy	 (possibly	 in	 combination	 with	 other	
imunnotherapies25)	 for	 patients	 with	 metastastatic	 CRC	 and	 in	 particular	 with	 poor	
prognosis	CMS4	tumours.	The	tumour	suppressor	role	of	TGF‐beta	in	epithelial	cancer	cells	
has	warned	against	the	use	of	TGF‐beta	inhibitors	for	cancer	therapy10.	Yet,	we	show	that	
mice	 bearing	 metastases	 with	 an	 intact	 TGF‐beta	 pathway	 are	 eradicated	 by	 TGF‐beta	
inhibition	implying	that	benefits	of	unleashing	the	immune	system	prevails	in	this	setting	
and	that	TGF‐beta	based‐immunotherapies	may	be	safe	in	a	broad	range	of	CRC	patients.	
Finally,	although	our	experiments	demonstrate	a	dependency	on	a	TGF‐beta‐activated	TME	
during	 metastasis	 formation,	 it	 remains	 to	 be	 proven	 that	 these	 results	 truly	 reflect	
therapeutic	potential	to	eliminate	residual	CRC	cells	present	in	AJCC	Stage	II	and	Stage	III	
CRC	patients	after	surgical	removal	of	the	primary	tumour.	At	present	there	is	lack	of	CRC	
models	that	faithfully	reproduce	disease	relapse	after	therapy.			
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Supplementary Methods 
Cell lines 
Murine	cell	lines	MC38,	CT26	and	L‐Wnt3a	were	obtained	from	ATCC	and	cultured	in	DMEM	
with	 10%	 FBS.	 For	MC38	 and	 CT26,	 gDNA	 and	mRNA	was	 harvested	 from	 trypsinized,	
cultured	cells	and	exome/RNA	sequenced	with	the	same	protocols	as	for	MTOs.	Cell	lines	
were	regularly	tested	for	mycoplasma	contamination.	
In vitro crypt niche factor dependency assays 
Starting	with	full	MTO‐medium	(above),	we	used	combinations	leaving	out	components,	or	
adding	 5	 ng/ml	 recombinant	 human	 TGF‐β1	 (Peprotech)	 while	 removing	 galunisertib	
(+TGFB1).	 Wildtype	 normal	 intestinal	 organoids	 were	 obtained	 from	 a	 naïve	 C57BL/6J	
mouse,	using	the	crypt	shaking	method5,	and	cultured	in	MTO‐medium	supplemented	with	
1	μg/ml	RSPO‐1	and	50%	v/v	Wnt3a‐CM.	MTOs	were	never	cultured	with	either	supplement	
and	WT	organoids	did	not	survive	in	MTO‐medium	without	them.	RSPO‐1	was	produced	in‐
house6	 and	 Wnt3a‐CM	 (from	 L‐Wnt3a	 cells)	 was	 produced	 and	 tested	 according	 to	
previously	described	methods7.		
For	 Fig.	 1h:	MTOs	were	 seeded	 in	 standard	 48well	 plates	 in	 triplicate	 as	 single	 cells	 and	
growth/death	 was	 manually	 scored	 at	 day	 2,	 4	 and	 6.	 Pictures	 were	 taken	 on	 day	 5.	
Sensitivity	was	defined	as	difference	in	growth/survival	compared	to	the	control.	This	was	
assessed	both	manually,	where	3	was	the	maximum	level	(0	vs	+++),	or	using	automated	
imaging	(Olympus	CellR/ScanR	multiwell	plate	scanner;	individual	wells	were	scanned	in	a	
5x4x8	(x‐y‐z)	matrix)	followed	by	ImageJ8	analysis	(Raw	images	were	projected,	stitched	
and	analysed	for	automated	organoid	counting	by	ImageJ	macros	written	by	Anna	LLado	
and	Sébastien	Tosi	(IRB	Barcelona	ADM	core	facility);	the	result	is	shown	in	Extended	Data	
Fig.	3a).	Although	the	analyses	were	in	high	concordance,	the	heatmap	is	composed	of	data	
from	the	former.	For	each	genotype,	between	3	and	7	MTOs	were	analysed,	p‐values	were	
calculated	using	the	0‐3	sensitivity	scores:	for	the	LA‐LAKTP	EGF	comparison	p=0.0001,	for	
the	LA‐LAKTP	TGFB1	comparison:	p<0.0001,	and	for	the	LAK‐LAKTP	TGFB1	comparison:	
p=0.0010	(two‐sided	MWW	tests).	Data	were	analysed	and	represented	using	R	(v	3.4.2)9,	
RStudio	(v	1.1.383)	and	the	ggplot2	package	(v	2.2.1)10.		For	diameter	calculations,	organoid	
sphericality	was	assumed.		
Whole exome sequencing  
Genomic	DNA	was	harvested	from	cultured	MTOs	(median	passage	5),	as	well	as	from	mouse	
tail	 fragments,	and	purified	using	 the	GenElute	kit	 (Sigma).	Library	prep	was	done	using	
NebNext	Ultra	and	the	exome	selection	was	done	using	SeqCapEZ	developer	(4	 reaction,	
110624_MM9_exome_	L2R_D02_EZ_Hx1;	Cat.	No.	06740278001,	NimbleGen‐Roche).	Exome	
enrichment	reaction	was	done	in	pools	of	5	or	6	libraries.	Sequencing	was	done	HiSeq2500,	
Paired	End,	125nts	(2x125,	v4);	one	lane	per	pool.		
Reads	preprocessing:	Paired	 end	 reads	were	 aligned	 to	 the	mm10	 version	of	 the	mouse	
genome	 using	 the	mem	 algorithm	 implemented	 in	 the	 bwa	 software11	 (bwa‐0.7.4)	 with	
default	 parameters.	 SAM	 files	 were	 sorted	 and	 indexed	 using	 Sambamba	 (v0.5.9;	
http://lomereiter.github.io/sambamba/)	 and	 duplicated	 reads	 removed	 with	 the	 Picard	
software	 (v1.128;	 https://github.com/broadinstitute/picard).	 Read	 qualities	 were	
recalibrated	using	the	Genome	Analysis	Tool	Kit	(GATK,	v3.5)12.		
Somatic	 SNP	 and	 INDEL	 calling:	 For	 each	 control‐sample	 pair	 processed	 BAMs	 were	
compared	using	MuTect2	from	GATK	with	default	parameters.	No	extra	filtering	was	applied	
other	 than	 the	 PASS/REJECT	 call	 from	 the	 Mutect2	 algorithm.	 We	 decided	 to	 include	
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mutations	 marked	 as	 “clustered_events”	 since	 some	 positive	 controls	 (e.g.	 Kras	 (G12V)	
mutation	in	CT26)	were	otherwise	excluded.	Resulting	VCF	files	were	annotated	with	snpEff	
(v4.1)13.	Somatic	mutation	load	was	computed	with	respect	to	the	total	 length	of	the	non‐
overlaping	regions	captured	in	the	exome	capture	kit.	
We	constructed	mutational	 signatures	using	 the	 somatic	mutations	 found	 in	 each	of	our	
samples.	We	normalized	by	 the	overall	 trinucleotide	 frequency	 in	 the	mouse	exome	and	
compared	against	the	human	mutational	signatures14	using	the	algorithm	implemented	in	
the	deconstructSigs	software	(v1.8.0)15.	We	removed	signature	"1B"	from	the	initial	set	since	
it	has	been	reported	to	be	a	linear	combination	of	signatures	1	and	516.	
RNA sequencing  
mRNA	was	harvested	 from	cultured	MTOs	and	purified	using	 the	Ambion	PureLink	RNA	
mini	kit	(Life	Technologies).	Library	prep	was	done	using	the	Illumina	kit	Truseq	Stranded	
mRNA	Sample	Prep	kit.	Sequencing	was	done	on	the	HiSeq	2500,	Paired	End,	50nts	(2x50,	
v4)	with	pools	of	8‐10	samples	(one	pool	per	lane).	Paired	end	reads	were	aligned	to	the	
mm10	version	of	 the	mouse	genome	using	 the	Star	software	 (v2.3.0e)17.	Expression	was	
estimated	 using	 the	 R	 package	 casper18.	 The	 full	 expression	 matrix	 was	 normalized	 by	
quantiles.	
Neoantigen prediction 
Affinity	prediction	in	mouse	samples:	SNVs	annotated	as	non‐synonymous	or	nonsense	and	
inframe	 insertions	 or	 deletions	 were	 selected	 for	 each	 sample.	 Protein	 sequences	 were	
downloaded	 from	 Biomart	 using	 the	 biomaRt	 package19	 and	 the	 "mmusculus_gene_	
ensembl"	dataset	available	on	July	2017.	A	peptide	including	10	bases	up	and	downstream	
from	 the	 alteration	 was	 extracted	 from	 the	 canonical	 protein	 associated	 with	 the	
corresponding	 gene.	 Resulting	 peptides	 matching	 any	 other	 annotated	 protein	 were	
discarded	 from	 the	 dataset.	 MHC	 haplotypes	 for	 the	 C57BL	 (haplotype	 b)	 and	 BalbC	
(haplotype	 d)	 mouse	 strains	 were	 obtained	 from	 the	 Affymetrix	 eBioscience	 mouse	
haplotype	table	[http://tools.thermofisher.com/content/sfs/brochures/Mouse_Haplotype_	
Table.pdf].	All	 samples	 in	 the	mouse	cohort	belong	 to	 the	C57BL/6J	strain	except	 for	 the	
CT26	 cell	 line,	 which	 has	 been	 reported	 as	 BalbC20.	 Peptides	 and	 the	 corresponding	
haplotypes	for	each	sample	were	submitted	to	the	netMHCpan	affinity	prediction	software	
(v2.8)21.		
Human	colorectal	cancer	mutations	and	neoantigens	database:	Total	number	of	mutations	
and	predicted	neoantigens	for	human	colorectal	cancer	(CRC)	samples	were	downloaded	
from	[https://tcia.at/neoantigens].	Samples	were	classified	as	MSS	or	MSI	according	to	the	
TCGA	consortium22.	As	well	as	for	mouse,	neoantigens	in	the	CRC	database	were	predicted	
using	the	netMHCpan	software.	
Affinity	thresholds	in	mouse	and	human	predictions:	In	order	to	find	comparable	thresholds	
between	 human	 and	 mouse	 affinity	 values,	 we	 generated	 600,000	 predictions	 from	 12	
human	haplotypes	and	random	peptides.	We	found	good	equivalence	between	a	cutoff	of	
500nM	and	a	2%	rank	threshold,	which	has	been	used	to	filter	the	mouse	dataset.	
Neoantigen	filtering:	The	CRC	predicted	neoantigens	were	filtered	by	a	maximum	affinity	of	
500nM	and	minimum	expression	of	0	(log2)	RPKM23.	Neoantigens	in	mouse	samples	were	
filtered	with	the	following	criteria:	2%	Rank	affinity	as	reported	by	netMHCpan	and	0	RPKM	
of	the	mean	expression	of	all	available	replicates	for	the	corresponding	gene.	
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Lentiviral infection of MTOs 
For	bioluminescent	tracking,	MTOs	were	infected	with	a	lentivirus	encoding	an	mCherry‐
firefly	 luciferase	 fusion	 reporter	 construct,	 followed	 by	 an	 IRES‐Zeocin	 or	 IRES‐Puro	
resistance	cassette3,	cloned	under	control	of	the	Ubiquitin	promotor	in	a	FUW	vector24.	Virus	
was	produced	using	packaging	constructs	in	HEK293T	cells	in	DMEM	10%	FBS	medium,	and	
filtered.	Trypsinized	organoids	(single	cells)	were	suspended	in	ultra‐low	attachment	plates	
(Corning)	in	MTO‐medium	and	treated	with	successive	rounds	of	infection	(adding	virus‐
containing	medium	50%	v/v)	 in	 the	presence	of	8	µg/ml	polybrene.	After	a	week,	MTOs	
were	put	back	in	BME	drops	and	selected	with	50	μg/ml	zeocin	or	0.5‐1	μg/ml	puromycin	
(InvivoGen).	After	2‐3	weeks,	selected	cells	were	sorted	for	mCherry	expression.		
Tumour dynamics with Bioluminescence imaging 
Growth	kinetics	of	luciferase‐expressing	MTOs	were	tracked	with	in	vivo	bioluminescence,	
using	 an	 IVIS‐Spectrum	 (Perkin	 Elmer)	 imager.	 Animals	 were	 anesthetized	 with	 2.5%	
isofluorane	and	received	a	retro	orbital	injection	with	50	ul	D‐luciferin	at	15	mg/ml	(Resem	
BV).	 Mice	 were	 shaved	 before	 every	 measurement	 using	 electrical	 trimmers.	 For	
quantification,	two	or	more	images	per	mouse	(typically	in	the	0.5‐60s	exposure	range,	bin	
4‐16)	were	averaged,	quantifying	the	total	flux	(photons	s‐1)	of	a	ROI	spanning	the	abdomen	
(IC)	or	lower	thorax	and	upper	abdomen	(IS).	Values	were	normalized	per	mouse	on	the	
value	on	day	0,	measured	5	min	after	 injection.	Data	were	processed	and	visualized	with	
R/RStudio9	and	ggplot210.	Depicted	are	 longitudinal	curves,	 connecting	measurements	of	
individual	mice,	and	the	group	smooth	(LOESS,	span	=	0.5)	with	95%	confidence	interval.	
LOESS	stands	for	locally	weighted	regression	and	is	a	non‐parametric	regression	method	
analogous	to	a	moving	average	in	time25.		
Patient data analysis: Transcriptomic datasets 
In	this	study,	we	used	five	Affymetrix	microarray	datasets	publicly	available	in	the	NCBI	GEO	
repository,	which	include	gene	expression	and	clinical	information	from	a	total	of	1.194	CRC	
patients:	briefly,	GSE1433326	contains	a	pool	of	290	patients	with	CRC	treated	at	2	different	
hospitals:	 the	 Peter	MacCallum	 Cancer	 Centre	 (Australia)	 and	 the	 H.	 Lee	Moffitt	 Cancer	
Center	 (United	 States);	 the	 GSE3311327	 data	 set	 includes	 90	 patients	with	 AJCC	 stage	 II	
disease	 collected	 at	 the	 Academic	 Medical	 Center	 in	 Amsterdam	 (the	 Netherlands);	
GSE3958228	includes	expression	and	clinical	data	for	566	patients	with	CRC	collected	for	the	
Cartes	d'Identité	des	Tumeurs	(CIT)	program,	 from	the	French	Ligue	Nationale	Contre	 le	
Cancer;	 GSE3782	 (https://www.ncbi.nlm.nih.gov/geo/query/	 acc.cgi?acc=GSE37892,	
accessed	20/10/2016)	is	a	series	of	stage	II	and	III	CRC	patients	collected	at	five	different	
hospitals	 from	 France	 (Marseille	 La	 Timone,	 Nice	 Lacassagne,	 Marseille	 Institut	 Paoli‐
Calmettes,	 Paris	 Lariboisiare,	 Nancy	 Brabois	 and	 Paris	 Saint‐Antoine);	 and	 GSE3883229	
contains	 transcriptomic	 and	 clinical	 information	 from	127	patients	 treated	 at	 the	H.	 Lee	
Moffitt	Cancer	Center	(United	States).	In	order	to	facilitate	the	integration	of	the	datasets,	
samples	 from	 centres	 contributing	 with	 less	 than	 10	 samples	 (GSE37892:	 Marseille	 La	
Timone	and	Nancy	Brabois;	GSE38832:	Nashville	Veterans	Affaires	Medical	Center)	were	
excluded,	leaving	a	total	of	1.179	samples	for	downstream	analyses.	
Patient data analysis: Microarray processing 
Processing	of	microarray	samples	was	carried	out	separately	for	tumour	samples	of	each	
dataset	 using	 packages	 affy30	 and	 affyPLM31	 from	 Bioconductor32.	 Raw	 CEL	 files	 were	
normalized	 using	 RMA	 background	 correction	 and	 summarization33.	 Standard	 quality	
controls	 were	 performed	 in	 order	 to	 identify	 abnormal	 samples34	 regarding:	 a)	 spatial	
artefacts	 in	 the	hybridization	process	 (scan	 images	and	pseudo‐images	 from	probe	 level	
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models);	b)	intensity	dependences	of	differences	between	chips	(MvA	plots);	c)	RNA	quality	
(RNA	 digest	 plot);	 d)	 global	 intensity	 levels	 (boxplot	 of	 perfect	 match	 log‐intensity	
distributions	before	and	after	normalization	and	RLE	plots);	e)	anomalous	intensity	profile	
compared	 to	 the	 rest	 of	 samples	 (NUSE	plots,	 Principal	 Component	Analyses).	 Technical	
information	 concerning	 samples	 processing	 and	 hybridization	 was	 retrieved	 from	 the	
original	CEL	files:	date	of	scanning	were	collected	in	order	to	define	scan	batches	in	each	
dataset	 separately;	 technical	 metrics	 described	 by	 Eklund	 AC	 and	 Szallasi	 Z35	 were	
computed	and	recorded	as	additional	 features	 for	each	sample.	Probeset	annotation	was	
performed	 using	 the	 information	 available	 in	 Affymetrix	 web	 page	 (Affymetrix	 Analysis	
Center.	Netaffx.	https://www.affymetrix.com/analysis/	index.affx,	accessed	07/27/2016).	
Each	dataset	was	a‐priori	corrected	by	potential	sources	of	bias	due	to	technical	variability.	
For	doing	so,	a	linear	model	was	fitted	to	each	gene	and	dataset	separately	including	centre,	
three	Eklunds'	metrics	(PM	IQR,	RMA	IQR	and	RNA	DEG),	scanning	day	and	the	interaction	
between	centre	and	Eklunds'	metrics.	This	correction	was	carried	out	using	a	mixed‐effect	
model	in	which	gender,	age	at	diagnosis,	tumour	location	and	microsatellite	instability	(MSI)	
status	were	also	 included	as	covariates,	when	available.	Scanning	day	was	modelled	as	a	
random	 effect	 in	 these	models.	 The	 five	 transcriptomic	 datasets	were	 then	merged	 in	 a	
unique	expression	matrix	after	applying	quantile	normalization36.	Finally,	expression	data	
from	each	dataset	was	standardized	at	probeset	level	using	GSE39582	as	a	reference;	for	
each	 dataset	 and	 probeset,	 we	 selected	 randomly	 a	 subset	 of	 samples	 from	 GSE39582	
matching	the	same	clinical	characteristics	regarding	gender,	age,	tumour	location	and	MSI,	
and	then	centred	and	scaled	the	dataset	according	to	these	parameters.		
Patient data analysis: MSI imputation 
MSI	 status	 was	 imputed	 in	 each	 dataset	 separately,	 based	 on	 the	 expression	 of	 genes	
included	 in	 a	published	 transcriptomic	 signature37.	 For	doing	 so,	 clustering	 analysis	was	
performed	 on	 this	 signature	 via	 non‐parametric	 density	 estimation38,39.	 Accuracy	 of	 this	
imputation	 was	 evaluated	 in	 dataset	 GSE39582,	 which	 included	 annotation	 of	
microsatellite‐stable	(MSS)	and	‐instable	(MSI)	samples	in	their	clinical	information	(97%	
and	80%	accuracy	for	MSS	and	MSI	samples,	respectively).
Patient data analysis: Signatures summarization 
To	summarize	the	signatures	analysed	in	this	work,	Z‐scores	were	computed	for	each	gene	
and	 each	 sample	 in	 the	 unique	 corrected	 expression	matrix,	 which	were	 then	 averaged	
across	all	genes	included	in	the	profile.	The	resulting	score	was	centred	and	scaled	across	
samples.	
Patient data analysis: CD4 Th1 and Naive signatures 
In	order	to	obtain	CD4	naive	and	CD4	th1	profiles,	we	carried	out	a	differential	expression	
analysis	on	gene	expression	dataset	GSE2288640.	Analyses	were	performed	separately	for	
HG‐133A	 and	 HG‐133B	 platforms	 using	 a	 linear	 model	 with	 empirical	 shrinkage41	 as	
implemented	in	 limma	R	package31.	We	defined	the	CD4	naive	signature	to	include	genes	
that	are	at	least	3	fold	upregulated	both	in	CD4	naive	vs.	Th1	and	in	CD4	naive	vs.	Th2,	and	
Benejamini	 and	 Hochbergs’	 False	 Discovery	 Rate	 (FDR)42	 <	 5%	 in	 both	 comparisons.	
Similarly,	 the	 CD4	 Th1	 signature	 included	 genes	 that	 were	 at	 least	 3	 fold	 upregulated	
compared	to	CD4	naive,	and	limma	FDR	<	5%.	These	signatures	were	summarized	as	scores	
as	described	in	the	previous	sections.	Relative	expression	of	Th1	and	Naive	cells	were	then	
measured	by	means	of	the	difference	of	these	scores,	which	corresponds	to	a	log‐ratio	in	the	
original	scale	of	the	microarray	intensities.	
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Patient data analysis: Association analyses 
To	test	the	association	between	expression	profiles,	a	mixed‐effect	model	was	fitted	to	each	
gene/signature	 independently	 in	 which	 scan	 day	 was	 included	 as	 a	 random	 effect,	 and	
centre,	Eklunds'	metrics	and	the	interaction	between	both	were	introduced	as	covariates.	
Association	was	assessed	using	the	corresponding	Wald	and	Likelihood	Ratio	Test	(LRT)	
provided	by	the	linear	model.	As	measure	of	association	and	for	continuous	variables,	we	
computed	the	Pearson's	Correlation	Coefficient	after	correction	by	technical	effects	using	
the	mixed‐effect	model	described	in	the	previous	section;	for	categorical	variables,	adjusted	
group	means	and	corresponding	intervals	at	95%	confidence	were	calculated.	Association	
with	Cancer	Associated	Fibroblasts	(CAFs)	was	assessed	using	a	FAP	signature	derived	from	
human	CRC	sorted	cells	(see	section	Gene	expression	in	tumour	cell	populations).	To	assess	
association	with	overall	TGFB	levels,	a	signature	was	created	using	microarray	probesets	
203085_s_at,	220406_at	 and	209747_at,	 respectively,	as	 these	probesets	correlated	better	
with	measurements	of	TGB1,	TGFB2	and	TGFB3	obtained	by	qRT‐PCR	data3.	When	assessing	
correlation	between	TGF‐beta	and	any	signature,	probesets	mapping	to	TGFB1,	TGFB2	or	
TGFB3	were	previously	excluded	from	the	later.	For	visualization	purposes,	scatter	plots	and	
boxplots	were	yielded	using	the	technical	adjusted	values	for	expression	intensities.		
The	estimates	of	the	association	between	Th1	and	Naive	cells	ratios	and	the	TGF‐beta	and	
the	FAP	signatures	were	compared	with	the	overall	trend	observed	in	the	whole	genome.	
For	doing	so,	we	generated	a	null	distribution	for	the	correlation	coefficients	between	TGF‐
beta	and	the	scores	derived	for	random	signatures.	We	randomly	selected	the	same	number	
of	genes	as	those	corresponding	to	the	original	naïve	and	Th1	signatures	and	computed	the	
score's	ratio.	TGF‐beta	probes	were	excluded	for	the	TGF‐beta	correlation	analysis.	Bilateral	
p‐values	were	computed	from	10,000	repetitions.	The	threshold	for	statistical	significance	
was	 set	 at	 5%.	 All	 these	 analyses	 were	 carried	 out	 using	 the	 R9,31	 packages	 lme443	 and	
lmerTest44.	
Patient data analysis: Survival analyses 
Association	with	metastasis	was	evaluated	using	a	frailty	Cox	proportional	hazards	model	
as	previously	described45	and	implemented46.	Statistical	significance	was	assessed	by	means	
of	a	Log‐likelihood	Ratio	Test	(LRT),	while	Wald	tests	were	used	for	pairwise	comparisons	
when	necessary.	Association	of	expression	intensities	was	evaluated	as	continuous	variables	
assuming	a	linear	relationship	with	the	logarithm	of	the	relative	risk.	Sample	groups	of	low,	
medium	 and	 high	 expression	 levels	 were	 defined	 using	 the	 tertiles	 of	 the	 intensity	
distribution	after	correction	by	technical	effects,	as	described	in	the	previous	section.	When	
evaluating	 expression	 intensities,	 technical	 effects	 were	 included	 in	 the	 models	 as	
covariates.	In	an	analogous	way	to	the	correlation	analyses,	scan	batch	was	included	as	a	
random	effect	in	the	frailty	Cox	models.	Hazard	Rations	(HR)	and	their	corresponding	95%	
confidence	intervals	were	computed	as	a	measure	of	association.	For	visualization	purposes,	
Kaplan‐Meier	curves	were	estimated	for	groups	of	tumours	showing	low,	medium	and	high	
gene	or	signature	expression.	Only	samples	from	patients	diagnosed	in	stages	I,	 II	and	III	
were	taken	into	consideration	for	these	analyses.	The	threshold	for	statistical	significance	
was	set	at	5%.	All	analyses	were	carried	out	using	R9,31.		
To	 compare	 the	 risk	 estimations	 with	 the	 general	 trend	 observed	 in	 the	 dataset,	 we	
generated	a	null	distribution	in	the	same	way	described	in	the	previous	section.	As	with	the	
original	 signature,	 a	 Cox	model	was	 used	 to	 compute	 the	 statistic	 of	 the	 three	 pairwise	
comparisons	 for	 random	 scores	 and	 a	 bilateral	 p‐value	 was	 computed	 from	 10,000	
repetitions.	
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MTO‐derived whole tumour expression data 
cDNA	Library	preparation	and	amplification	were	performed	with	 the	WTA2	kit	 (Sigma‐
Aldrich)		from	25	ng	of	starting	material.	The	cDNA	was	amplified	for	17	cycles	and	purified	
using	PureLink	Quick	PCR	Purification	Kit	 (Invitrogen).	Quantification	of	amplified	cDNA	
was	done	on	a	Nanodrop	ND‐1000	spectrophotometer	(Thermo‐Fisher	Scientific,	Waltham,	
MA,	 USA).	 8.5	 ug	 of	 the	 cDNA	 from	 each	 sample	 was	 fragmented	 and	 labelled	 with	 the	
GeneChip	Mapping	250	K	Nsp	assay	kit	(Affymetrix).	Hybridization	was	performed	using	the	
GeneAtlas	Hyb,	Wash	and	Stain	Kit	for	3'	IVT	arrays.	Samples	were	denatured	at	96°C	for	10	
min	 prior	 to	 incubation	 in	 the	 Affymetrix	 GeneAtlas	 Mouse	 MG‐430	 PM	 Array	 Strip.	
Hybridization	 was	 performed	 for	 16	 h	 at	 45	 °C	 in	 the	 GeneAtlas	 Hybridization	 Oven.	
Washing	 and	 Stain	 steps	 after	 hybridization	 were	 performed	 in	 the	 GeneAtlas	 Fluidics	
Station,	 following	 the	 specific	 script	 for	Mouse	MG‐430	PM	Arrays.	Arrays	were	scanned	
with	 GeneAtlas	 Scanner	 using	 default	 parameters,	 and	 the	 generation	 of	 Cel	 files	 for	
bioinformatics	analysis	was	done	with	GeneAtlas	software	(all	Affymetrix).	
As	 for	 human	 transcriptomic	 datasets,	 CEL	 files	 from	 organoids‐derived	 mice	 whole	
tumours	 were	 normalized	 with	 RMA33	 using	 the	 Bioconductor	 R	 packages	 affy30	 and	
affyPLM31.	 Standard	 quality	 controls	 (see	 section	 Patient	 data	 analysis:	 Microarray	
processing)	discarded	the	presence	of	abnormal	samples.	For	probeset	annotation	we	used	
the	informationa	available	in	the	Affymetrix	web	page	(Affymetrix	Analysis	Center.	Netaffx.	
https://www.affymetrix.com/analysis/index.affx,	accessed	08/01/2017).	
TBRS	comparisons:	
Previous	to	the	summarization	of	TBRS	signatures,	the	expression	matrix	was	corrected	a‐
priori	 by	 Eklund's	 metrics35	 RMA.IQR	 and	 RNA.DEG,	 as	 they	 were	 observed	 to	 be	 an	
important	source	of	technical	variability.	For	such	correction,	a	linear	model	was	used	with	
no	other	variables	included	as	covariates.	Signatures	scores	were	computed	independently	
for	 samples	 with	 three	 or	 four	 mutations.	 Scores	 between	 treatment	 conditions	 were	
compared	using	a	two‐sided	Mann‐Whitney‐Wilcoxon	test.	
Classification of mice tumours according to CMS (extended) 
To	assess	the	similarity	to	the	poor‐prognosis	CMS4	phenotype47,	we	first	attempted	to	use	
the	 Single‐Sample‐Predictor	 (SSP)	 provided	 in	 their	 original	 work.	 Nevertheless,	 this	
analysis	did	not	succeed	in	classifying	any	of	the	samples	being	tested.	For	this	reason,	we	
hypothesized	that	the	differences	of	platform	and/or	species	between	the	training	(human)	
and	test	data	(mice)	could	be	harming	the	performance	of	this	classifier.		
As	 an	 alternative	method,	we	 used	 k‐Top	 Scoring	 Pairs	 (kTSP)48	 as	 implemented	 in	 the	
switchBox	R	package49.	kTSP	is	a	ranked‐based	method	that	relies	in	the	ordering	in	small	
number	of	features	within	each	sample	and,	thus,	is	very	suitable	in	multi‐platforms	settings	
in	comparison	with	other	top‐performer	methods50.	This	kTSP	classifier	was	trained	for	a	
binary	outcome	(CMS4	vs	not‐CMS4)	in	960	samples	with	CMS	annotation	provided	by	the	
original	work	(168	CMS1,	421	CMS2,	127	CMS3	and	244	CMS4)47.	The	concordance	between	
the	SSP	and	kTSP	methods	was	assessed	in	two	human	datasets	that	did	not	participate	in	
the	definition	of	 the	CMS	classification:	GSE38832	and	GSE4407651;	phi	coefficients	were	
0.83	and	0.80	for	these	series,	respectively:		
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Overall,	these	results	suggested	that,	as	kTSP	could	be	more	suitable	for	handling	platforms	
and	 species	 differences	 between	 training	 and	 test	 datasets,	 it	 still	 retained	 the	 good	
classification	performance	attributable	to	SSP.		
Previous	to	any	attempt	of	classification,	both	mice	and	human	CRC	data	were	summarized	
from	 probeset	 to	 gene	 level	 (Entrez).	 For	 doing	 so,	 we	 computed	 the	 first	 principal	
component	from	all	probesets	mapping	to	the	each	gene.	This	component	was	then	centred	
and	scaled	 to	 the	weighted	mean	of	 the	means	and	standard	deviations	of	 the	probesets	
using	 the	 corresponding	 contribution	 to	 the	 component	 as	 weight.	 The	 sign	 of	 the	
component	was	eventually	changed	to	be	congruent	to	the	sign	of	the	probeset	contributing	
the	most	to	the	component.	Next,	mice	genes	were	translated	to	their	corresponding	human	
homologous	 using	 the	 Mouse	 Genome	 Informatics	 Database52.	 Only	 high	 confidence	
homologous	genes	according	 to	Biomart53,54	were	kept	 for	downstream	analyses	 (Mouse	
Orthology	 Confidence=1	 and	Mouse	 Gene‐order	 conservation	 score=100;	 10.015	 genes).	
Genes	to	be	included	in	the	model	were	pre‐selected	from	those	over‐expressed	(1.5	fold‐
change	minimum	difference;	293	genes)	or	under‐expressed	(1.25	 fold‐change	minimum	
difference;	215	genes)	in	CMS4	samples	compared	with	any	other	subtype	in	the	patients	
transcriptomic	 dataset.	 The	 classifier	 was	 internally	 tested	 in	 the	 training	 set	 of	 human	
samples	by	cross‐validation	 leaving	one	dataset	out	 for	 test	at	each	 iteration.	A	classifier	
trained	with	all	the	human	samples	available	was	then	applied	to	the	mice	tumours	using	a	
simple	rule	of	majority	of	votes.	The	decision	cut‐off	was	set	at	the	midpoint	of	the	maximum	
number	of	votes,	which	corresponds	to	the	number	of	gene	pairs	used	for	classification.	For	
visualization	 purposes,	 the	 number	 of	 votes	 for	 each	 classifier	 (cross‐validation	 and	
training)	were	re‐scaled	to	a	score	ranging	between	zero	and	one	in	order	to	represent	all	
the	classification	results	at	the	same	scale.	

Gene pairs: 
UP DOWN 

MSRB3 EPT1 
FERMT2 RMI1 
EFEMP2 ASF1B 
SPOCK1 STIL 

DDR2 CCNA2 
TAGLN HMGB2 

CCDC80 CDC45 
GLI3 KIF18A 
TNS1 UNG 

STON1 WHSC1 
PTRF KIF18B 
SFRP2 HK2 
MGP RBM47 
GAS1 DONSON 
BNC2 PLK4 
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SLIT2 CCDC134
DPYSL3 EIF4E
AEBP1 RHPN2
PCDH7 FAM83F
MAP1B FANCD2
CRYAB HOOK1
PRRX1 CDCA2
FBN1 EZH2

MXRA8 GMCL1
PTGIS CENPA
ZFPM2 ORC1
MLLT11 SPAG5

MYL9 TMEM54

In	 agreement	 with	 the	 reasoning	 of	 a	 single‐sample	 classifier,	 SSP	 and	 kTSP	 were	 both	
applied	 to	 a	 version	 of	 the	mice	 data	 previous	 to	 any	 correction	 by	 technical	 effects.	 In	
addition,	kTSP	was	 also	 trained	 before	 technical	 corrections	were	 applied	 to	 the	human	
transcriptomic	dataset.	For	the	concordance	analyses	between	SSP	and	kTSP,	GSE44076	cel	
files	 were	 downloaded	 from	 GEO	 and	 processed	 with	 RMA	 using	 packages	 affy30	 and	
affyPLM31	from	Bioconductor32.	
Flow cytometry: single cell suspension preparation 
Livers	with	tumours	were	removed,	lobules	(and	in	case	of	micro‐dissection:	individual	liver	
metastases)	 were	 carefully	 dissected	 and	 finely	 minced	 with	 scalpels.	 The	 tissue	 was	
enzymatically	digested	in	10	ml	of	DMEM	supplemented	with	10%	FBS,	1%	HEPES,	sodium	
pyruvate,	glutamine,	streptomycin	and	penicillin	and	0.1%	β	‐mercaptoethanol	(Gibco)	and	
containing	1	mg/ml	Collagenase	A	(Roche),	0.2	mg/ml	Dispase	II	 (Sigma)	and	0.2	mg/ml	
DNAse	I	(Roche),	during	25	min	at	37ºC	with	rotation.	The	enzymatic	reaction	was	quenched	
by	 the	addition	of	30	ml	of	 ice‐cold	DMEM	(10%	FBS,	 supplement).	Cell	 suspension	was	
filtered	through	a	70	µm	cell	strainer	(BD).	The	filter	was	washed	with	10	ml	of	ice‐cold	10%	
FBS	DMEM	and	the	cells	were	pelleted	at	280	g	for	5	min	at	4ºC.	Lysis	of	erythrocytes	was	
performed	in	Red	Cell	Lysis	Buffer	(RCLB,	155	mM	NH4Cl,	12	mM	NaHCO3,	0.1	mM	EDTA)	
during	4	min	at	room	temperature	and	immediately	washed	with	ice‐cold	10%	FBS	DMEM.	
After	 filtration	 through	a	70	µm	cell	 strainer	 and	 centrifugation.	 Sequentially,	 cells	were	
purified	by	centrifugation	30	min	at	2,400	rpm	in	40/80	Percoll	(Sigma)	gradient.	Cells	were	
resuspended	in	DMEM	(10%	FBS,	supplement;	FACS	buffer).	
Flow cytometry: immunophenotyping analysis and sorting 
Cells	were	incubated	10	min	on	ice	in	FACS	buffer	in	the	presence	of	anti‐CD16/CD32	(clone	
93,	 eBioscience)	 to	 block	 Fc	 receptor.	 Mix	 of	 conjugated	 antibodies	 was	 added	 in	 the	
presence	of	anti‐CD16/CD32	and	the	cells	were	stained	during	20	min	on	ice.	After	staining,	
cells	were	washed	and	labelled	for	cell	viability	with	the	LIVE/DEAD	Fixable	Cell	Dead	stain	
kit	(Life	Technologies)	during	7	min.	For	cytokine	analysis,	cell	suspensions	were	incubated	
4	h	in	PMA/ionomycin	(Sigma‐Aldrich)	and	brefeldin	A	(eBioscience)	at	37	°C.	Intracellular	
staining	 was	 performed	 using	 IC	 fixation/permeabilization	 kit	 (eBioscience).	 Cells	 were	
stained	using	PBS,	1%	FBS,	1%	HEPES	and	0.6%	EDTA	(Gibco).		
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Gating	strategies:	Figure	1g	(MTO	biobank	generation):	To	sort	Lgr5‐GFP+	tumour	cells,	we	
gated:	 Cells/Single	 cells/Living	 cells/GFP+.	 Figures	 2d,	 S9b	 andS11a:	 To	 assess	 genetic	
recombination	 in	 the	 UbC‐CreERT2;	 Tgfbr2fl/fl;	 R26mTmG	 model,	 or	 to	 sort	 tumour	 cell	
populations,	we	gated:	Living	cells/Cells/Single	cells/PDGFRb+	(CAFs).	From	the	negative	
population,	 we	 followed:	 Endothelial	 cells	 CD31+/CD45‐	 and	 Leukocytes	 CD31‐/CD45+,	
further	refined	to	small	size	and	good	viability.	Figure	3h:	T	cell	activation	markers	were	
assessed	inside:	Living	cells/Cells/Single	cells,	than	CD45+/CD3+,	then	CD4+/CD8‐	or	CD4‐
/CD8+.	Figure	3i	and	4j:	T	cell	cytokine	levels	were	assessed	inside:	Living	cells/Cells/Single	
cells/CD45+/CD3+/NK1.1‐,	 then	CD4+/CD8‐	or	CD8+/CD4‐.	Figure	3j:	CD8+	T	cells	were	
sorted	 using	 gates:	 Living	 cells/Cells/Single	 cells/CD45+/CD19‐/MHCII‐/CD3+/CD4‐
/CD8+.	 Figure	 4d:	 PD‐L1	 expression	 was	 assessed	 inside:	 Living	 cells/Cells/Single	
cells/CD45+/CD3+,	 then	 CD4+/CD8‐	 or	 CD8+/CD4‐.	 Figure	 4e:	 PD‐L1	 populations	 were	
determined	using:	Living	cells/Cells/Single	 cells/PD‐L1+.	 	Within	 these	we	measured	 for	
CAFs	(PDGFRb+/Epcam‐)	or	Epithelial	cells	(PDGFRb‐/Epcam+).	From	the	double‐negative	
population,	we	followed:	Endothelial	cells	(CD31+/CD45‐)	and	Leukocytes	(CD45+/CD31‐).	
Figure	4g:	PD‐L1	was	measured	inside	Living	cells/Cells/Single	cells/CD45+.	Figure	4i:	For	
T	 cell	 activation	markers	 we	 gated:	 Living	 cells/Cells/Single	 cells/CD45+/CD3+/NK1.1‐,	
then	CD4+/CD8‐	or	CD8+/CD4‐.	 Figure	S13d:	Myeloid	populations	were	assessed	 inside:	
Living	cells/Cells/Single	cells/CD45+/PD‐L1+/Ly6G‐/Ly6C+/CD11b+/CD11c+/‐.		
Flow	 cytometry	 analysis	 and	 cell	 separation	 were	 performed	 in	 a	 FACSAriaFusion	 flow	
cytometer	(Beckton	Dickinson).	Data	were	analyzed	using	FlowJo	software	(v	10.4).	
The	 following	antibodies	were	used	 for	 the	 staining:	 anti‐CD45	 (clone	30‐F11),	 anti‐CD4	
(clone	GK1.5),	anti‐aCD8	(clone	53‐6.7),	anti‐CD69	(clone	H1.2F3),	anti‐CD104b	(PDGFRb,	
clone	APB5),	and	anti‐MHCII	(clone	M5/114.15.2)	were	obtained	from	eBioscience;	Epcam	
(clone	EBA‐1),	anti‐CD3e	(clone	145‐2C11),	anti‐CD44	(clone	G44‐26),	CD62L	(clone	MEL‐
14),	anti‐IFNγ	(clone	XMG1.2),	anti‐CD274	(PD‐L1,	clone	MIH‐5),	and	anti‐Ly6C	(clone	AL‐
32) were	obtained	from	BD	Pharmingen;	anti‐CD31	(clone	390)	was	obtained	from	Abcam;
and	anti‐CD11b	 (clone	M1/70),	anti‐CD11c	 (clone	H418),	 anti‐GZMB	(GB11),	anti‐CD279
(PD‐1,	clone	29F.1A12),	anti‐CD8a	(clone	53‐6.7),	anti‐T‐bet	(clone	4B10),	anti‐Ly6G	(clone
1A8)	were	obtained	from	BioLegend.
Gene expression in tumour cell populations	
RNA	from	sorted	cells	was	processed	and	amplified	as	previously	described55.	For	mouse	
liver	metastases:	 To	 assess	Tgfb1,	 ‐2	 and	 ‐3	 mRNA	 levels,	 we	 performed	 RT‐qPCR	with	
triplicate	 reactions	 (each	 5	 ng	 of	 cDNA)	 in	 a	 StepOne	 instrument	 (Thermo	 Fisher)	with	
Taqman	 probes	 (Tgfb1	 Mm01178819_m1;	 Tgfb2	 Mm00436955_m1;	 Tgfb3	
Mm00436960_m1;	 endogenous	 control	 Actb	 Mm00607939_s1).	 Other	 probes	 used	 are:	
Aurkb	 Mm_01718140_m1,	 mKi67	 Mm01278617_m1,	 Gzma	 Mm01304452_m1,	
Gzmb		Mm00442837_m1,	Pdcd1	Mm01285676_m1,	and	Gapdh		Mm99999915_g1.	
Sorted	CRC	populations	from	human	samples	were	described	previously1,3.	Briefly,	two	GEO	
data	sets	were	used	to	characterize	gene	profiles	according	to	specific	gene	expression	in	
tumour	cell	subpopulations:	GSE39395	and	GSE393963.	In	these	datasets	and	as	described	
previously3,	 FACS	 was	 used	 to	 separate	 the	 following	 populations	 from	 14	 fresh	 CRC	
samples:	 CD45+/EpCAM−/CD31−/FAP−	 ,CD45−/EpCAM+/CD31−/FAP−,	
CD45−/EpCAM−/CD31+/FAP−	 and	 CD45−/EpCAM−/CD31−/FAP+.	 To	 homogenize	 these	
two	expression	matrices,	dataset	GSE39396	was	centred	and	scaled	pairwise	to	the	mean	
and	standard	deviation	of	GSE39395.	A	signature	of	Cancer	Associated	Fibroblasts	(CAFs)	
was	 derived	 from	 the	 resulting	 expression	 matrix.	 For	 doing	 so,	 we	 selected	 probesets	
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overexpressed	 in	 the	CD45−/EpCAM−/CD31−/FAP+	samples	with	 a	 three	minimum	 fold	
and	 raw	 p‐value	 <	 0.05	 compared	 to	 any	 other	 cell	 population.	 These	 analyses	 were	
performed	 using	 a	 linear	model	 with	 empirical	 shrinkage41	 as	 implemented	 in	 limma	 R	
package31.	Also	TGF‐b	levels	by	cell	populations	were	assessed	in	this	dataset	using	Kruskal	
Wallis	(KW)	and	two‐sided	Mann‐Whitney	tests.	
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CAFs play important roles in CRC liver metastasis. Previous data published by our 
lab has proved that TGF-β triggers a gene expression program in CAFs that defines poor 
prognosis in patients and promotes tumour growth and survival. However, the contribution 
of CAFs to the TGF-β-mediated immune excluded phenotype remains opaque. We have in-
vestigated the biology of CAFs from CRC liver metastasis. Our results have shown the exis-
tence of at least two different subpopulations of CAFs, whose composition varies depending 
on the MTO used for metastasis generation. The abundance of myofibroblasts, one of the 
two discovered subpopulations, could acquire immunosuppressive roles, as it correlated with 
the immune exclusion in metastases. The understanding of CAF subtypes will help dissect 
the mechanisms of immune evasion, and may contribute to the development of novel, more 
specific therapies against metastatic disease. Moreover, we aim to explore the CAF-immune 
system relationship taking advantage of both the novel models for advanced CRC developed 
in the laboratory and genetic tools that enable the specific ablation of the TGFBR2 in CAFs. 
The results obtained under this chapter helped us to assign fibroblast-specific markers to ge-
netically target the TGF-β pathway in CAFs in chapter 3.  

Summary

Objectives
- Comphrehension of the biology and find specific markers for CAFs in CRC liver me-
tastasis using the MTO model

- Establishment of a pipeline for CAF isolation and analysis.

- Analysis of the relationship between CAFs and tumour immunity in CRC liver me-
tastasis. 

Unravelling the biology of CAFs in liver 
metastasis
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2.1	Identification	of	two	distinct	CAF	subpopulations	from	liver	CRC	metastasis

In chapter 1, we reported that TGF-β has a crucial role in mediating resistance to the 
adaptive immune system in CRC (Tauriello et al., 2018). Tauriello and colleagues gen-
erated a genetic mouse model that recapitulates the biology of advanced colorectal tu-
mours, including metastasis. Tumours arising in this model were isolated and kept in vitro as 
Mouse Tumour Organoids (MTOs). These 3D-cultured primary cells could be successfully 
transplanted into syngeneic, immunocompetent C57BL/6J mice to recapitulate metastatic 
disease. When the TGF-β pathway was blocked by either Galunisertib administration or 
ubiquitous genetic ablation of the TGFBR2, T lymphocytes were able to infiltrate CRC liver 
metastases. This effect synergized with monoclonal antibodies against PD-L1, resulting in 
strong therapeutic effects on mice with overt metastatic disease, completely eradicating 
cancers in the majority of cases (Tauriello et al., 2018). However a precise understanding 
of the cellular processes leading to TGF-β-mediated immune rejection remains to be eluci-
dated. 

As mentioned in the introduction, our lab showed that TGF-β induces a gene signature that 
predicts clinical outcome (Calon et al., 2012). The majority of the TGF-β target genes that 
predict poor prognosis are expressed by the tumour stroma, especially by CAFs (Calon et 
al., 2015). This suggests a potential role for these cells in TGF-β-mediated immune evasion. 
Using the MTO platform to generate CRC liver metastasis (Tauriello et al., 2018), we aimed 
to explore the role of TGF-β-activated CAFs in mediating immune evasion. Our strategy 
was based on specifically deleting the TGFBR2 in CAFs during the growth and progression 
of murine CRC liver metastasis, using established and precise in vivo recombination tools. 
However, as discussed in the introduction, one of the main problems in fibroblast biology is 
their heterogeneity and the lack of a well-established surface pan-marker (Kalluri, 2016). 
This poses a major challenge to select a suitable marker to identify and genetically target 
CAFs. We thus decided to first explore the biology of normal liver-resident fibroblasts as well 
as of fibroblasts found in MTO-derived liver metastases (CAFs).

Hepatic stellate cells (HSCs) and portal fibroblasts (PFs) in the liver, which will be col-
lectively referred as liver mesenchymal cells (LMCs), have been previously characterized 
(Friedman, 2008; Wells, 2014). Consequently, we used antibodies against the two isoforms 
of the receptor for Platelet-Derived Growth Factor (PDGFRα and PDGFRβ) to label these 
LMCs. We also used alpha Smooth Muscle Actin (αSMA), the classical marker for myofi-
broblasts. As expected, LMCs expressed both PDGFRα and PDGFRβ, but not αSMA. The 
latter was found expressed only in perivascular cells surrounding central veins, portal veins 
and portal arteries. These cell types were also expressing PDGFRβ but no PDGFRα (Fig-
ure 17A).

Mice transplanted by intrasplenic injection with MTOs generate full-blown liver CRC me-
tastasis in 3-4 weeks (Figure 19A). For these experiments, we used MTO129, a mouse 
CRC organoid model that carry the four main driver mutations (Apc, KrasG12D, p53 and Tgf-
br2; see Tauriello et al., 2018 for details). Previous experiments showed that MTO129 ex-
hibit the best therapeutic responses to TGFBR1 inhibitory therapy (see Chapter 1, Tauriello 
et al., 2018). Using the same three markers, we determined that all stained CAFs expressed 
PDGFRβ, whereas staining for PDGFRα and αSMA was mutually exclusive (Figure 17B-C). 
The exclusion pattern between PDGFRα and αSMA was confirmed in metastases generat-
ed by of additional quadruple mutant MTOs (data not shown). Thus, we concluded that two 
CAF subpopulations coexist in liver metastasis: 1) PDGFRα+/PDGFRβ+/αSMA- CAFs (α+/β+) 
that may be similar to LMCs and 2) αSMA+ myofibroblasts that do not express PDGFRα 
(PDGFRα-/PDGFRβ+/αSMA+ CAFs, α-/β+). In advanced metastasis, α+/β+ CAFs appeared 
as a minor subpopulation, mostly in the tumour margins and were especially detectable in 
portal areas, whereas the centre of the tumour was enriched in α-/β+ CAFs (Figure 18). 
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Figure 17. Fibroblast markers in healthy liver. A. Detailed view of a portal area from a healthy liv-
er in homeostasis stained for PDGFRα, PDGFRβ and αSMA. Yellow arrowhead: portal fibroblasts. 
White arrowhead: hepatic stellate cells. a: artery, bd: bile duct. B, C. Sections from a MTO-derived 
liver metastasis showing α+/β+ CAFs (B, PDGFRα+, PDGFRβ+, αSMA-, green arrowheads) and 
α-/β+ CAFs (C, PDGFRα-, PDGFRβ+, αSMA+, blue arrowheads). 

2.2	Comparative	analysis	of	α+/β+	vs	α-/β+	CAFs

Based on the above data, we leveraged the expression of PDGFRα and PDGFRβ to dis-
tinguish fibroblasts subpopulation present in liver metastasis. In particular, we compared α+/
β+ CAFs from α-/β+ CAFs (Figure 19A-B). To analyse these two subpopulations, we sacri-
ficed mice after 3 weeks of MTO inoculation. Macroscopic metastatic nodules were resected 
ex vivo. The remaining liver tissue was processed separately (Figure 19A). From dissected 
metastatic nodules, we identified the total CAF fraction using fluorescence-activated cell 
sorting (FACS) by selecting EPCAM-/CD31-/CD45-/PDGFRβ+ cells, and then we sorted α+/
β+ and α-/β+ CAFs by further selecting PDGFRα+ and PDGFRα- cells respectively (Figure 
19B). LMCs were sorted by selecting PDGFRβ+, PDGFRα+ cells from normal liver tissue 
(Figure 19A). We validated the fibroblastic nature of LMCs and both CAF subpopulations 
compared to EPCAM+ tumour cells, CD31+ endothelial cells and CD45+ leukocytes using 
qRT-PCR. Both mesenchymal populations were enriched in Pdgfrβ and were negative for 
Epcam, Cd31 and Cd45 (Figure 19C). 

Having established a pipeline for PDGFRβ+ fibroblast isolation in both naïve livers (LMCs) 
and metastases (CAFs), we compared the expression of TGF-β targets in the two popu-
lations. As expected, most TGF-β targets were upregulated in CAFs compared to LMCs 
except for Cald1 and Igfbp7, two bonafide TGF-β which showed equal expression between 
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Figure 18. Fibroblast markers in CRC liver metastasis. Overview from a liver metastasis 3 
weeks after MTO129 inoculation. α+/β+ CAFs were found mainly in the tumour margins (A) while 
α-/β+ CAFs exclusively composed stroma in the tumour centre (B). White dashed line delineates 
tumour margin. Blue dashed lines delineate tumour glands (T) from tumour stroma. Scale bars = 
50 μm. Green arrowheads: α+/β+ CAFs. Blue arrowheads: α-/β+ CAFs.
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Figure	19.	Characterization	of	fibroblast	populations	present	in	liver	metastasis.	A. Sche-
matic representation for the analysis of CAF subpopulations from murine CRC liver metastasis as 
well as homeostatic livers. MTOs are injected into the spleen of syngeneic C57BL/6J mice, which 
allows direct liver colonization of tumour cells. After 3 weeks of tumour growth, metastatic nodules 
can be visually detected and separated from unaffected liver tissue. CAFs were sorted from re-
sected tumours, whereas LMCs were sorted from the remaining liver fragments. B. Representative 
gating strategy for fibroblast isolation by FACS. From viable, single cells, epithelial cells, endotheli-
al cells and leucocytes are excluded by subsequent negative selection of Epcam, CD31 and CD45, 
respectively. Triple negative (TN) cells were then gated for PDGFRβ for CAF/LMC selection. CAF 
subpopulations are discriminated according to PDGFRα expression. C. Purity control of sorted 
populations from the tumour microenvironment. Bars represent upper detection limits.

Sacrifice
a�er 21 days

Mouse Tumour
Organoids (MTO)

Metasta�c
nodules

Liver
�ssue

PDGFRα+ PDGFRβ+
Liver Mesenchymal Cells 

(LMCs)

PDGFRα+ PDGFRβ+
(α+/β+ CAFs)

PDGFRα- PDGFRβ+
(α-/β+ CAFs)

SpleenC57BL/6J

A

C

103

104

105

0

-103

0

1

103

104

105

-103

0

SS
C-

A

FSC-A
0 1 2 (x 104) 0 1 2 (x 104)

FS
C-

W

FSC-A FSC-A

DA
PI

B

0 103 104 105

SS
C-

A

EPCAM

EPCAM -

EPCAM +
CD45 +

CD31 +

TN

PDGFRβ+

α+/β+

0 103 104 105

CD45

103

104

105

-103

0

CD
31

0

1

2 

(x 104)

103

104

105

-103

0

0 103 104 105-103

103

104

105

-103

0PD
G

FR
β

103

104

105

-103

0

0 103 104 105

2 (x 104)

SSC-A

PD
G

FR
α

SSC-A

Single cells
Living cells

α-/β+

C



Unravelling the biology of CAFs in liver metastasis

117

Figure 20. Gene expression analysis of LMCs and CAFs. A. Gene expression comparison be-
tween CAFs and LMCs. Expression of αSMA and IL-11 was not detected in LMCs. Detected Ct of 
αSMA and IL-11 in CAFs were 26.61 and 30.47 respectively. B. Immunofluorescence stainings of 
CALD1 and IGFBP7 in α+/β+ CAFs (PDGFRα+) and α-/β+ CAFs (αSMA+) in tumours and liver pa-
renchyma (PDGFRα+ LMCs). Dashed lines limit tumour glands (T) with the stromal compartment. 
White arrowheads: mesenchymal cells expressing IGFBP7. Scale bars = 50 μm. C. Gene expres-
sion comparison between α+/β+ and α-/β+ CAFs. Bars represent upper detection limits in A and C.
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Figure 21. KI67 expression in CAF subpopulations. Sections from MTO-derived liver metasta-
ses showing stainings of KI67, PDGFRα and αSMA. Sections are taken from one same tumour, 
focusing on regions enriched in α+/β+ CAFs (upper row) or α-/β+ CAFs (lower row). White arrow-
heads show α+/β+ CAFs positive for KI67 expression. Dashed line delineates the tumour margin. 
Scale bars = 50 μm. V = vein.

the two populations (Figure 20A-B). Subsequently, we compared the expression of TGF-β 
targets between α+/β+ and α-/β+ CAFs. We did not observe major differences in the expres-
sion of TGF-β targets between both CAF subpopulations (Figure 20C). However, we found 
Ki67 expression upregulated in α+/β+ CAFs, which may suggest that α+/β+ CAFs have a high-
er proliferative potential than α-/β+ CAFs (Figure 20C, Figure 21). From these preliminary 
analysis we concluded that both α+/β+ and α-/β+ CAFs show a similar level of activation by 
TGF-β. It is also tempting to speculate that α+/β+ CAFs might be the precursors of α-/β+ my-
ofibroblasts.

2.3 Dynamics and origin of tumor stroma during metastatic progression

We next investigated the potential origin of CAFs in liver metastasis. According to previ-
ous studies on liver fibrosis and HCC, LMCs are the main source for active myofibroblasts 
(Iwaisako et al., 2014; Kramann et al., 2014; Liu et al., 2015; Mederacke et al., 2013; 
Sekiya et al., 2016). Nevertheless, we wanted to verify if bone marrow-derived progenitors 
(fibrocytes) also contributed to the generation of CAFs in our model. To this end, we generat-
ed bone marrow chimeric mice by transplanting bone marrow from a GFP mouse donor into 
irradiated C57BL/6J mice. GFP labels bone marrow derived cells that localized in the stroma 
of metastases, possibly giving rise to most cells of myeloid and lymphoid origin. Yet, neither 
of both CAF subpopulations in tumours showed any GFP expression, strongly suggesting 
that CAFs in CRC liver metastasis derive from local LMCs (Figure 22).

As α+/β+  CAFs showed increased expression of Ki67, we speculated that the genera-
tion of α-/β+  myofibroblasts was a consequence of post-proliferative differentiation of α+/β+  
CAFs. The results in section 2.2 (Figure 20, Figure 21, Pages 115-116) describe the stro-
mal content of advanced metastatic disease at 21 days post inoculation of MTOs. Given the 
association of αSMA expression to myofibroblast differentiation, we evaluated the presence 
of αSMA+, α-/β+  CAFs in histological sections from mice bearing MTO129-derived metata-
sis at two and three weeks after MTO inoculation (Figure 23). We observed that indeed the 
stromal area positive for αSMA increased over time (Figure 23). 
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Figure 22. CAFs in liver metastasis are not originated from bone marrow-derived progeni-
tors. Sections from MTO-derived metastasis showing stainings of GFP, PDGFRα and αSMA, from 
a chimeric C57BL/6J mouse with a GFP bone marrow. Sections are taken from one same tumour, 
focusing on α+/β+ CAFs (upper row) or α-/β+ CAFs (lower row). Scale bars = 100 μm. 

Overall, these data suggest that the evolution of liver metastasis stroma is a dynamic pro-
cess, with a progressive recruitment and activation of myofibroblasts. A plausible model is 
that activated LMCs give rise to α+/β+ CAFs, which subsequently proliferate and generate α-/
β+ myofibroblasts in the tumour stroma. Testing this hypothesis would require lineage-tracing 
experiments.  

2.4 CAF heterogeneity in metastases generated from distinct MTOs

The biobank of MTOs developed in the Batlle lab contained tumour cells extracted from dif-
ferent mice, which are grouped according to the number and type of engineered genetic al-
terations that they carry (Tauriello et al., 2018). We compared the stroma from metastases 
generated from three different quadruple mutant MTOs: MTO129, MTO138 and MTO140, 
all of which share an elevated metastatic potential when implanted in syngeneic animals 
(Chapter 1). MTO129 and MTO140 were isolated from male mice, whereas MTO138 was 
isolated from a female mouse. Despite the three MTO carry the same CRC driver mutations, 
RNAseq data from these MTOs grown in vitro showed different expression values for Tgf-β 
and Pdgf, two main growth factors for CAFs (Kalluri and Zeisberg, 2006). All three MTOs 
expressed similar levels of Tgf-β1. However, Tgf-β2 and -β3 were upregulated in MTO129. 
Moreover, MTO129 exhibited increased levels of Pdgf, especially Pdgf-A and -C, compared 
to MTO138 and MTO140. (Figure 24A). 

We suspected that these differences in Tgf-β and Pdgf expression could have a direct effect 
on CAF’s behaviour or heterogeneity. To explore this possibility, we transplanted MTO129, 
MTO138 and MTO140 into syngeneic C57BL/6J mice and allowed them to generate liver 
metastases for 3 weeks as in Figure 19A (Page 114). Metastatic nodules were analysed 
by flow cytometry as described in Figure 19B (Page 114). Despite all three tumours had a 
similar number of total CAFs (Figure 24B), differences in the proportions of CAF subpopula-
tions were observed between metastases: MTO129 tumours showed a higher content of α+/
β+ CAFs, whereas most CAFs from MTO138 and MTO140 tumours were α-/β+ CAFs (Figure 
24C). Given that PDGFRα and αSMA are mutually exclusive in CAFs from liver metastasis 
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Figure 23. Dynamic evolution of the stroma in liver metastases. A. 
Schematic representation of the experimental design. B-C. Represen-
tative IHC images showing DAB staining of αSMA+ myofibroblasts at 2 
weeks (B) and 3 weeks (C) after MTO129 transplantation. T = tumour. 
Scalebars = 500 μm. D. Quantification of the percentage of αSMA+ area 
represented as % of positive pixels detected within a metastatic nodule. 
Each plotted dot represents a single nodule. 42 nodules on average were 
quantified for 3 (week 2, left) and 5 mice (week 3, right).  E. Average 
αSMA+ expression per mouse relative to D. Averages and SEM are rep-
resented in D and E. Unpaired test was performed in D and E.

(Figure 17, Figure 18, pages 112-113), we can assume that α-/β+ CAFs detected by flow 
cytometry are indeed αSMA+ CAFs, and therefore that MTO138 and MTO140 tumours are 
enriched in myofibroblasts. 

In parallel, metastatic nodules were isolated for RNA extraction and analysis. We com-
pared expression levels of the three TGF-β isoforms in bulk RNA. In contrast to the results 
obtained by RNAseq from in vitro cultured MTO cells, Tgf-β1 mRNA expression within an 
intact tumour environment was significantly higher in tumours generated from MTO140, fol-
lowed by MTO138-derived metastases. Likewise, Tgf-β3 expression was also increased in 
both MTO140- and MTO138-derived metastases, with minimal differences. Tgf-β2 expres-
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Figure 24. Metastases from different MTOs orchestrate distinct stromal compositions. A. 
Relative expression of Tgf-β and Pdgf isoforms by RNAseq analysis of the indicated MTOs grown 
in vitro. Two replicates were used for each MTO. Bars in represent standard deviation. B. Percent-
age of total PDGFRβ+ CAFs in dissected metastasis generated by the indicated MTOs analysed 
by flow cytometry. C. Abundance of α+/β+ CAFs in the same metastases. Results are represent-
ed as percentage of PDGFRα expression within total PDGFRβ+ CAFs. Averages and SEM are 
shown. D. Relative expression of Tgf-β1, -β2 and -β3 from bulk tumour mRNA. 6 replicates were 
used for each MTO. Bars represent SEM. Unpaired t test was performed in C and D. * = p-value 
< 0.05, ** = p-value < 0.01.
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sion differences remained unaltered (Figure 24D). Overall, these data suggest that CAF 
composition differs depending on the MTO of origin, which in turn influences the overall 
TGF-β environment. Specifically, this may indicate that α-/β+ CAFs, which are more abun-
dant in MTO138- and MTO140-derived metastases, are linked to higher Tgf-β1 and -β3 
expression. 

2.5 Variation of the tumour immune landscape in tumours from different MTOs

In chapter 1, we already described immune exclusion occurring in tumours arising in the 
quadruple mutant genetic mouse models (Figure 1L from Tauriello et al., 2018). In partic-
ular, we report that density of tumour infiltrating CD3+ lymphocytes decreased over time, as 
tumours grow in size (Figure 25, chapter 1). As CAFs establish tight relationships with the 

Figure	25.	T	cell	infiltration	decrease	over	metastatic	growth.	A.	Ex-
perimental design. B-C. Representative IHC images showing DAB stain-
ing of CD3+ T cells in histological sections from liver metastasis generated 
2 weeks (B) and 3 weeks (C) after MTO129 transplantation. T = tumour. 
Scalebars = 250 μm.D. Density of CD3+ cells represented as number of 
positive DAB detected cells per mm2 of the region of interest (ROI) delim-
iting metastatic nodules. Each dot represents a single nodule. 30 nodules 
on average were quantified for 3 (week 2, left) and 5 mice (week 3, right).  
E. Average CD3+ density per mouse relative to D. Average and SEM is 
represented in D and E. Unpaired t test was performed in D and E.
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Figure	26.	Abundance	of	myofibroblasts	is	negatively	correlated	to	T	cell	infiltra-
tion. Correlation between αSMA+ values from Figure 23 (page 118) with CD3+ den-
sity values from Figure 25 (page 120). Analysis was performed for 2 weeks (A) and 3 
weeks  after tumour inoculation independently (B) and in combination (C). Regression 
lines are represented. Dashed lines represent 95% confidence interval. Correlation 
was calculated using the Pearson test in all plots. 

tumour immune landscape, we next asked whether the two aforementioned CAF subpopu-
lations in CRC liver metastasis have differential effects on anti-tumour immune responses. 
We counted number of T cells per area (CD3+ cell density) and assessed expression of 
αSMA during metastatic growth and found that the progressive decrease in T cell infiltration 
correlated negatively with the presence of αSMA+ CAFs (Figure 26) suggesting a relation-
ship between α-/β+ CAF abundance and T cell exclusion.  

To approach whether CAFs affected differential lymphocyte recruitment, we investigated 
immune mediators produced by CAFs. Analysis by qRT-PCR showed that α+/β+ and α-/β+ 

CAFs expressed distinct immune mediators. For instance, α+/β+ CAFs were relatively en-
riched in IL-6, IL-33, Ccl5, Ccl9 and Cxcl12 expression, whereas Ccl12, Cxcl9, Tnf-α and 
Pd-l1 were expressed at higher levels in α-/β+ CAFs (Figure 27A). We speculated that the 
observed differences in cytokine production, combined with the proportions of α+/β+ and α-/β+ 
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Figure 27. Distinct tumour immune microenvironment orchestrated 
by metastases from different MTOs. A. mRNA expression levels of the 
indicated cytokines in α+/β+ and α-/β+ CAFs by qRT-PCR analysis. Bars rep-
resent upper detection limits. Results are representative  of 2 sample rep-
licates. B. Proportion of dendritic cells (CD103+), myeloid cells (CD11b+), 
T cells (CD3+), helper T cells (CD4+) and cytotoxic T cells (CD8+) in me-
tastases generated from MTO129 and MTO140 3 weeks after implantation 
analysed by flow cytometry. Proportions are relative to total CD45+ leuko-
cytes. C. Percentage of PD-1 expressing cells within CD4+ and CD8+ T 
cells in same liver metastases as in (B). D. Percentage of memory CD8+ 
T cells (CD44+ CD62L+) in same tumours as in B. Averages and SEM are 
represented for B-D. Unpaired t test was performed in B-D. * = p-value < 
0.05, ** = p-value < 0.01, *** = p-value < 0.001.
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CAFs in tumours, could affect the configuration of the tumour immune landscape. Therefore, 
we compared metastases derived from MTO129 and MTO140, which showed the largest 
differences in CAF composition and overall TGF-β production (Figure 24C-D, page 119). 
A general overview showed no differences in the CD3- CD11b+ myeloid compartment, and 
only a slight decrease in CD3- CD103+ dendritic cells in MTO140-derived metastases com-
pared to MTO129. The most evident differences were observed in the lymphoid compart-
ment. MTO140-derived metastases showed a reduction in CD3+ T cells, which was asso-
ciated with a decrease in CD8+ T cells (Figure 27B). Moreover, CD8+ cells in metastases 
derived from MTO140 showed lower levels of PD-1, which is expressed at the surface when 
T cells are activated (Sharpe and Pauken, 2018, Figure 27C), and a 2-fold enrichment in 
CD44+CD62L+ cells, which suggest a higher proportion of memory T cells (Krishnan et al., 
2007, Figure 27D). 

In parallel, we compared how T cells were located in both tumour types using IHC. To 
this end, we quantified CD3+ cells in the tumour margin, or in the periphery, compared to 
the tumour centre in histological sections. The resulting TP:TC ratio was a measure of T 
cell exclusion (Figure 28A). Lymphocytes in MTO140-derived tumours showed a strong T 
cell exclusion pattern (TP:TC mean ratio = 3.547), while T cells in MTO129 were randomly 
located in the tumour centre and tumour margin (TP:TC mean ratio = 1.423) (Figure 28B). 

Figure 28. A. Analysis of T cell localization in metastases from differ-
ent MTOs. Definition of Tumour centre (TC) and tumour periphery (TP) 
in representative images of liver metastases generated by MTO129 and 
MTO140 3 weeks after implantation. TP:TC was defined as the ratio be-
tween CD3+ densities calculated in the tumour periphery versus the tu-
mour centre. For each representative image, the TP:TC ratio is indicated. 
B. Average T cell exclusion ratio (TP:TC)  in metastases from MTO129 
and MTO140. Each dot represents an individual tumour. N= 56 nodules 
obtained from 2 mice (MTO129, left) and 46 nodules obtained from 3 mice 
(MTO140, right). Averages and SEM are represented. Unpaired t test was 
performed. **** = p-value < 0.0001. Scalebars = 500 μm
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These preliminary results indicate that tumours from different MTOs orchestrate distinct 
immune reactions in the TME from liver metastases and support the notion of a direct im-
mune regulation by the CAF composition. In particular, a higher abundance of α-/β+ cells 
(i.e. in MTO140-derived metastases) correlates with increased immune repression and T 
lymphocyte exclusion phenotype, which apparently affects CD8+ cytotoxic T cells. These 
findings warrant further analysis of immune populations in distinct MTOs and functional 
analysis to test the role of different cytokines secreted by CAFs populations in the regulation 
of the immune system. 
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The results exposed in chapter 2 suggest a role for TGF-β-activated CAFs in shap-
ing the tumour immune microenvironment. In this chapter, we sought genetic proof of 
concept by inhibiting TGF-β signalling specifically in fibroblasts.  Among four differ-
ent mouse CRE-deleter strains tested, we chose mice expressing the CRE enzyme 
regulated by the Transgelin promoter to induce specific recombination of the TGF-β 
receptor 2 in CAFs. We found that Tagln expression was expressed in CAFs from 
CRC metastasis and activated mesenchymal cells in the liver. Deletion of TGFBR2 
in Tagln+ CAFs induced a non-persistent, early adaptive immune response. This im-
mune response was enough to cure metastasic disease when genetic recombination 
of Tgfbr2 was combined with monoclonal antibodies against PD-L1. We conclude that 
TGF-β-activated CAFs are crucial for mediating tumour immune exclusion and evad-
ing checkpoint immunotherapy. Further investigations in this chapter aim to uncover 
the specific cellular mechanism(s) of CAF-mediated immune exclusion. 

Summary

Objectives
- Establishment and optimization of a genetic mouse model for conditional recombina-
tion of the TGFBR2 in CAFs

- Analysis of the effects of TGFBR2 deletion in CAFs from CRC liver metastasis in 
tumour growth and CAF behaviour

- Investigation of the cellular mechanisms of TGF-β-mediated T cell exclusion upon 
genetic ablation of the TGFBR2 in CAFs

TGF-β-activated CAFs are pivotal for the lack of 
responses to checkpoint immunotherapy in CRC





TGF-β-activated CAFs are pivotal for the lack of responses to checkpoint 
immunotherapy in CRC

129

3.1. Identifying	 an	 appropriate	 genetic	model	 for	 inducible	 fibroblast-specific	Cre-
loxP recombination

In CRC, TGF-β-activated CAFs are crucial mediators of tumour progression and survival 
(Calon et al., 2012, 2015). Consequently, the main challenge of this project is to dissect 
the role of CAFs in mediating immune responses in CRC liver metastasis due to TGF-β 
activation. The MTO technology developed in the Batlle Laboratory recreates the metastatic 
disease in syngeneic genetically modified mice. Thus, the strategy of choice was to ablate 
selectively the TGF-β receptor 2 in CAFs, through conditional recombination of the Tgfbr2 
floxed allele (Levéen et al., 2002) using the CRE-deleter system. In this system, CRE re-
combination enzyme is coupled to a modified Estrogen Receptor biding domain (ERT) (Feil 
et al., 1996). Upon reception of tamoxifen, a selective estrogen receptor modulator, the CRE 
enzyme is translocated into the nucleus and mediates specific recombination of engineered 
DNA regions with flanking LoxP sequences. 

Fibroblasts represent a major source of extracellular matrix proteins such as Collagens. 
Col1a2 encodes the production of the alpha chain 2 of type 1 Collagen, which is the most 
abundant Collagen form found in the extracellular matrix (Kalluri, 2016). On the other hand, 
Pdgfrα is defined as one of the main mesenchymal markers of fibroblasts in several homeo-
static tissues  (Hayes et al., 2014), including the liver. In chapter 2, we verified that all LMCs 
expressed Pdgfrα, as well as demonstrated the existence of a subpopulation of PDGFRα+ 
CAFs in liver metastasis (α+/β+). As mentioned, these might retain a proliferative potential 
and perhaps represent a CAF progenitor population. Hepatic Stellate Cells (HSCs) com-
prise the main LMC population residing in the liver parenchyma, and we and others have 
hypothesised that LMCs are the source of CAFs (Iwaisako et al., 2014; Liu et al., 2015; 
Mederacke et al., 2013; Sekiya et al., 2016). Gfap is a marker for HSCs, and  Gfap-GFP KI 
mice show nuclear GFP expression in all HSCs in the liver (Scholten et al., 2010). Based 
on these findings, we chose genetically modified mouse models whose CreERT2 expression 
was controlled by the fibroblast-specific promoters for Col1a2, Pdgfrα and Gfap (Ganat et 
al., 2006; Rivers et al., 2008; Zheng et al., 2002). 

Prior to investigating the effects of the TGFBR2 deletion in CAFs, we tested the efficiency 
of the selected CreERT driver lines in targeting the CAFs in liver metastases. Pdgfrα-CreERT2 
mice were crossed with mice bearing a STOP-tdTomato conditional reporter inserted in the 
Rosa26 locus. Mice expressing Col1a2-CreERT and Gfap-CreERT2 were crossed with mice 
expressing the dual fluorescent mTomato/mGFP reporter (mT/mG) from the Rosa26 lo-
cus. mTmG mice express constitutive TdTomato in their cellular membranes. Upon activa-
tion of the CRE enzyme, the TdTomato cassette is eliminated via recombination and mem-
brane-bound GFP becomes expressed (Muzumdar et al., 2007). These mice are widely 
used to track CRE-driven recombination in vivo. 

MTO129 was transplanted into Pdgfrα-CreERT2; tdTomato, Col1a2-CreERT; mT/mG, and 
Gfap-CreERT2; mT/mG mice, respectively. The background of these strains was C57BL/6J. 
Mice from the 3 strains were administered tamoxifen and sacrificed at 3 weeks after MTO 
inoculation by intrasplenic injections. Liver histological sections from Pdgfrα-CreERT2 mice 
were stained for TdTomato whereas sections from the other two mouse models were stained 
for GFP. After an exhaustive analysis of recombination efficiencies in all three models, we 
concluded that recombination of the floxed alelles was not sufficiently achieved in any of the 
three mouse models. Col1a2-CreERT was the line showing the best recombination, yet only 
a minor fraction of CAFs showed GFP expression (Figure 29A). In marked contrast to what 
was reported for Gfap-Gfp KI mice, Gfap-CreERT2 mice only showed recombination in some 
pericytes surrounding the portal circulatory system (Figure 29B). No GFP staining was ob-
served in HSCs nor in CAFs (Figure 29B). Remarkably, livers from Pdgfrα-CreERT2 mice did 
not show recombined cells at all (Figure 29C), despite recombination was effective for skin 
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Figure 29. Analysis of CRE-mediated recombination in CAFs. A. DAB IHC staining of GFP 
reporter in tumours from tamoxifen-induced Col1a2-CreERT2 mice. B. DAB IHC staining of GFP 
reporter in liver metastases from tamoxifen induced Gfap-CreERT2 mice. C. DAB staining of Toma-
to reporter in tumours from tamoxifen induced PDGFRα-CreERT2 mice. Only background staining 
can be appreciated. C’ Positive control for Tomato staining in skin sections from PDGFRα-CreERT2 
mice. Dashed lines delineate tumour margins. Arrowheads = positive cells. T = Tumour. Scale bars 
= 100 μm.

fibroblasts as reported (Driskell et al., 2013, Figure29C’). Therefore, analyses of CAFs 
using these mouse models were discontinued.

3.2.	Transgelin	is	a	TGF-β	target	expressed	in	CAFs

The CRE-deleter mouse strains described above did not prove useful to target fibroblasts 
in the liver. We resorted to the human CAF expression profiles previously generated in 
the laboratory from CRC samples (Calon et al., 2015). Amongst the top genes expressed 
specifically in CAFs (FAP+) compared to leukocytes (CD45+), tumour cells (EPCAM+) and 
endothelial cells (CD31+), we identified Transgelin (TAGLN, Table 1, Figure 30A). TAGLN 
is an actin-associated protein with roles in smooth muscle development and is expressed in 
CAFs from several tumours (Assinder et al., 2009). TAGLN in CAFs induces Matrix Metalo-
protease 2 production (MMP2), which in turn enhances tumour motility by ECM degradation 
(Yu et al., 2013). 
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COL3A1 Collagen, type 3, alpha 1 3.85 · 10-16 264.824
COL1A1
COL1A2

LUM
DCN
CTSK
C1S

THBS2
COL5A1
COL6A3
ANTXR1
CXCL14

C3
VCAN
SFRP2

COL6A1
C1R

POSTN
COL5A2

ADAMTS2
IGFBP5

CRISPLD2
MXRA5
MMP3

ISLR
CCDC80
CALD1
TIMP2
CDR1

TAGLN
COL12A1

INHBA
ADAMDEC1

AEBP1
GREM1
COL8A1
CHI3L1

Collagen, type 1, alpha 1 5.92 · 10-18 242.931
Collagen, type 1, alpha 2 2.96 · 10-20 202.704
Lumican 1.25 · 10-20 146.325
Decorin 2.03 · 10-20 133.728
Cathepsin K 4.68 · 10-19 90.1717
Complement component 1, s subcomponent 8.43 · 10-21 84.2331
Thrombospondin 2 2.42 · 10-18 76.7825
Collagen, type 5, alpha 1 1.86 · 10-15 75.6144
Collagen, type 6, alpha 3 5.85 · 10-16 71.4269
Anthrax toxin receptor 1 3.67 · 10-17 69.1553
Chemokine (C-X-C mo�f) ligand 14 1.79 · 10-17 65.3497
Complement component 3 2.24 · 10-14 49.6829
Versican 4.71 · 10-16 49.5741
Secreted frizzled-related protein 2 1.72 · 10-09 45.4074
Collagen, type 6, alpha 1 2.22 · 10-17 44.8130
Complement component 1, r subcomponent 4.64 · 10-20 39.1093
Perios�n, osteoblast specific factor 5.39 · 10-13 38.2549
Collagen, type 5, alpha 2 1.98 · 10-17 37.7361
ADAM metallopep�dase with thrombospondin type 1, mo�f 2 7.92 · 10-16 36.7660
Insulin-like growth factor binding protein 5 3.10 · 10-14 36.3180
Cysteine-rich secretory protein LCCL domain containing 2 1.43 · 10-13 36.0931
Matrix-remodelling associated 5 2.20 · 10-13 35.7596
Matrix metallopep�dase 3 (stromelysin 1, progela�nase) 3.98 · 10-11 34.0229
Immunoglobulin superfamily containing leucine-rich repeat 1.56 · 10-13 31.9483
Coiled-coil domain containing 80 6.80 · 10-12 30.9467
Caldesmon 1 1.38 · 10-17 30.1658
TIMP metallopep�dase inhibitor 2 1.02 · 10-14 29.9732
Cerebellar degenera�on-related protein 1 2.01 · 10-15 29.0029

Collagen, type 12, alpha 1 3.24 · 10-15 27.6265
Inhibin, beta A 1.21 · 10-12 26.9607
ADAM-like, decysin 1 3.78 · 10-11 26.1050
AE binding protein 1 4.82 · 10-17 25.1416
Gremlin 1 3.99 · 10-14 24.8750
Collagen, type 8, alpha 1 4.03 · 10-15 24.8640
Chi�nase 3-like 1 (car�lage glycoprotein-39) 5.35 · 10-08 24.2195

MMP1
DKK3

Matrix metallopep�dase 1 (inters��al collagenase) 2.31 · 10-09 23.3814
Dickkopf 3 homolog 2.82 · 10-13 23.1309

SYMBOL GENE TITLE P-VALUE F-CHANGE

SERPINF1 Serpin pep�dase inhibitor, clade F 7.47 · 10-15 23.0962

Transgelin 2.57 · 10-14 28.7278

Table	 1.	 Top	40	upregulated	genes	expressed	 in	FAP+	CAFs	 from	patient	CRC	samples 
(Calon et al., 2015). P values and Fold-change (F-CHANGE) compare Gene expression of FAP+ 
cells with CD31+, CD45+ and EPCAM+ cells. TAGLN is highlighted in red.
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We found TAGLN expression enriched in CRCs classified as CMS4 (Figure 30B), which 
comprises tumours with high levels of TGF-β and a prominent stromal infiltration (Guinney 
et al., 2015). Furthermore, patients with tumours classified as CMS4 have worse prognosis 
(Guinney et al., 2015). In accordance with these observations, and with previous observa-
tions from the Batlle lab (Calon et al., 2015), we found that stage I-III CRCs with high levels 
of TAGLN exhibit a poor clinical outcome, i.e. increase risk of relapse after therapy (Figure 
30C-D). 

Tagln expression
Low vs Medium (HR = 1.42 [0.97, 2.07], p = 0.06877)
High vs Low (HR = 1.79 [1.24, 2.57], p = 0.001693)
High vs Medium (HR = 1.26 [0.91, 1.74] p = 0.16848)
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Figure 30. TAGLN expression in CAFs predicts poor prognosis in CRC patients. A. TAGLN 
expression in epithelial cells (EPCAM), endothelial cells (CD31), leukocytes (CD45) and CAFs 
(FAP) sorted from patient-derived CRC samples. Microarray Data from Calon et al., 2015.  B. TA-
GLN expression accross all CMS defined by Guinney and colleagues (Guinney et al., 2015). C. 
Smooth function correlating TAGLN mRNA expression with relative risk of recurrence in MSS CRC 
patients. Non-primary tumours were excluded from this analysis. Black dashed lines represent 95% 
confidence interval. Blue dashed lines separate the threshold for patient selection. Hazard Ratio 
(HR) is indicated with 95% confidence interval and it represent the risk of relapse for every stan-
dard deviation in expression. D. Kaplan-Meier showing MSS CRC patient recurrence-free survival 
stratified into the three groups, which are defined in C by low (blue, TAGLN relative expression < 
9.434, 46 patients), medium (grey, TAGLN relative expression = 9.434 – 10.453, 65 patients) and 
high (red, TAGLN relative expression > 10.453, 81 patients) TAGLN relative expression. HR and 
p values compare relapse-free survival over time according to TAGLN expression levels. HR are 
indicated with 95% confidence interval. 
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To validate the transcriptomic data analysed in silico, we examined Tagln expression in the 
MTO metastatic model. To this end, we sorted epithelilal (EPCAM+), endothelial (CD31+), 
immune (CD45+) and PDGFRβ+ cells from 3 liver metastases 3 weeks after injection and 
subsequently analysed Tagln expression by qRT-PCR. We observed a very large enrich-
ment in Tagln expression in PDGFRβ+ CAFs compared to the other three cell populations 
(Figure 31). We also demonstrated that Tagln expression is upregulated in PDGFRβ+ CAFs 
compared to LMCs, in a similar fashion to other TGF-β target genes tested (Figure 20A, 
page 115). Moreover, both α+/β+ and α-/β+ CAF subpopulations showed similar expression 
levels of Tagln (Figure 20C, page 115). Altogether, these data suggest that Tagln could be 
a suitable marker to target CAFs in CRC.

Figure 31. Tagln is enriched in CAFs from 
CRC liver metastasis in mice. Tagln expression 
in epithelial cells (EPCAM+), endothelial cells 
(CD31+), leukocytes (CD45+) and CAFs (PDG-
FRβ+) sorted from mouse liver metastasis. Bars 
represent upper detection limits of mRNA expres-
sion.

To confirm that Tagln upregulation in CAFs is mediated by TGF-β, we treated mice bearing 
MTO129-derived liver metastasis with the TGFBR1 inhibitor Galunisertib, by oral gavage. 
Treatment started at day 13 after tumour transplantation, and mice were sacrificed 3 and 8 
days after treatment had started (Figure 32A). Histological analysis of control mice treated 
with vehicle showed that TAGLN expression increased over time (Figure 32B, D-E). Howev-
er, mice treated with Galunisertib showed a significant reduction of TAGLN protein expres-
sion in CAFs, which was further downregulated after 8 days of treatment (Figure 32C-E). 

These analyses demonstrate a very significant enrichment of TAGLN expression in 
TGF-β-activated CAFs present in patients and in the MTO metastatic model, and therefore 
suggest that the Tagln promoter could represent an attractive tool to target the TGF-β path-
way in CAFs using the Cre-loxP system. 

3.3. Tagln-CreERT2	marks	TGF-β-activated	CAFs	from	CRC	liver	metastasis

We obtained Tagln-creERT2 knocking mice from the laboratory of Robert Feil (Kühbandner 
et al., 2000) and crossed these mice with the mT/mG reporter strain (Figure 33A). Livers 
from naive mice treated with tamoxifen showed expression of GFP limited to pericytes sur-
rounding the central and portal veins as well as portal arteries (Figure 33B). This pattern 
resembled that of αSMA expression in homeostasis (Figure 17A, page 112). We also used 
these mice to inoculate quadruple mutant MTOs. Treatment with tamoxifen revealed that 
GFP was abundantly expressed in CAFs of the tumour stroma. We also found GFP+ fi-
broblastic-like cells in the liver surrounding metastasis, which are likely HSCs that become 
TGF-β-activated in proximity to the tumour mass (Figure 33C-D). This finding, however, 
deserves further analyses.  
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Figure	32.	TAGLN	expression	in	CAFs	decreases	upon	TGF-β	inhibition.	A. Schematic repre-
sentation of experimental design. Mice were treated from day 13 after MTO inoculation with vehi-
cle (control, Veh, blue) or Galunisertib (Gal, red) for either 3 or 8 days, and sacrificed at 16 or 21 
days, respectively. B-C. Low (left) and high (right) magnification pictures of IF staining of TAGLN 
in representative liver metastases from control (B) and treated (C) mice. White dashed lines limit 
metastatic nodules. Yellow dashed lines separate tumour glands from the stroma. St = stroma. T= 
Tumour gland. D. Percentage of TAGLN+ area represented as % of positive pixels detected within 
a metastatic nodule. Each dot represents a single nodule. 40 nodules on average were counted for 
3, 5, 4 and 2 mice from left to right. E. Average of TAGLN+ area per mouse relative to D. Averages 
and SEM are represented in D and E. Unpaired t test was performed in D and E. Scale bars = 500 
μm. * = p-value < 0.05, **** = p-value < 0.0001.
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Figure 33. Analysis of CRE-mediated recombination in CRC liver metastases 
from Tagln-CreERT2 mice. A. Schematic representation of the Tagln-CreERT2; mT/mG; 
Tgfbr2f/f mouse model. Mice were homozygous for the mT/mG dual fluorescence re-
porter, which expresses membrane-bound tdTomato (mTomato) constitutively. tdTo-
mato is followed by a poli-A/stop region that prevents membrane-bound GFP (mGFP) 
from being expressed, until the floxed mTomato is excised by CRE-mediated recombi-
nation. Two loxP sites flank exon 4 of Tgfbr2. Upon tamoxifen-mediated recombination, 
the Tgfbr2 gene in Tagln-expressing cells becomes truncated and GFP is expressed. 
B. IHC staining of GFP in naïve livers from Tagln-CreERT2; mT/mG; Tgfbr2+/+ mice. C-D. 
IHC staining of GFP in 2 different liver sections from Tagln-CreERT2; mT/mG; Tgfbr2+/+ 

mice transplanted with MTOs, focusing on a tumour area (C) and the liver parenchyma 
(D). Dashed line in C delineates the tumour margin. T = tumour. Arrowheads = recom-
bined LMCs. Scalebars = 250 μm.

To confirm that GFP was exclusively expressed in CAFs, we analysed liver metastases 
from mice treated with tamoxifen by flow cytometry. This analysis showed that GFP+ cells 
overlapped with the PDGFRβ+ population, and not with either CD31+ or CD45+ stromal 
populations (Figure 34A). This finding was confirmed by immunofluorescence (IF), where 
recombined GFP-expressing CAFs co-localised with PDGFRβ staining, including both α+/β+ 
and α-/β+ CAF subpopulations described in chapter 2 (Figures 34B-D, Figure 35). Further-
more, recombined CAFs showed expression of CALD1, one of the top upregulated TGF-β 
target genes (Calon et al., 2015; Figure 34E). qRT-PCR analysis validated that isolated 
GFP+ cells were enriched in Tagln expression (Figure 36A) together with other classical 
fibroblast markers such as Col1a1, Col1a2, both Pdgfr isoforms and αSMA, when compared 
to EPCAM+, CD31+ and CD45+ populations (Figure 36B). Furthermore, Cre mRNA expres-
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Figure 34. Recombination in Tagln-CreERT2 mice occurs in CAFs from liver metastases. A. 
Flow cytometry analysis of GFP fluorescence in Tagln-expressing cells from Tagln-CreERT2; mT/
mG mice compared to CD45, CD31 and PDGFRβ expression. B-E. Representative IF co-stain-
ings of GFP from Tagln-expressing cells and CD11b (B), CD31 (C), PDGFRβ (D) and CALD1 
(E). Dashed lines limit tumour glands (T) with the tumour stroma. White arrowheads show CAFs 
co-expressing GFP and PDGFRβ. Blue arrowheads show CAFs co-expressing GFP and CALD1. 
Scalebars = 200 μm.
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Figure 35. Both α+/β+	and	α-/β+ CAFs express Tagln. Sections from MTO-derived liver metas-
tasis showing IF stainings of GFP (Tagln), PDGFRα and αSMA. Sections are taken from one 
same tumour, focusing on α+/β+ CAFs (upper row) or α-/β+ CAFs (lower row). Yellow arrowheads 
show PDGFRα+ CAFs (α+/β+ CAFs) expressing GFP. White arrowheads show αSMA+ CAFs (α-/β+ 
CAFs) expressing GFP. Dashed line delineates the tumour margin. Scale bars = 100 μm.

A BBA

Figure	36.	GFP+	cells	express	classical	markers	for	fibroblasts.	A. qRT-PCR analysis to con-
trol for the enrichment in mRNA expression of the indicated specific markers for each of the FACS 
isolated populations (GFP+ cells compared to EPCAM+, CD31+ and CD45+ cell populations).   B. 
mRNA expression of fibroblast genes in GFP+ cells compared to EPCAM+, CD31+ and CD45+ 
cells. Bars represent upper detection limits in A and B. Plots are representative of 2 sample rep-
licates.



138

Chapter 3

sion was limited to the GFP+ population (Figure 36A). Therefore, we tentatively concluded 
that Tagln-CreERT2 mice represent a good genetic model to specifically target TGF-β-activat-
ed CAFs in CRC liver metastasis.

3.4.	Recombination	efficiency	is	subjected	to	the	composition	of	the	tumour	stroma

As described in chapter 2, composition of CAFs in the TME differs depending on the 
transplanted MTO. We argued that this could influence the overall levels of TGF-β and, con-
sequently, the expression of stromal TGF-β targets such as Tagln. In turn, this could affect 
the recombination efficacy of the Tagln-CreERT2 genetic mouse model.

Thus, we evaluated the mRNA expression levels of Tagln in tumours originated from the 
three MTOs used in chapter 2, namely MTO129, MTO138 and MTO140. MTO140-derived 
metastases expressed the highest levels of Tagln (Figure 37A). Tagln mRNA levels showed 
a positive correlation with TGF-β1 and TGF-β3 mRNA levels (Figure 37B, D), which were 
also higher in MTO140 metastases (please see Figure 24D, page 119). 

Figure 37. Tagln is expressed differently in metastases from different MTOs. A. Tagln ex-
pression in tumour bulk mRNA from MTO129 (green), MTO138 (yellow) and MTO140 (red). Av-
erage mRNA expression and SEM are represented. B-D. Correlation of Tagln expression with 
Tgf-β1 (B), -β2 (C) and -β3 expression (D) reported in Figure 24D (page 119). Regression lines 
are represented. Dashed lines represent the 95% confidence interval. Correlation was calculated 
using the Spearman test. 
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To assess recombination efficiency, we inoculated MTO129 and MTO140 into Tagln-CreERT2 
mice. We tested two different tamoxifen treatment regimens: 1) by administrating three dos-
es of tamoxifen in three consecutive days, starting at day 18 after MTO inoculation (acute 
treatment); or 2) two doses a week starting at day 7 after MTO inoculation and until the 
experimental end point (long-term treatment) (Figure 38A). Upon sacrifice, we quantified 
number of GFP+ cells by flow cytometry on dissociated metastases. In both treatment op-
tions, PDGFRβ+ CAFs from MTO140-derived metastases displayed more GFP+ events 
compared to MTO129 (Figure 38B-C). Therefore, metastases generated from different 
MTOs will influence the recombination efficiency of our Tagln-CreERT2 mouse model. This 
effect probably depends on the overall TGF-β levels present in the TME and the differential 
recruitment of Tagln-expressing CAFs by each MTO.

MTOs

0 5 10 15 20

Tamoxifen
A

21

MTOs

0 5 10 15 20 25
28

Tamoxifen

Acute treatment Long-term treatment

M
TO

12
9 

(G
FP

)
M

TO
14

0 
(G

FP
)

B
C

T

T

T

T

T

C

Figure	38.	Recombination	efficiency	 in	CAFs	from	liver	metastasis	depends	on	the	MTO	
of origin. A. Schematic representation of acute and long-term tamoxifen treatments. For acute 
treatment, mice were treated with tamoxifen three consecutive days, starting at day 18 after tu-
mour transplantation, and sacrificed the day after the last administration. For long-term treatment, 
tamoxifen was administered twice per week, with 3-4 days of difference between each admin-
istration. B. Representative images of IHC staining of GFP from Tagln-expressing CAFs in liver 
metastases generated by MTO129 and MTO140. Dashed lines delineate tumour margins. T = 
Tumour. Scalebars = 1 mm. C. Proportion of GFP+ CAFs quantified by flow cytometry within total 
PDGFRβ+ CAFs in metastases derived from MTO129 and MTO140, using both tamoxifen treat-
ment strategies (acute and long-term). Averages and SEM are represented. Unpaired t test was 
performed. ** = p-value < 0.01, *** = p-value < 0.001. 
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3.5. Depletion of TGFBR2 by recombination leads to a decrease of the mRNA levels of 
Tgfbr2	and	TGF-β	target	genes

To test whether the Tagln-CreERT2 mouse model was specifically targeting the TGFβ 
program functionally, we transplanted MTO129 and MTO140 into these mice and treated 
them with an acute tamoxifen regime as detailed in the previous section (Figure 39A). We 
then sorted un-recombined GFP- PDGFRβ+ CAFs and recombined GFP+ PDGFRβ+ CAFs, 
and compared them by qRT-PCR. 

We compared CAFs from mice carrying at least one wild-type allele for the Tgfbr2 (Ta-
gln-CreERT2; Tgfbr2+/+ or Tagln-CreERT2; Tgfbr2+/f, which will be collectively termed WT or Tg-
fbr2+/[+/f]) with mice carrying two copies of the floxed allele (Tagln-CreERT2; Tgfbr2f/f, termed 
KO). In WT mice, GFP+ PDGFRβ+ CAFs from MTO140-derived metastases reported a 
modest upregulation in Tagln mRNA levels, together with similar increases in IL-11 and Ser-
pine1 (Figure 39B), two genes upregulated by TGF-β in CAFs (Calon et al., 2015, Figure 
20A, page 115). In KO mice, however, not only Tgfbr2 was downregulated in GFP+ CAFs, 
but also TGF-β target genes, including Tagln, exhibited decreased expression levels (Fig-
ure 39C).

Figure 39. Gene expres-
sion analysis of CAFs 
with recombined Tgfbr2. 
A. Schematic representa-
tion of acute treatment with 
tamoxifen, which was ap-
plied for B, C, D and E. B, 
B. Comparison of Tgfbr2 
and TGF-β targets expres-
sion between GFP- PDG-
FRβ+ (blue) and GFP+ 
PDGFRβ+ (red) CAFs in 
WT (B) and KO mice (C) 
inoculated with MTO140 
D, E. Comparison of Tgf-
br2 and TGF-β targets ex-
pression between GFP+ 
PDGFRβ+ and GFP- PDG-
FRβ+ CAFs in WT (D) and 
KO mice (E) inoculated 
with MTO129. Bars repre-
sent upper detection limits 
for all plots. Each plot is 
representative of 2 biolog-
ical replicates.
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On the other hand, GFP+ CAFs from MTO129-derived tumours in KO mice also displayed 
downregulation of Tgfbr2 expression. However, we could not detect any obvious difference 
in Tagln expression or downregulation in TGF-β targets (Figure 39D-E). In conclusion, we 
could confirm inducible recombination of the Tgfbr2 in CAFs present in metastasis and 
shutdown of the TGF-β program, which was particularly evident in CAFs from MTO140 me-
tastases.

3.6.	TGFBR2-deficient	CAFs	may	not	thrive	in	the	tumour	stroma

In the Batlle lab, we have reported extensively that TGF-β pathway inhibition leads to 
downregulation of the expression of TGF-β targets expressed by CAFs in the tumour stroma 
(Chapter 1, Calon et al., 2012, 2015; Tauriello et al., 2018). However, it remains poorly char-
acterized how does this inhibition affect CAFs functionally. We hypothesised that the appar-
ent loss of TGF-β target gene expression may be due not only to reduced expression levels 
within CAFs, but could also be explained by a reduction in the number of CAFs. To address 
this issue, we quantified the areas stained by PDGFRβ in liver metastases in C57BL/6J mice 
treated with Galunisertib compared to control mice. After 3 days of Galunisertib treatment, 
the PDGFRβ+ stained area per metastatic nodule was significantly decreased compared to 
control mice (Figure 40A-B, D). When TAGLN expression was normalized to PDGFRβ, the 
differences in TAGLN expression triggered by Galunisertib treatment reported in Figure 32E 
(week 2, page 132) were no longer significant (Figure 40C), suggesting that the reduction 
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Figure	40.	Total	number	of	CAFs	is	reduced	upon	TGF-β	inhibition. A. Percentage of PDG-
FRβ+ area represented as % of positive pixels detected within a metastatic nodule, in control mice 
(blue) and mice treated 3 days with Galunisertib (red). Each dot represents a single metastatic 
nodule. 36 nodules on average were analysed from 3 control mice and 4 mice treated with Gal-
unisertib. B. Average of PDGFRβ+ area per mouse relative to A. C. Average of TAGLN+ area per 
mouse from Figure 32 (page 132) normalized to PDGFRβ values from A. Unpaired t test was 
performed in A-C. D. Representative IHC images showing DAB staining of PDGFRβ+ CAFs at 2 
weeks after MTO129 transplantation, in control mice and mice treated with Galunisertib. Dashed 
lines delineate tumour margins. T = tumour. Scalebars = 500 μm. E. mRNA expression of Pdgfrβ 
in control mouse in vitro LMCs and treated with TGF-β or Galunisertib (Gal). Bars represent upper 
limits of mRNA expression. Results are representative of 2 experimental replicates.

in TAGLN expression upon inhibition treatment with Galunisertib is, at least partially, due to 
a reduction of total number of CAFs in the tumour stroma. Of note, PDGFRβ expression is 
not driven by TGF-β signalling in in vitro cultured fibroblast (Figure 40E) indicating that we 
can use this marker as a surrogate of CAF abundance in WT and KO mice. 

We thus hypothesized that the loss of TGF-β signalling in the Tagln-CreERT2 genetic model 
may result in loss of CAFs. As described in sections 3.4 and 3.5 (Figure 38, Figure 39, 
pages 137-138), the CAF recombination strategy was most efficient in MTO140-derived 
metastases. Therefore, we chose this MTO to test this hypothesis. We inoculated WT and 
KO mice with MTO140. A group of 14 mice was treated with an acute regime of tamoxi-
fen, whereas another group of 12 mice received long-term treatment (Figure 41). In both 
treatment conditions, the number of GFP+ from total PDGFRβ+ CAFs was reduced in KO 
mice compared to WT mice (Figure 41). Histological analysis of TAGLN expression in mice 
treated with long-term regime showed that KO mice expressed lower levels of TAGLN in the 
tumour stroma (Figure 42). These data point to the possibility that Tgfbr2 KO CAFs cannot 
thrive in metastases. This effect may translate into an overall downregulation of the CAF 
TGF-β gene program in liver metastases. 

Figure 41. KO mice show 
a reduced number of 
GFP+	 CAFs	 compared	 to	
WT mice. Percentage of 
GFP+ cells analysed by flow 
cytometry from total PDG-
FRβ+ CAFs in WT (blue) 
and KO (red) mice treat-
ed with either acute (A) or 
long-term tamoxifen regime 
(B). Two independent ex-
periments were performed 
with the same conditions 
for long-term treatment (B, 
circles and squares). Group 
averages and SEM are rep-
resented. Unpaired t test 
was performed in all plots. 
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Figure 42. Overall TAGLN expression is decreased upon genetic recombination of Tgfbr2 in 
CAFs. A. Schematic representation of long-term tamoxifen treatment. B. Percentage of TAGLN+ 
area represented as % of positive pixels detected within a metastatic nodule, in WT (blue) and 
KO mice (red) after a long-term tamoxifen treatment. 12 nodules on average were analysed from 
4 WT mice and 6 KO mice (from left to right, respectively). C. Average of TAGLN area per mouse 
relative to B. Averages and SEM are represented in B and C. Unpaired t test was performed in 
B-C. D. Representative IF images of TAGLN expression in WT (left) and KO mice (right). Dashed 
lines delineate tumour margins. T = tumour. Scale bars = 250 μm
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3.7. Liver metastasis burden does not decrease upon deletion of TGFBR2 in CAFs

Having defined that the Tagln-CreERT2 mouse model targets specifically TGF-β-activated 
CAFs, we next assessed the effect of TGF-β pathway ablation in CAFs on metastatic growth. 
We inoculated MTO129, MTO138 and MTO140 into WT and KO mice and treated them with 
a long-term regime of tamoxifen. MTO129 and MTO138 were previously transfected with 
a luciferin construct, which allows monitoring the kinetics of tumour growth in vivo (Tauri-
ello et al., 2018). For both tumour types, there was no obvious variation in tumour burden 
upon tamoxifen-driven CAF recombination, except for MTO138, where KO mice showed 
increased tumour burden (Figure 43). Therefore, inhibition of the TGF-β pathway in CAFs 
alone does not offer a curative response by itself.

Figure 43. Metastatic 
burden is not decreased 
upon deletion of TGFBR2 
in CAFs. A. Schematic 
representation of long-term 
tamoxifen treatment. B. 
Number of tumour nodules 
counted from livers ex vivo 
after a long-term tamoxifen 
treatment. WT (blue) and KO 
mice (red) are compared in 
experiments using MTO129, 
MTO138 or MTO140 as in-
dicated. For MTO140, WT 
mice expressed CRE, while 
WT mice for MTO129 and 
MTO138 did not. N (from 
left to right) = 14, 9, 5, 15, 14 
and 11 mice. Averages and 
SEM are represented. Un-
paired t test was performed.
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3.8. KO mice treated with blocking antibodies against PD-L1 have improved survival

In Tauriello et al., 2018, we demonstrated that combinational therapy consisting of Galuni-
sertib and αPD-L1 antibodies induced strong curative effects on mice with established CRC 
liver metastases (Tauriello et al., 2018). Thus, we speculated that TGF-β pathway-deficient 
CAFs in liver metastasis synergize with anti-PD-L1 immunotherapy in a similar way as sys-
temic pharmacological inhibition of the pathway. We therefore injected WT and KO mice with 
different MTOs to generate liver metastasis and treated them with tamoxifen and αPD-L1 
antibodies or with IgG2 isotype control (Figure 44A). 

Administration of αPD-L1 antibodies to tamoxifen-treated KO animals led to fast and strong 
reductions in bioluminescence (tumour burden) to barely undetectable levels in a large sub-
set of animals (Figure 44C-E, purple lines). This therapeutic effect was reminiscent of the 
dual immunotherapy of Tauriello et al. (Tauriello et al., 2018). At the experimental end point, 
KO mice that were treated with αPD-L1 antibodies presented a reduced number of liver me-
tastases compared to the other groups (Figure 44B, C-F). 50% all 24 KO–αPD-L1 animals 
were free of visible metastasis upon sacrifice. In contrast, only 12.5% of WT animals treated 
with αPD-L1 had a complete response, and all other animals in the remaining arms present-
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ed with overt metastatic disease at experimental endpoint (Figure 44G). PDGFRβ+ CAFs 
sorted from KO + IgG2 and KO + αPD-L1 mice showed decreased expression of Tgfbr2 and 
Tagln mRNA (Figure 44H), confirming efficient recombination. We tentatively conclude that 
the curative response of dual blockade using TGFBR1 inhibitor and PD-L1 antibodies can 
be partially phenocopied by an ablation of the TGF-β pathway in CAFs.
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Figure 44. Combination of checkpoint immunotherapy and TGFBR2 deletion in CAFs cures 
metastasis. A. Schematic representation of dual therapy treatment for Tagln-CreERT2 mice. Tamox-
ifen was administered in all groups starting at day 7 after tumour transplantation in a long-term 
regime. αPD-L1 administration started at day 12. Control mice for αPD-L1 received IgG2. B. Bio-
luminescence from tumours in vivo in KO mice before αPD-L1 administration (day 12) and after 
treatment (day 21). Scale represents radiance values (photons · s-1). C-E. Bioluminescence quan-
tification of all three experiments represented, using MTO129 (C-D) and MTO138 (E). Number 
of mice used for Tgfbr2f/f + IgG2 (blue), Tagln-CreERT2; Tgfbr2f/f + IgG2 (red), Tgfbr2f/f + αPD-L1 
(green) and Tagln-CreERT2; Tgfbr2f/f + αPD-L1 (purple), respectively = C: 5, 4, 4, 6; D: 9, 5, 7, 5; E: 
5, 15, 5, 13. F. Number of tumour nodules from all three experiments combined. Shapes represent 
each experiment (C = diamonds, D = squares, E = circles). Medians are represented. A Wald test 
was performed. G. Proportion of metastasis-free mice upon experimental end-points. Absolute 
numbers of cured mice are shown. A Cocchran-Mantel-Haenszel test was performed. H. mRNA 
expression of Tgfbr2 and Tagln in all four conditions from the experiment represented in C. Bars 
represent upper detection limits. 

A caveat of this set of experiments is that, unlike the mice strains described in 3.5 and 3.6 
(Figures 39, 41 and 42, pages 138, 140-141), WT mice do not carry the Cre allele. There-
fore, unlike in KO mice, Tagln+ CAFs were not recombined to express the GFP reporter in 
WT mice. This fact poses a possibility that the GFP reporter could represent a source of 
neoantigens that artificially enhanced immune responses in KO mice. To exclude this pos-
sibility, we repeated this experiment using Cre-expressing WT mice with at least one wild-
type allele for the Tgfbr2 as control mice (Tagln-CreERT2; Tgfbr2+/[f/+]), which can still express 
GFP in Tagln-expressing CAFs (Figure 45). When metastases generated by MTO129 were 
tested, only one KO mouse treated with αPD-L1 was cured. However, all mice from this 
group presented an improved survival rate compared to all three remaining groups (Figure 
45B). Also, the number of liver metastases counted in these mice was reduced in a similar 
fashion to the previous experiments (Figure 45C). Importantly, survival of WT mice treated 
with αPD-L1 did not differ from WT and KO treated with IgG2 (Figure 45B), arguing against 
the possibility that GFP is immunogenic in this system. 

We verified this result using MTO140 to generate liver metastasis. Similar to MTO129, KO 
mice treated with αPD-L1 responded to treatment by showing decreased metastasis burden 
at experimental endpoints. Likewise, metastasis burden in WT mice treated with αPD-L1 
was not altered (Figure 46).

3.9.	Dynamics	of	T	cell	infiltration	in	KO	mice

In chapters 1 and 2, we reported that immune exclusion in tumours was a dynamic pro-
cess, and T cell density decreased as metastases expand in size. A simple mechanism to 
explain this effect is that TGF-β-activated CAFs might be required for an efficient T cell ex-
clusion in tumours. As CAFs accumulate over time, T cell become excluded from metastasis 
(Figure 26, page 121). This effect could be reverted upon inhibition of the TGF-β pathway 
(Tauriello et al., 2018). We therefore explored if depletion of TGFBR2 in CAFs induces T 
cell infiltration. To this end, we inoculated WT and KO mice with MTO129 to generate me-
tastasis. Groups of mice were sacrificed at days 7, 13, 21 and 28 after MTO inoculation. 
Tamoxifen administration started at day 7, after the first group of mice was sacrificed (Figure 
47A). We then analysed the density of CD3+ T cells in histological sections. T cells were 
excluded in WT mice with a kinetics similar to what we previously reported (Tauriello et al., 
2018). However, T cell infiltration remained unaltered in KO mice for all checked time points 
(Figure 47B). 

To verify again that T cell infiltration was not altered by the GFP expression in recombined 
cells, we compared CD3+ T cell densities of WT Tagln-CreERT2; Tgfbr2+/[f/+] and WT mice 
without Cre expression used in 3.8 (Figure 44, page 143). In line with the results reported 
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Figure 45. KO mice treated with checkpoint immunotherapy have extended survival. A. 
Schematic representation of dual therapy treatment for Tagln-CreERT2 mice. B. Kaplan-Meier rep-
resenting disease-free survival rate of mice transplanted with MTO129. 11, 10, 6 and 9 mice were 
used Tgfbr2+/[f/+] + IgG2 (blue), Tgfbr2f/f + IgG2 (red), Tgfbr2+/[f/+] + αPD-L1 (green) and Tgfbr2f/f + 
αPD-L1 (purple), respectively. A Mantel-Cox test was performed. C. Number of tumour nodules in 
livers from mice after sacrifice. Tumours from 4 Tgfbr2+/[f/+] + αPD-L1 mice and 2 Tgfbr2f/f + αPD-L1 
mice could not be counted after being found dead and were excluded from the analysis. Medians 
are represented. * = p-value < 0.05. A Mann-Whitney test was performed. 
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Figure 46. KO mice bearing MTO140-derived metastasis have reduced burden upon treat-
ment with checkpoint immunotherapy. A. Schematic representation of dual therapy treatment 
for Tagln-CreERT2 mice. B. Number of metastatic nodules in mice transplanted with MTO140. 8, 5, 
9 and 6 mice were used for Tgfbr2+/[f/+] + IgG2 (blue), Tgfbr2f/f + IgG2 (red), Tgfbr2+/[f/+] + αPD-L1 
(green) and Tgfbr2f/f + αPD-L1 (purple), respectively. Averages and SEM are represented. * = 
p-value < 0.05.
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Figure 47. T	cell	infiltration	is	not	altered	upon	TGFBR2	deletion	in	CAFs.	A.	Schematic rep-
resentation of long-term tamoxifen administration. B. CD3+ T cell densities quantified by IHC in 
WT and KO mice transplanted with MTO129. Mice from day 7 were sacrificed prior to tamoxifen 
administration. Values are averages of all metastatic nodules counted in every mouse. 12 nodules 
on average were quantified from 5, 6, 6, 5, 6, 5 and 6 mice, from left to right. B. T cell density com-
parison between WT mice injected with MTO129 from Figure 44 (Tgfbr2f/f) and WT mice from A at 
day 21 (Tagln-CreERT2; Tgfbr2+/[f/+]). Averages and SEM are represented. 

above, we did not observe major differences in T cell infiltration in tumours from both geno-
types (Figure 47C). Therefore, TGF-β inhibition in CAFs does not alter the immune exclu-
sion in CRC metastasis. 

3.10.	Acute	TGFBR2	deficiency	in	CAFs	induces	T	cell	responses	in	CRC	metastases.

Our data indicate that whereas the combination of CAF-specific TGFBR2 ablation with 
αPD-L1 checkpoint blockade offered a curative response (Figure 44, page 143), loss of TG-
FBR2 in CAFs alone does not change T cell density in metastases (Figure 47B, page 146). 
These effects are in opposition to the data shown using Galunisertib, which demonstrates 
that systemic inhibition of TGF-β signalling triggers T cell infiltration in the same model sys-
tem (Tauriello et al., 2018). We next studied the adaptive immune response upon acute 
recombination of Tgfbr2 in CAFs. Mice injected with MTO138 were treated for two con-
secutive days with tamoxifen, starting at day 13 after tumour transplantation, injected with 
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PD-L1-blocking antibodies or isotype control on day 14, and sacrificed at day 17 (Figure 
48A). In these 4 days of treatment, in which a decrease in tumour burden was observed for 
some KO-aPD-L1 (Figure 48B, purple lines), all treatments showed increased T cell density 
compared to control mice (Figure 48C, D). This suggests that a T cell response is produced 
early after inducing CAF recombination (Figure 48C, red points). 
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Figure 48. Acute treatment triggers T cell responses in liver metastases. A. Schematic rep-
resentation of acute treatment of KO mice with αPD-L1 antibodies. Tamoxifen treatment started 
at day 13. αPD-L1 was administered once at day 14. Control mice received IgG2. 9, 9, 7 and 8 
mice were used for Tgfbr2f/f + IgG2 (blue), Tagln-CreERT2; Tgfbr2f/f + IgG2 (red), Tgfbr2f/f + αPD-L1 
(green) and Tagln-CreERT2; Tgfbr2f/f + αPD-L1 (purple), respectively. B. Bioluminescence quantifi-
cation of tumours in vivo. C. CD3+ T cell densities quantified by IHC. Values are averages of all 
metastatic nodules counted in every mouse. 12 nodules on average were quantified from 8, 5, 9 
and 5 mice for Tgfbr2f/f + IgG2 (blue), Tagln-CreERT2; Tgfbr2f/f + IgG2 (red), Tgfbr2f/f + αPD-L1 (green) 
and Tagln-CreERT2; Tgfbr2f/f + αPD-L1 (purple), respectively. Averages and SEM are represented. 
Unpaired t test was performed. D. Representative IHC stainings of CD3+ T cells from C.  Dashed 
lines delineate tumour margins. T = tumour. Scalebars = 500 μm. * = p-value < 0.05, ** = p-value 
< 0.01.
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3.11. Long-term recombination of Tgfbr2 in CAFs induces a memory response

Our results so far suggest that ablation of the TGF-β pathway in CAFs might trigger an im-
mediate adaptive immune response (Figure 48, page 147). However, T cell infiltration was 
not altered at late time points, implying that the response is sustained over time (Figure 47, 
page 146). We explored whether a short-lived T cell response might result in the generation 
of memory T cells over the long term.

To verify this possibility, we analysed WT and KO mice bearing MTO140-derived metasta-
ses that received a long-term tamoxifen treatment (Figure 49A). In agreement with our ear-
lier observations, KO tumours did not show increased CD3+ T cell infiltration compared to 
WT tumours (Figure 49B). However, CD8+ T cells were enriched in T cells that co-express 
CD44 and CD62L, (Figure 49C). CD44+CD62L+ CD8+T cells have been show to include 
memory T cells (Krishnan et al., 2007). Moreover, we found an increase of CD19+ B cells 
in KO tumours (Figure 49D). Based in these preliminary data, we speculate that the lack of 
CAF-specific TGF-β signalling in the TME generate a memory response, perhaps resulting 
from the acute T cell response observed in section 3.10. Nevertheless, these differences did 
not reach statistical significance and deserve further analyses.

Figure 49. Metastases from KO mice show increased memory T cells and B cells. 
A. Schematic representation of tamoxifen administration. B. Percentage of CD3+ T cells 
from total CD45+ leukocytes in WT and KO mice transplanted with MTO140 after a long-
term tamoxifen treatment, quantified by flow cytometry. C. Percentage of CD44+ CD62L+ 
memory T cells from total CD8+ cytotoxic T cells. D. Percentage of CD19+ B cells from total 
CD45+ leukocytes. N = 6 WT and 5 KO mice (left and right, respectively). Averages and 
SEM are represented for all plots. Unpaired t test was performed for all plots. 
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3.12.	Ablation	of	TGFBR2	in	CAFs	synergizes	with	αPD-L1	therapy	and	triggers	an	
adaptive immune reaction

The therapeutic effects triggered in KO mice treated with antibodies against PD-L1 strong-
ly suggest that TGF-β-activated CAFs regulate immune responses in the TME. To verify 
if the blockade of PD-L1 produces synergistic T cell-mediated responses in KO mice, we 
analysed the CD3+ T cell densities in mice from the experiments detailed in 3.8 (Figure 44, 
page 143). Analysis of CD3 IHC stainings revealed that densities of CD3+ T cells in KO mice 
were not altered compared to WT mice, nor were those in WT mice treated with αPD-L1 
(Figure 50A, D-E, red dots). In contrast, those KO mice treated with αPD-L1 antibodies that 
still had visible tumours, i.e. they had not been yet cured, showed increased T cell infiltration 
(Figure 50A, D-E, purple dots). Therefore, combination of checkpoint immunotherapy with 
specific inhibition of the TGF-β pathway in CAFs triggers an adaptive immune response. 

Furthermore, in mice bearing MTO138-derived tumours, we noted three distinct degrees 
of therapeutic responses: 1) complete responders (cured mice), 2) mice with stable disease, 
and 3) mice with progressive disease (Figure 50B). The later exhibited a higher number of 
liver metastases and reduced T cell infiltration (Figure 50B-E). On the other hand, mice with 
stable disease showed the highest T cell densities in metastases, which could represent an 
ongoing anti-tumoral response (Figure 50B-E). Overall, these data indicate that whereas 
tumour lymphocyte infiltration is not increased when TGF-β pathway is ablated in CAFs, 
treatment with αPD-L1 synergizes with lack of TGF-β signalling in CAFs. We therefore con-
clude that TGF-β signalling in CAFs plays a key role in adaptive immune evasion. 

Figure 50 (Next page). Combination of TGFBR2 deletion with checkpoint immunotherapy 
produces synergistic effects. A. Mice averages of CD3+ T cell densities from the two experi-
ments using MTO129 represented in Figures 44C and 44D (page 143). An average of 20 tumour 
were quantified from 14, 9, 10 and 6 mice for Tgfbr2f/f + IgG2 (blue), Tagln-CreERT2; Tgfbr2f/f + IgG2 
(red), Tgfbr2f/f + αPD-L1 (green) and Tagln-CreERT2; Tgfbr2f/f + αPD-L1 (purple), respectively. Un-
paired t test was performed. B. Bioluminescence from tumours in vivo in KO mice treated with 
αPD-L1 represented in Figure 44E (page 143). From all mice with overt metastatic disease, three 
mice presented stable disease (Sta., yellow) and three additional mice presented progressive 
disease (Prog., orange). C. Number of tumour nodules of mice transplanted with MTO138 treat-
ed with dual therapy represented in Figure 44E (page 143). Mice with progressive and stable 
disease are highlighted. D. Mice averages of CD3+ T cell densities from the experiment using 
MTO138 represented in Figure 44E (page 143). An average of 29 tumour were quantified from 
5, 15, 4, 7 and 6 mice for Tgfbr2f/f + IgG2 (blue), Tagln-CreERT2; Tgfbr2f/f + IgG2 (red), Tgfbr2f/f 
+ αPD-L1 (green) and Tagln-CreERT2; Tgfbr2f/f + αPD-L1 (purple), respectively. Tgfbr2f/f and Ta-
gln-CreERT2; Tgfbr2f/f mice treated with αPD-L1 are separated depending on if they presented sta-
ble or progressive disease.* = p-value < 0.05, ** = p-value < 0.01. Unpaired t test was performed. 
E. Representative IHC images showing DAB staining of CD3+ T cells from D.  Dashed lines de-
lineate tumour margins. Scalebars = 1 mm. 
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“Nothing in life is to be feared, it is only to be understood. 
Now is the time to understand more, so that we may fear 

less.”
- Marie Curie





Discussion

157

1.	Chapter	1:	TGF-β	drives	immune	evasion	in	genetically	reconstituted	colon	can-
cer metastasis

Chapter 1 identified a prominent immunosuppressive role of TGF-β in CRC metastasis. 
Using a genetic mouse model for metastatic CRC, our lab found that inhibition of the TGF-β 
pathway on established tumours allowed T cells to infiltrate. Although this effect alone was 
not always strong enough to result in significant therapeutic effects, treatment with antibod-
ies anti-PD-L1 synergized with inhibition of the TGF-β pathway to induce profound cura-
tive effects and immunization. In this section, I will first discuss the generation of the MTO 
technology, which has been extensively used for the development of this thesis. Next I will 
discuss the results published in Tauriello et al., 2018, focusing on those to which I have 
contributed. 

1.1. Mouse tumour organoids of CRC: a new tool to study the fully immunocompetent TME 
of metastasis

Mouse models have been extensively used to study the genetic events leading to forma-
tion of colonic adenomas and their progression to aggressive carcinomas. These include 
genetically engineered mouse models, such as Apcmin, p53R172H and PIK3ca*+, (Leystra et 
al., 2012; Moser et al., 1995; Ramanathan et al., 2012) and chemical induction of intestinal 
tumorigenesis using carcinogens such as azoxymethane (AOM) and dextran sulphate sodi-
um (DSS) (De Robertis et al., 2011). Given the fact that transition from colonic adenomas 
to aggressive carcinomas and metastasis is extremely slow, and because of their relatively 
short life span, mice typically die from the primary carcinomas before tumour cells can even 
reach distant organs. 

Models of xenograft transplantation of patient-derived CRC cell lines into immunodeficient 
mice allowed a first approach to comprehend the biology of CRC metastasis. However, two 
important caveats of this system are the combination of a human sample into a murine host, 
and the lack of a reactive immune system in the TME of these transplants. The establish-
ment of immortalized murine cell lines of CRC (i.e. CT26 and MC38) bypasses these two 
problems as they can be transplanted into syngeneic immunocompetent mice (Karim and 
Huso, 2013). However, the high mutational burden of these cell lines generates multiple 
neoantigens recognized by the immune system. Therefore, results obtained using these 
cell lines may not represent the majority of CRC tumours, which have much lower mutation 
rates. 

By the time the project of the present thesis was conceived, our lab had generated a 
new mouse model for metastatic CRC, which resulted from serial crosses of mice bearing 
mutated alleles affecting the key CRC pathways (Apcfl/fl, KrasLSL-G12D, Tgfbr2fl/fl and Trp53fl/fl, 
Fearon, 2011; Fearon and Vogelstein, 1990). Recombination of these alleles was specific 
for Lgr5+ intestinal stem cells (Lgr5eGFP-creERT2, Barker et al., 2007) after tamoxifen admin-
istration. The combination of these mutations (LAKTP) resulted in the formation of sponta-
neous, invasive carcinomas that recapitulated key features of human CRC, including the 
stroma reaction: increased TGF-β signalling and decreased T cell infiltration. Importantly, 
around a 40% of mutant mice produced metastasis in the peritoneum (carcinomatosis), liver 
and lungs within their lifespan (Tauriello et al., 2018). Tumours and metastases from these 
mice were brought into 3D-culture to generate a large biobank of MTOs. To study liver met-
astatic colonization, MTOs were transplanted into syngeneic C57BL/6J immunocompetent 
mice, either as orthotopic implants in the caecum or focusing on liver metastasis by intra-
splenic injection (Tauriello et al., 2018).

In parallel, two independent studies proposed new models of CRC that were able to re-
capitulate the progression of aggressive carcinomas and metastatic dissemination (Fuma-
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galli et al., 2017; O’Rourke et al., 2017). Both studies took advantage of the CRISP-Cas9 
technology to introduce mutations affecting the four key pathways of CRC into intestinal or-
ganoids cultured in vitro, which can then be transplanted into syngeneic immunocompetent 
mice (Fumagalli et al., 2017; O’Rourke et al., 2017). 

The CRC models established by O’Rourke et al., Fumagalli et al. and our lab are able to 
overcome the above-mentioned caveats from the previous mouse models for metastatic 
CRC, as they feature non-hypermutated tumours with a complete TME. However, while the 
former two models rely on genetic manipulation of intestinal organoids ex vivo, MTOs are 
derived from spontaneously developed tumours and acquire a distinct combination of sec-
ondary mutations, a phenomenon that is reminiscent of the heterogeneity found in human 
patients (Tauriello et al., 2018). 

1.2. TGF-β is required for T cell exclusion in metastatic initiation

It is accepted now that T cell exclusion in CRC is correlated with poor prognosis in pa-
tients (Camus et al., 2009; Galon et al., 2006; Pagès et al., 2005, 2010). Tumours sponta-
neously generated in our LAKTP mouse model have low levels of tumoral T cell infiltration. 
Moreover, we saw a progressive reduction of T cell density in tumours when MTOs were in-
oculated into spleens to recreate liver metastasis and different time points were analysed. T 
cells fail to maintain their activity in liver metastases, and therefore liver metastases become 
immune excluded (Tauriello et al., 2018). These findings agree with the fact that many 
colorectal tumours are immunologically “cold”, with a poor adaptive immune reaction due to 
the low neoantigenic burden that was also determined to apply to quadruple mutant MTOs 
(Galon and Bruni, 2019; Tauriello et al., 2018). 

Furthermore, in agreement with the previous observations from our lab (Calon et al., 
2012), this new study corroborated that inhibition of the TGF-β pathway using Galunisertib 
in the TME of early metastases abrogates tumour initiation. This pharmacological effect of 
TGFBR1 inhibition was reproduced when we genetically ablated the TGFBR2 in the stroma 
(Ub-CreERT2; TGFBR2f/f). We concluded that impairment of tumour initiation as a result of 
TGF-β pathway inhibition was T cell-dependent as a result of the following observations:

- Tumour growth was rescued when T cells were depleted using monoclonal antibod-
ies (Tauriello et al., 2018). 

- In mice treated with Galunisertib as well as in Tgfbr2 ubiquitous KO animals, we 
observed an increased infiltration of CD3+ T cells, which was specially contributed 
by an increase of CD4+ T cells. Within the CD4+ subset, there was enrichment in 
TBET+ cells. TBET is the master regulator of a Th1 response, and its expression is 
inhibited by TGF-β (reviewed in Batlle and Massagué, 2019). Therefore, abrogation 
of TGF-β signalling induced a Th1 activity. 

- Both CD4+ and CD8+ T cells in mice treated with Galunisertib showed increased 
activation (Tauriello et al., 2018). Although recombination of the Tgfbr2 affected only 
partially the leukocyte subset (Tauriello et al., 2018), KO T cells showed increased 
activation compared to T cells that resisted recombination (Badia-Ramentol, data not 
shown). In particular, we saw an increase in expression of IFNγ and GZMB, which are 
correlated with an effective CTL response and good prognosis in patients, and are di-
rectly repressed by TGF-β (Batlle and Massagué, 2019; Galon et al., 2006; Pagès 
et al., 2010; Waterhouse et al., 2004). In line with these findings, previous reports 
already demonstrated that mice carrying either dominant negative or truncated forms 
of the TGFBR2 in CD4+ T cells develop autoimmune diseases due to uncontrolled 
activation (reviewed in Batlle and Massagué, 2019). 
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We confirmed that CAFs were the major source for TGF-β in the TME of liver metastases 
of the LAKTP-MTO model, at least on the mRNA level. Moreover, both the CAF gene sig-
nature and the levels of TGF-β1, -β2 and -β3 were inversely correlated to Th1 responses 
(Tauriello et al., 2018), which links  the prognostic potential of TGF-β and CAFs (Calon et 
al., 2012, 2015) to Th1 responses. Consequently, Th1 responses are restablished when the 
TGF-β pathway in the TME of liver metastases is inhibited.

1.3. Synergism of checkpoint immunotherapy with TGF-β inhibition leads to strong thera-
peutic effects

Many patients with advanced CRC relapse after surgery in the form of full-blown me-
tastasis at distant organs, especially in the liver. Therefore, while we observed that early 
treatment with Galunisertib led to a dramatic decrease in liver tumour burden, we decided 
to explore the effects of TGF-β inhibition in a setting of established metastasis with a ma-
ture TME, defined as 2 weeks after implantation of MTOs. This setting was considered to 
be more relevant in the clinical aspect of advanced disease. At this point, tumour cells have 
already overcome immune surveillance and grown to visibly detectable sizes (0.5 to 1 mm).

In this scenario, treatment with Galunisertib only yielded a modest reduction in tumour bur-
den, and led to only a modestly extended survival. Nonetheless, even with these incomplete 
responses, we could observe an increase in T cell infiltration in tumours. This infiltration was 
accompanied by an increase of PD-1 surface expression on CD4+ and CD8+ T cells (Tauri-
ello et al., 2018). PD-1 is typically expressed on the surface of T cells during initial activation 
and is critical to shape effector responses and the generation of memory T cells  (reviewed 
in Sharpe and Pauken, 2018). As antigenic presence persists, PD-1 expression levels of 
PD-1 on T cells remain high. (Sharpe and Pauken, 2018). Conversely, PD-1 expression is 
crucial to dampen immune responses upon its binding to PD-L1/2 (Freeman et al., 2000; 
Rozali et al., 2012). PD-L1 is the most abundant ligand for PD-1 and can be expressed by 
a plethora of cells in the TME, including tumour epithelial cells. Thus, blocking antibodies 
targeting PD-L1 is one of the most attractive strategies for immunotherapy (Drake et al., 
2014; Sharpe and Pauken, 2018). It is interesting to note that in mouse CRC liver metas-
tases, PD-L1 expression progressively increases over time in the tumour stroma, especially 
on tumour-associated macrophages (Tauriello et al., 2018). PD-L1 expression is triggered 
mainly by interferons, especially IFNγ, for instance as a result of effector T cell activity (Gar-
cia-Diaz et al., 2017; Katlinski et al., 2017; Ribas et al., 2017). We could therefore spec-
ulate that T cell-mediated immunosurveillance of liver metastases results in the release of 
effector cytokines including IFNγ, which triggers PD-L1 expression on the TME. 

The expression of stromal PD-L1 gave a hint that established metastases make use of im-
munological checkpoints as an additional mechanism to evade immune surveillance. There-
fore, we tested a combination therapy of Galunisertib with antibodies against PD-L1 in the 
MTO model (Tauriello et al., 2018). Responses after monotherapy with antibodies against 
PD-L1 were minimal. However, combination of both treatments led to a strong therapeutic 
response and increased disease-free survival. When analysed, tumours from mice treated 
with dual therapy showed an enhanced Th1 response. This study demonstrates that treat-
ment with antibodies against PD-L1 further strengthens the T cell responses observed after 
treatment with Galunisertib, resulting in a synergized response and rapid tumour clearance 
(Tauriello et al., 2018).

Similar to its prognostic power, T cell infiltration can predict patient clinical response to 
immunotherapy. Indeed, most CRC patients develop tumours with a poor T cell infiltration 
that are refractory to checkpoint blockade therapy (Le et al., 2015; Llosa et al., 2015). In 
this line, recent work led by Jérôme Galon have shown that the Immunoscore tool can pre-
dict patient outcome and can be used in decision-making for targeted therapies for patients 
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with metastatic CRC. In particular, the density of  T cells on less-infiltrated metastases cor-
related with a lower metastatic burden, and consequently with a favourable outcome (Van 
den Eynde et al., 2018). Furthermore, tumour cells that escape the immune editing process 
create clones that are refractory to immune responses derived from therapy (Angelova et 
al., 2018). The importance on understanding why patients do not respond to immunothera-
py lies on the discovery of novel therapeutic strategies. For instance, a recent clinical study 
show that patients with BRAF mutated melanomas respond to a combination of anti-PD-1 
therapy with BRAF and MEK inhibitors (Ribas et al., 2019).

The lack of efficacy of checkpoint immunotherapy alone was reflected in the MTO model. 
Due to this new mouse model for metastatic CRC, we have contributed an explanation to 
both poor T cell infiltration and the apparent failure of immunotherapy: besides a relatively 
low immunogenicity of tumours, high levels of TGF-β in the TME are responsible (Tauriello 
et al., 2018). Indeed, abrogation of TGF-β pathway on the TME is sufficient to increase the 
density of infiltrating T cells and results in an increased susceptibility to immune checkpoint 
therapy. Therefore, our findings provide a new therapeutic strategy for patients with CRC 
liver metastasis. In parallel to our research, an independent study on urothelial cancer found 
a similar mechanism of TGF-β-driven immune evasion (Mariathasan et al., 2018). This 
study showed that a cohort of patients who failed to respond to anti-PD-L1 therapy had 
tumours enriched in TGF-β and CAF gene signature, and that inhibition of TGF-β pathway 
reverted T cell exclusion in mouse models for e.g. breast cancer (Mariathasan et al., 2018). 
Moreover, another recent study showed a correlation between a high ECM expression by 
CAFs and failure to PD-1 blockade immunotherapy (Chakravarthy et al., 2018). Therefore, 
we speculate that TGF-β-mediated T cell exclusion may be a general mechanism driving 
cancer immune evasion, which should be exploited for more effective immunotherapeutic 
strategies. Despite a clear implication of CAFs as the source of TGF-β (Mariathasan et al., 
2018; Tauriello et al., 2018) as well as other predictive biomarkers (Chakravarthy et al., 
2018), we still have a poor mechanistic understanding of the role these stromal cells have in 
metastasis and immune evasion. 

2. Chapter 2: unravelling the biology of CAFs in liver metastasis

Our lab’s previous investigations have demonstrated that TGF-β-activated CAFs are 
strong predictors of poor prognosis in patients, which are also the major source of TGF-β 
in the TME (Calon et al., 2012, 2015; Tauriello et al., 2018). However, the specific cellular 
mechanism still remains elusive. Therefore, the question remained whether TGF-β-mediat-
ed immune exclusion is directly driven by CAFs. Addressing this question may be relevant 
in designing more specific (for instance CAF-targeted) treatment strategies.

Chapters 2 and 3 focus on the unpublished and ongoing work which aims to understand 
the relationship between CAFs and the immune tumour microenvironment as a result of 
TGF-β. The MTO technology platform (Tauriello et al., 2018)  allowed us for the first time to 
dissect the roles of CAFs from liver metastasis by genetically ablating the TGF-β pathway in 
the activated fibroblasts. Nevertheless, given the existing fibroblast heterogeneity, our first 
challenge was to comprehend the biology of CAFs in liver metastasis, which would allow us 
to define markers expressed specifically by CAFs in the MTO model. Therefore, chapter 2 
focuses on understanding the biology of CAFs from CRC metastasis. 

2.1. At least two distinct CAF subpopulations coexist within CRC liver metastases 

Up to 10% of cells in the liver are mesenchymal cells. In particular, they are perivascular 
cells, or pericytes, and they have been extensively studied (Friedman, 2008; Lemoinne et 
al., 2013; Wells, 2014). In agreement with the literature on liver mesenchymal cells (LMCs), 
we could detect the twomain populations of LMCs, hepatic stellate cells (HSCs) and portal 
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fibroblasts (PFs), by coexpression of PDGFRα and PDGFRβ  (Friedman, 2008; Wells, 
2014). HSCs are located near the sinusoid capillaries, scattered within the liver parenchy-
ma. PFs are exclusively located in portal areas, which are formed by clusters of a vein, an 
artery and a bile duct. We also detected a third population of LMCs, a small proportion of 
perivascular myofibroblasts surrounding the central veins as well as the arteries and veins 
that compose the portal zone, that do not express PDGFRα. Instead, they coexpress PDG-
FRβ and αSMA (Lemoinne et al., 2013; Lepreux and Desmoulière, 2015).

PDGFRs are common markers used for both resting and activated fibroblasts (Kalluri, 
2016; Kalluri and Zeisberg, 2006). In fact, several studies have shown that treatments 
with imatinib, a tyrosine kinase inhibitor that has PDGFRs among its targets, have resulted 
in impaired tumour growth by blocking fibroblast proliferation and activation (Kitadai et al., 
2006; Shinagawa et al., 2012; Sumida et al., 2011). We therefore decided to explore the 
expression pattern of PDGFRα and PDGFRβ on CAFs from full-blown liver metastasis to-
gether with αSMA, the classical marker that defines active myofibroblasts (Kalluri, 2016; 
Shaw and Martin, 2009). We found that CAFs are segregated into two mutually exclusive 
categories of PDGFRα+/PDGFRβ+/αSMA- (α+/β+) and PDGFRα-/PDGFRβ+/αSMA+ (α-/β+) 
CAFs (Figure 51), which were both TGF-β activated as they did not show differences in 
expression of TGF-β targets. α+/β+ CAFs were a minority population and were found almost 
exclusively in the periphery of tumours, indicating that PDGRFa expression is lost in CAFs in 
the tumour centre (Figure 51). In agreement with this observation, a study on hepatocellular 
carcinoma found that PDGFRα expression is lower in tumours than hepatic tissue (Wallace 
and Friedman, 2014; Wright et al., 2014). 

One issue that remains unresolved is the origin of CAFs from CRC liver metastasis. The 
experiments using bone marrow chimeric mice discarded the contribution of bone marrow 
progenitors to the generation of CAFs in liver metastasis. In line with this observation, pre-
vious studies have shown that HSCs and PFs, and not bone marrow-derived mesenchy-
mal cells, are the major sources for myofibroblasts in fibrosis and hepatocellular carcinoma 
(Iwaisako et al., 2014; Kramann et al., 2014; Liu et al., 2015; Mederacke et al., 2013; 
Sekiya et al., 2016). PDGFRα- liver myofibroblasts do not seem to contribute to liver fibro-
sis, as reported previously (Kramann et al., 2014). It is interesting to note that LMCs and 
α+/β+ CAFs both express PDGFRα/β but not αSMA, and that micrometastases start with a 
low relative abundance of α-/β+ myofibroblasts, while 3-4 week-old metastases are enriched 
in this particular subpopulation of fibroblasts. Therefore, we hypothesise that α+/β+ CAFs 
arise from LMCs that proliferate and subsequently produce more “mature” α-/β+ myofibro-
blasts. Evidence supporting this hypothesis is that α+/β+ CAFs show higher expression of the 
proliferation marker KI67 compared to α-/β+ myofibroblasts (Figure 51). However, whether 
HSCs or PFs are the major contributors to CAF production in liver metastasis remains to be 
elucidated. 

2.2. CAF composition is heterogeneous between metastases with the same driver mutations

The heterogeneity of genetic programs of fibroblasts in different tissues and the multiple 
potential sources of CAFs lead to the conclusion that CAF composition varies across distinct 
tumour types (Cortez et al., 2014; LeBleu and Kalluri, 2018). In terms of therapy, a differ-
ent composition of the TME is pivotal to determine the efficiency of responses to immuno-
therapy (Salmon et al., 2019). However, an interesting question is how such heterogeneity 
affects CRC metastases with a similar set of driver mutations from different patients. 

As discussed in chapter 1, the MTO biobank contains organoids that share the same key 
CRC mutations but were derived from different tumours and mice. In fact, LAKTP murine 
cancers have acquired various spontaneous mutations in similar rates and patterns as seen 
in MSS CRCs in patients (Tauriello et al., 2018). This genetic heterogeneity among MTOs 
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may be linked to functional heterogeneity, as not all LAKTP MTOs are equally aggressive 
when implanted in syngeneic mice. To understand these phenomena, we characterized 
the stromal composition in metastases from different MTOs, which may model differences 
between patients. Based on what we know of the crucial role of the TME in prognosis and 
prediction, this could be useful to understand why some patients respond to current thera-
peutic strategies while others are completely refractory to them.

We used three different LAKTP MTOs -MTO129, MTO140 and MTO138- as an initial ap-
proach to tackle this question. It is interesting to note that while all MTO cell types express 
similar levels of Tgf-β1, tumour cells from MTO129 express more Tgf-β2 and -β3, relative to 
the others. While metastases from all three MTOs show a similar proportion of total CAFs 
in the TME, metastases derived from MTO129 showed a higher content in α+/β+ CAFs. In 
contrast, the stroma of MTO138- and MTO140-derived metastases was richer in α-/β+ myo-
fibroblasts.

Besides TGF-β, PDGF are the main activating factor of fibroblasts (Kalluri, 2016; Kalluri 
and Zeisberg, 2006). We found that tumour cells from MTO129 express increased levels 
of Pdgf, especially Pdgf-A and -C, compared to cells from MTO138 and MTO140.  The 
biology of PDGF receptors have been extensively studied (Andrae et al., 2008; Kikuchi 
and Monga, 2015). In particular, PDGFRα has a high affinity for PDGF-AA and PDGF-CC 
homodimers, and their overexpression can lead to fibrosis and CAF generation (Cortez 
et al., 2014; Kikuchi and Monga, 2015). Therefore, the increased expression of PDGF 
in MTO129 might explain the abundance of the α+/β+ subpopulation in MTO129-derived 
metastases. In contrast, metastases derived from MTO138 and MTO140, which both show 
reduced expression of PDGF, are enriched in α-/β+ myofibroblasts, which may be mostly 
TGF-β-driven. (Figure 51). We could tentatively speculate that such heterogeneity in CAF 
composition could be that secondary mutations in tumours drive production of different fac-
tors affecting CAF activation or differentiation. The differential proportions of CAF subpopu-
lations could be a result of a balance between the relative quantities of such factors found in 
the TME. However, as fibrosis can also be driven by inflammation (Fabre et al., 2018; Field-
ing et al., 2014), another line of thought could be that tumours have an indirect impact on 
the CAF composition through the recruitment and activation of different inflammatory cells. 

Whole-tumour RNA analysis from liver metastases showed that MTO138- and MTO140-de-
rived metastases, and specially MTO140, have a higher expression of both Tgf-β1 and -β3 
isoforms, which are the best predictors of outcome in CRC patients (Calon et al., 2012). 
Differences in Tgf-β expression between these results and RNA sequencing from in vitro 
MTOs, where all Tgf-β isoforms were expressed at highest relative levels in MTO129 cells, 
might therefore be explained by the stromal composition, especially by CAFs (Calon et al., 
2014; Tauriello et al., 2018). Metastases derived from MTO138 and MTO140 have a high-
er content in α-/β+ myofibroblasts. Therefore, there might be an association between total 
expression of Tgf-β1 and -β3 with a higher content of myofibroblasts in the TME. These 
preliminary data tentatively suggest that α-/β+ myofibroblasts could also acquire predictive 
potential in CRC liver metastasis. As tumours include phenotipically distinct CAF subpop-
ulations (Costa et al., 2018; Cremasco et al., 2018; Elyada et al., 2019; Li et al., 2017; 
Ligorio et al., 2019; Öhlund et al., 2017; Patel et al., 2018; Puram et al., 2018; Su et al., 
2018), an open possibility is the existence of particular subpopulations responsible for poor 
prognosis stromal signatures in tumours (Calon et al., 2015; Chakravarthy et al., 2018; 
Isella	et	al.,	2015;	Moffitt	et	al.,	2015). In this line, it would be interesting to explore if the 
existing CAF-related poor prognosis signatures in CRC are associated with a particular CAF 
phenotype.
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2.3. Metastases enriched with myofibroblasts are immune excluded

The composition of CAFs and the ECM directly influences the components of the tumour 
microenvironment, which in turn affects the success of current immunotherapies (reviewed 
in Salmon et al., 2019). Our preliminary data suggests that metastases with the same key 
mutations orchestrate different combinations of CAF subpopulations in liver metastases. 
In a next step, we decided to explore how CAF composition in CRC liver metastasis would 
affect the composition of the TME.

We have reported that exclusion of CD3+ lymphocytes in metastasis increases progres-
sively over time (Tauriello et al., 2018). Such progressive exclusion was correlated with 
an increase in αSMA+ myofibroblasts in the TME. This exclusion is more evident when we 
compare MTO129- versus MTO140-derived metastases, where in MTO140 there is a higher 
content of myofibroblasts than MTO129. Indeed, metastases from MTO140 had a lower den-
sity of T cells than metastases from MTO129, especially CD8+ CTLs. The spatial distribution 
of T cells was also affected, as T cells in MTO140-derived metastases were more localized 
to the tumour margin. In addition to a low abundance of CTLs, CD8+ T cells expressed lower 
levels of surface PD-1 in MTO140-derived metastases, compared to MTO129, indicating a 
reduced activation. These metastases also showed a two-fold increase in CD44+CD62L+ 
memory T cells, which could be an effect of the increased expression of TGF-β (Ma and 
Zhang, 2015).

Data presented in section 2.5 suggest that metastases with a higher proportion of α-/β+ 
myofibroblasts generates an immune environment deficient in T cells, which is a feature that 
defines poor prognosis in patients (Galon et al., 2006; Pagès et al., 2005). Exploring the 
immunological properties of α+/β+ and α-/β+ subtypes further, we found that α+/β+ CAFs were 
especially enriched in IL-6, IL-33, Ccl5 and Ccl9, which could be related to an enhanced 
inflammatory phenotype. Indeed, IL-6 can attract monocytes and trigger the expression of 
T cell chemoattractants (Scheller et al., 2011). In addition, secretion of IL-33 and CCL9 is 
related with recruitment of dendritic cells, monocytes and macrophages (Raffaghello et al., 
2015; Yang et al., 2016), and CCL9 and CCL5 are strong attractants of T cells (Raffaghello 
et al., 2015; Salmon et al., 2012). The possible role of Cxcl12, also upregulated in α+/β+ 
CAFs, is more mysterious, as its expression is associated with repulsion of T cells (Vianello 
et al., 2006), but it can be also critical for the formation of tertiary lymphoid structures (re-
viewed in Salmon et al., 2019). 

On the other hand, α-β+ CAFs show enrichment in Cxcl9, Cxcl10, Tnf-α, Pd-l1 and Ccl12. 
CXCL9 and CXCL10 are also potent T cell chemoattractants (Chen and Mellman, 2013; 
Gajewski et al., 2013). However, increased expression of TNF-α and PD-L1 could impair ac-
tivation and proliferation of T cells. Furthermore, TNF-α induces apoptosis in T cells (Joyce 
and Fearon, 2015), which could explain the immune exclusion observed in metastases en-
riched with this particular CAF subpopulation (Figure 51). In addition, increased CCL12 has 
been associated with increased fibrogenesis in tumours (Moore et al., 2006). 

In the last 3 years, recent advances in single cell RNA sequencing have provided more 
insights into the heterogeneous composition of CAFs. Several studies have already defined 
different CAF subpopulations that coexist in breast cancer, PDAC, CRC, melanoma and 
head and neck cancer (Costa et al., 2018; Cremasco et al., 2018; Elyada et al., 2019; 
Li et al., 2017; Ligorio et al., 2019; Öhlund et al., 2017; Patel et al., 2018; Puram et al., 
2018; Su et al., 2018). Although some of them are purely descriptive and arise from a wide 
analysis from whole tumours (Li et al., 2017; Puram et al., 2018), some others already 
define specific populations that interact with tumour cells to promote stemness, growth and 
resistance to chemotherapy (Ligorio et al., 2019; Patel et al., 2018; Su et al., 2018). 
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What is more interesting is that most of these studies agree on the idea of the existence 
of, at least, one subpopulation that acquires immunosuppressive roles. A study led by David 
Tuveson on PDAC was one of the first to distinguish an inflammatory subpopulation of CAFs 
different from the αSMA-expressing myofibroblasts (Öhlund et al., 2017). A recent follow-up 
by the same group discovered a third subpopulation that could repress antigen-specific T cell 
responses through an MHC-II-dependent mechanism (Elyada et al., 2019). Independently, 
studies on melanoma and breast cancer have identified CAF subpopulations with immu-
nosuppressive properties through recruitment of macrophages or Tregs and expression of 
checkpoint inhibitors such as PD-L2 (Costa et al., 2018; Cremasco et al., 2018; Lakins et 
al., 2018). All these studies are coherent with the hypothesis of a consensus functional class 
of CAFs with immunosuppressive roles (Kalluri, 2016, Figure 16, page 51).

While the data presented in chapter 2 are still preliminary, we hypothesize that myofibro-
blasts in CRC liver metastases are responsible for immune suppression, including T cell 
exclusion (Figure 51). By understanding how CAF heterogeneity affects immune exclusion 
in metastasis, we may be better able to predict responses to immunotherapies. Moreover, 
more effective immune-based therapies targeting specific CAF subpopulations could be 
designed. 

Tumour-infiltrating
lymphocytes

PDGFRβ
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TGF-β
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Figure 51. Hypothetical model of CAF subpopulations in CRC liver metastasis. Two CAF 
subpopulations coexist in CRC liver metastasis: peripheral α+/β+ CAFs (PDGFRα+/PDGFRβ+/
αSMA-) and α-/β+ myofibroblasts (PDGFRα-/PDGFRβ+/ αSMA+). Both CAF subpopulations are 
activated by TGF-β, while PDGF might contribute to the maintenance of α+/β+ progenitor CAF 
population. We hypothesize that these give rise to the less proliferative α-/β+ myofibroblasts. The 
latter are linked to immunosuppressive roles, i.e. T cell exclusion and may have prognostic and 
predictive significance in CRC liver metastasis, in the context of immunotherapy.
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3.	Chapter	3:	TGF-β-activated	CAFs	are	pivotal	for	the	lack	of	responses	to	check-
point immunotherapy in CRC

After discovering that TGF-β mediates immune suppression in CRC liver metastasis 
(Chapter 1, Tauriello et al., 2018), our main question for this project was to understand 
the contribution of TGF-β-activated CAFs to this phenomenon.  To tackle this question, we 
chose to ablate the TGF-β pathway by genetic recombination of the Tgfbr2 in CAFs. To this 
end, we chose Tagln to target TGF-β-activated CAFs of liver metastasis. In this chapter we 
will discuss the main findings on this subject.   

3.1. Tagln is a specific marker for TGF-β-activated CAFs in liver metastases

Previous studies conducted in our lab on CAFs established a TGF-β response signature 
in fibroblasts (F-TBRS) that correlated with poor prognosis in patients (Calon et al., 2015). 
One of the top upregulated genes is TAGLN. TAGLN is an actin-binding protein expressed 
in the smooth muscle and myofibroblasts (Assinder et al., 2009). TGF-β-activated, TA-
GLN-expressing myofibroblasts are crucial for a correct embryonic development and TGF-β 
ablation in these cells leads to malformations and congenital anomalies (Aldeiri et al., 2017, 
2018). Importantly, TAGLN expression have been reported in CAFs in several malignancies 
and its overexpression promotes tumorigenesis (Calon et al., 2015; Chen et al., 2014a; 
Elyada et al., 2019; Li et al., 2017; Wu et al., 2014). Indeed, our analyses have revealed 
that TAGLN, together with other CAF-specific genes (Calon et al., 2015), can predict clinical 
outcome. Moreover, its expression is enriched in tumours classified as CMS4, which is the 
category with worse overall survival according to Guinney and colleagues (Guinney et al., 
2015). In agreement with its nature as a TGF-β target, Tagln is upregulated in CAFs com-
pared to LMCs, and treatment with Galunisertib abrogated TAGLN expression (Figure 52). 
Moreover, GFP expression of Tagln-expressing cells from the Tagln-CreERT2 genetic model 
overlapped with that of CALD1, another TGF-β target gene expressed in CAFs (Calon et 
al., 2015).

The majority of markers used for CAFs are not fibroblast-specific (Kalluri, 2016). As TA-
GLN is not only expressed by myofibroblasts in healthy tissues, we needed to validate that 
the Tagln-CreERT2 mouse model was only targeting CAFs in liver metastases. Luckily, we 
found that GFP expression was specific for PDGFRβ+ CAFs and not immune cells nor en-
dothelial cells, and Cre was exclusively expressed in GFP+ CAFs. A reduced proportion of 
PDGFRβ+ GFP+ cells stained also for CD45 in flow cytometry analyses. A possibility could 
be that these PDGFRβ+CD45+GFP+ cells are fibrocytes (Abe et al., 2001). However, we 
did not find any event with overlapped expression between GFP and CD11b, a marker of 
myeloid cells also expressed by fibrocytes (Abe et al., 2001), and the proportion of GFP+ 
events over total CD45+ cells was negligible (below 0.01%). Moreover, in chapter 2 we 
found that CAFs are not generated by bone marrow-derived progenitors, which is supported 
by previous lineage tracing studies indicating more local sources for myofibroblasts in liver 
fibrosis and cancer (Iwaisako et al., 2014; Kramann et al., 2014; Liu et al., 2015; Meder-
acke et al., 2013; Sekiya et al., 2016). Instead, PDGFRβ+CD45+GFP+ cells may be false 
positives for CD45 expression and Tagln-CreERT2 targets specifically CAFs and activated 
LMCs.

3.2. The recombination efficiency of Tagln+ CAFs is MTO-dependent

In chapter 2, we concluded that CAF composition depends on the injected MTO. This 
finding is reflected in the overall expression of Tagln, which is correlated to the overall ex-
pression of Tgf-β1 and –β3 in the TME (Figure 52). In particular, MTO140-derived metas-
tases showed a higher RNA expression of Tagln. Differences in Tagln expression likely 
affect the efficiency of recombination in the Tagln-CreERT2 mouse strain. Indeed, CAFs from 
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MTO140-derived metastases show an increased proportion of GFP+ PDGFRβ+ events 
compared to MTO129.

The recombination efficiency may also have an impact on the deletion of the receptor and 
subsequent downregulation of the TGF-β targets. We show a clear dowregulation not only 
on the Tgfbr2 but also in targets of the TGF-β pathway such as IL-11 and Serpine1 in CAFs 
derived from MTO140 metastases, yet we could not see dowregulation of Tagln expression 
in CAFs from MTO129 metastases. Nevertheless, in both MTO types, the reported down-
regulation of Tgfbr2 is rather poor (only a 4-fold decrease). Since the recombination of the 
reporter gene and the gene of interest are independent events, we cannot be certain that 
GFP expression equals the full recombination of the Tgfbr2. In fact, a report from Owen San-
som’s lab has shown that in a similar setting, recombination of the reporting gene occurred 
at a higher frequency than their gene of interest (Huels et al., 2018). Therefore, a possibility 
could be that we are capturing false positives for recombination, adding to the biological 
noise in our experiments.

Another caveat of this model is that the GFP does not report the entire population of Ta-
gln-expressing CAFs. In WT mice with MTO129 metastases, we saw no differences in Tagln 
expression between GFP+ and GFP- CAFs, and we only observed a 2.5-fold upregulation in 
GFP+ CAFs from MTO140 metastases. A possibility could be that the CRE has a low pen-
etrance in liver metastases from this model. On the other hand, the distance between both 
LoxP sites flanking the tdTomato cassette is around 3kbp (Muzumdar et al., 2007), which 
reduces substantially the probability of recombination. The use of an alternative reporter 
strain expressing a reporting fluorescent protein with a shorter recombination distance could 
validate this possibility and perhaps improve the targeting of Tagln+ CAFs.

3.3. Abrogation of the TGF-β pathway in CAFs results in a reduction of total CAFs in the 
TME

In our lab, we demonstrated that pharmacological inhibition of TGF-β pathway using Gal-
unisertib results in a strong reduction of the CAF-specific TGF-β response signature (Calon 
et al., 2015; Tauriello et al., 2018). However, we never took into account the possible ef-
fect on CAF behaviour. We now report we saw that the total amount of PDGFRβ CAFs is 
diminished upon treatment with Galunisertib. This observation might change our perception 
on how the TGF-β pathway is downregulatded: is it because the inhibition of TGF-β per se, 
or is it a result of a loss of CAFs? In our data, when TAGLN expression is normalized to 
that of PDGFRβ the total decrease that we observed in treated mice becomes attenuated, 
suggesting that the total loss of CAFs highly contributes to the reported shut-down of the 
TGF-β program in fibroblasts. In agreement with this observation, when the TGF-β pathway 
is inhibited specifically in CAFs by genetic deletion of the TGFBR2 the amount of observed 
GFP+ PDGFRβ+ events is reduced compared to mice bearing a WT allele of the Tgfbr2. 
This reduction is translated into a global loss of TAGLN expression in the TME (Figure 52). 

To explain this apparent loss of CAFs. We suggest two possibilities which are currently 
under investigation:

1) As TGF-β induces proliferation in fibroblasts (Kalluri, 2016), we could suspect that 
CAFs become arrested upon inhibition of the TGF-β pathway. Given that tumours are 
“addicted” to the presence of CAFs to ensure their progression survival (Calon et al., 
2012; Lisanti et al., 2013), a de novo generation of Tagln+ CAFs from newly acti-
vated LMCs or unrecombined CAFs could compensate the arrest of KO CAFs. This 
could result in the reduction in the proportion of GFP+ KO CAFs, but not necessarily 
of the overall numbers of CAFs. 

2) The chronic activation of CAFs by TGF-β in the TME could create a “TGF-β addiction 
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status” in CAFs. Several reports point to an irreversible activation of CAFs through 
epigenetic changes in their genetic program (Albrengues et al., 2015; Bechtel et 
al., 2010; Hu et al., 2005; Mrazek et al., 2014), and TGF-β could mediate this epi-
genetic switch (Cardenas et al., 2014; Chan et al., 2008). One of the effects of this 
epigenetic activation is the inhibition of apoptosis in CAFs (Huang et al., 2013). We 
could speculate that TGF-β inhibition reverts the epigenetic status in CAFs, resulting 
in a total loss of CAFs by apoptosis. A possible outcome for this phenomenon is that 
the numbers of GFP+ events we detect are those CAFs that are resilient to the re-
combination of the Tgfbr2 or have undergone incomplete recombination.

3.4. Long-term T cell infiltration is not affected by the loss of TGF-β pathway in CAFs

Given the fact that recombination in our model affects TGF-β-activated CAFs, this brings 
the genetic ablation experiments close to the setting of established metastases, rather than 
the stage of initiation (Tauriello et al., 2018). Although treatment of established metastases 
with Galunisertib did not yield a major curative response, metastases became highly infil-
trated with T cells (Tauriello et al., 2018). Upon deletion of the TGFBR2, metastatic burden 
is unaltered when either MTO129 or MTO140 are used. In KO mice injected with MTO138, 
metastatic burden was mildly increased. Such an effect was already reported (Özdemir et 
al., 2014), which seems to agree with the discussed CAF loss. However, we cannot explain 
why such an increase in metastatic burden happens only when MTO138 is used.

Our analyses on T cell infiltration in mice treated with Galunisertib showed that metasta-
ses had an increased T cell density upon TGF-β inhibition (Tauriello et al., 2018). To our 
surprise, specific ablation of the TGF-β pathway in CAFs in further experiments did not 
affect T cell exclusion. The density of T cells in metastases from KO mice remained unal-
tered by the experimental end point, and this was consistent for every analysed experiment. 
Moreover, the dynamics of T cell infiltration in KO mice remained invariable compared to the 
dynamics we reported in control mice (Tauriello et al., 2018). 

Nevertheless, CD3+ T cells were highly infiltrating metastases in KO mice immediately 
four days after an acute treatment with tamoxifen. This effect was not manifested in the T 
cell dynamics, probably because the first analysed time-point was later than four days (treat-
ment started at day 7 after inoculation of MTOs, first time-point was at day 13). This could 
suggest that genetic ablation of the TGF-β induces a short-lived adaptive response that 
stabilizes back to basal values days later. After a long-term treatment, metastases from KO 
mice show enrichment in CD44+CD62L+ memory T cells and CD19+ B cells. In agreement 
with our observations, a consequence of the acute T cell-mediated response could be the 
generation of immunologic memory (Figure 52). Previous investigations have demonstrat-
ed that the abundance of memory T cells and B cells is correlated with favourable outcome 
(reviewed in Pagès et al., 2010). 

3.5. Immune checkpoint therapy synergises with TGF-β pathway inhibition in CAFs to pro-
duce curative effects

In Tauriello et al., 2018, we showed that mice with overt metastatic disease strongly re-
sponded to a combinational therapy of TGF-β inhibitors with checkpoint immunotherapy. De-
spite the fact that ablation of TGFBR2 in CAFs did not result in a long-term increase in T cell 
infiltration, we found striking responses when KO mice were treated with antibodies against 
PD-L1, which were comparable to what we previously reported (Tauriello et al., 2018, Fig-
ure 52). One possibility could be that treatment with αPD-L1 takes advantage from the early 
responses observed after acute treatment with tamoxifen. In addition, a recent study has 
reported that checkpoint therapy does not only trigger proliferation and activation of effector 
CTLs, but also converts memory T cells into effector memory T cells, which consequently 
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contribute to the anti-tumour cytotoxic response (Kurtulus et al., 2019). Therefore, our re-
ported increase in memory T cells could also take part in the favourable responses obtained 
with checkpoint therapy. 

For the experiments represented in Figure 44, a 50% of KO mice treated with αPD-L1 
experienced complete remissions. A 12.5% of control mice treated with αPD-L1 responded 
to monotherapy as well, which reproduces the previously reported responses (Tauriello et 
al., 2018). However, the response rate in KO + αPD-L1 was below the effect of dual therapy 
using galuniertib (Tauriello et al., 2018). This is likely to happen because of the variability 
in the recombination efficiency and the low penetrance of the Cre discussed earlier. On the 
other hand, this cure rate was not observed for the experiments represented in Figures 45 
and 46, although mice experienced a reduction in metastatic burden and improved survival. 

TGF-β

TAGLN

- Increased T cell activation?
- Expansion of anti-tumour memory
  T cells?
- Synergistic T cell infiltration with
  αPD-L1 immunotherapy

Tumour-infiltrating
lymphocytes

WT CAFs
- Tagln expression is associated
  with overall Tgf-β levels
- TAGLN expression is correlated 
  with poor prognosis in patients

TGFBR2

KO CAFs
- Decreased expression of TAGLN
- Reduction in total CAFs 
  (apoptosis? Cell cycle arrest?)

Truncated TGFBR2
(Cre-LoxP)

Figure 52. Hypothetical model of the immune-derived effects of TGFBR2 ablation in CAFs. 
CAFs from CRC liver metastases express Tagln, a TGF-β target that is associated with poor prog-
nosis in patients. When the TGFBR2 is genetically ablated in CAFs, there is an overall reduction 
of activated fibroblasts in liver metastasis. Whether if such reduction is due to apoptosis or cell 
cycle arrest remains to be elucidated. When genetic recombination is combined with immunother-
apy using antibodies against PD-L1, a strong adaptive immune response is achieved, prolonging 
and synergizing with a short-lived acute T cell infiltration increase upon CAF recombination alone. 
Thus, we can hypothesise that TGF-β-activated, TAGLN+ CAFs contribute to resistance to immu-
notherapy.



Discussion

169

In these particular cases, metastatic burden in control mice with IgG was higher compared 
to the previous experiments (average of 250-300 counted nodules versus 90), which make 
the complete remission upon treatment much more difficult.  

Mice treated with αPD-L1 showed three different responses: 1) complete remissions, 
2) stable disease and 3) progressive disease. While in the first group no tumour material 
remained to analyse, somewhat surprisingly, KO mice with stable disease showed an in-
creased T cell infiltration compared to their counterparts. This indicates a synergistic effect 
between TGFBR2 ablation in CAFs and the checkpoint blockade therapy. This effect was 
also observed when mice were treated with an acute dosage, which resulted in noticeable 
early responses in three KO mice treated with αPD-L1. For the mice with progressive dis-
ease, we speculate that most (if not all) metastases were refractory to genetic recombination 
of the Tgfbr2 in CAFs. Given the fact that cured mice cannot be included into the analysis, it 
is of special relevance to gain more insight into the early responses after an acute treatment 
in future experiments. 

4. Final remarks and future directions

The presented data suggest that CAFs are important contributors to immune exclusion 
through TGF-β signalling. With this work, we establish a connection between all three 
clinical predictors of the TME in CRC –TGF-β expression, the fibroblast TGF-β response 
gene signature and T cell infiltration- beyond the correlative data (Calon et al., 2012, 2015; 
Chakravarthy et al., 2018; Galon et al., 2006; Mariathasan et al., 2018; Pagès et al., 
2005; Tauriello et al., 2018). Mechanistically speaking, we still lack conclusive evidence on 
the specific effects of TGF-β inhibition in CAFs on the tumour immune microenvironment. 
Nevertheless, we suggest three hypothesis that are currently under investigation:

1) As the main sources of TGF-β, the possible depletion of CAFs as a result of TGF-β 
inhibition could consequently dampen the global levels of extracellular TGF-β in the 
TME. Consequently, this reduction would phenocopy the effects reported previously 
using Galunisertib (Tauriello et al., 2018).

2) Tagln expression could define a novel CAF subpopulation with a role in immune sup-
pression. Taking this hypothesis, the effects of TGFBR2 depletion could be subdivid-
ed into two alternatives, which depend on the fate of recombined CAFs. Therefore, 
inhibition of the TGF-β pawthway in CAFs could a) deplete the TAGLN+ immunosup-
pressive CAF subpopulation or b) induce changes into the transcriptional program 
related to immune-related cytokines and chemokines. Either way, it is of particular 
interest to improve the conditions for genetic recombination to genetically character-
ize the TAGLN-expressing CAFs.

3) According to what has been reported (Salmon et al., 2012), TGF-β inhibition could 
result in changes in the ECM composition that ultimately alter the immune landscape. 

Our analyses on T cell responses started as a parallelism with our previous investigations in 
Tauriello et al., 2018. Although combined treatment of Galunisertib with PD-L1 antibodies 
leads to noticeable T cell responses, it seems that T cell infiltration is not stably improved 
by genetic recombination of the Tgfbr2 in CAFs alone. Thus, our current partial phenocopy 
indicates that global stromal TGF-β inhibition with Galunisertib may have additional rele-
vant therapeutic targets besides CAFs alone. Nevertheless, these results indicate a critical 
immune evasive role for TGF-β signalling in CAFs. TGF-β inhibition in CAFs could actually 
result into subtle changes into the activation status of T cells. To tackle this possibility, we are 
making use of the RNA sequencing of single cells to unravel how T cell activation is altered 
upon recombination in CAFs. Alternatively, we will also explore additional responses in dis-
tinct subsets of immune cells that could also converge into the reported responses. 
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“Science, for me, gives a partial explanation for life. In so 
far as it goes, it is based on fact, experience and experiment.”

- Rosalind Franklin
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Chapter	1:	TGF-β	drives	immune	evasion	in	genetically	reconstituted	colon	cancer	
metastasis 

1. For a successful growth, liver metastases from MSS CRC avoid T cell infiltration.

2. TGF-β is critical for blocking an anti-tumour adaptive immunity during liver colonization 
and metastatic initiation. When the TGF-β pathway is blocked in the TME with Galuni-
sertib, T cell responses are restablished, thus impairing metastatic growth. 

3. Ubiquitous genetic recombination of the TGFBR2 also leads to a decrease of metastatic 
burden by allowing T cell activation and infiltration into metastases. 

4. TGF-β inhibition alone in the TME of established metastases does not completely block 
metastatic growth, although T cell infiltration and activation is increased upon treatment.

5. Upon activation, T cells upregulate surface expression of PD-1, which blocks T cell-me-
diated tumour cell killing after binding PD-L1 expressed in the TME. 

6. Dual inhibition of TGF-β and PD-1/PD-L1 pathways produce synergistic effects on T cell 
infiltration and activation, which ultimately leads to dramatic curative responses in mice. 

Chapter 2: Unravelling the biology of CAFs in liver metastasis

7. At least two distinct subpopulations coexist within liver metastases from CRC: α+/β+ CAFs 
that coexpress PDGFRα and PDGFRβ, and α-/β+ myofibroblasts that express PDGFRβ 
and αSMA, but not PDGFRα.

 
8. α+/β+ CAFs are enriched in the periphery of metastases, while α-/β+ myofibroblasts occu-

py most of the CAF compartment in the centre of metastases. 

9. α+/β+ CAFs retain enhanced proliferative capabilities, as they expressed increased levels 
of KI67 compared to α-/β+ myofibroblasts.

10. CAFs from CRC liver metastases are likely to arise from local precursors, and not from 
bone marrow-derived progenitors. 

11. Metastases arisen from different MTOs produce a stroma with distinct proportions of α+/
β+ and α-/β+ CAFs.

12. The relative abundance of α-/β+ myofibroblasts is correlated with the phenomenon of T 
cell exclusion in liver metastases.

13. α+/β+ and α-/β+ CAFs differ in production of immune cytokines. Consequently, the relative 
proportions of both subpopulations impact on the TME generated in liver metastases.
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Chapter	3:	TGF-β-activated	CAFs	are	pivotal	for	the	lack	of	responses	to	checkpoint	
immunotherapy in CRC

14. TAGLN is a TGF-β target gene expressed in CAFs in from CRC in human patients. Its 
expression is enriched in CMS4 CRC tumours and can predict patient prognosis. 

15. In the liver, TAGLN is specific for CAFs in liver metastases generated from MTOs. Treat-
ment with Galunisertib abrogates Tagln expression in CAFs.

16. Tagln-CreERT2 mice target specifically CAFs and activated LMCs from livers with overt 
metastatic disease. 

17. Recombination efficiency is subjected to the overall expression of Tagln in metastases, 
which differs depending on the MTO of origin. 

18. Genetic recombination of the TGFBR2 in CAFs leads to the loss of CAFs, which conse-
quently decreases the overall Tagln expression in the TME. 

19. Metastatic burden is not decreased upon ablation of the TGFBR2 in CAFs.

20. Acute recombination of the TGFBR2 in CAFs leads to an increased T cell infiltration. 

21. Genetic recombination of the TGFBR2 in CAFs does not affect long-term T cell infiltration 
in liver metastases, but KO mice show increased proportions of B cells and memory T 
cells.

22. Treatment with monoclonal antibodies against PD-L1 in KO mice leads to a decrease in 
metastatic burden. Genetic recombination of the TGFR2 synergises with PD-L1 inhibi-
tion, resulting in an increase of T cell infiltration in liver metastases.
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“I was taught that the way of progress was neither swift nor 
easy.”

- Marie Curie
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Ethics and mice maintenance

All experiments using mouse models were approved by the Animal Care and Use Com-
mittee of Barcelona Science Park (CEEA-PCB) and the Catalan Government. Mice were 
maintained in a specific-pathogen free facility (SPF) with a 12-hour light-dark cycle and be-
ing given ad libitum access to a standard diet and water. Mice welfare was monitored by an 
expert team in the animal house and by Sergio Palomo-Ponce. Crosses and weanings were 
performed by Sergio Palomo-Ponce. 

Mice models and genotyping

6-week old C57BL/6J mice were purchased from Janvier Labs. Col1a2-CREERT (Tg(Co-
l1a2-cre/ERT,-ALPP)7Cpd/J; stock 029235), GFAP-CREERT2 (B6.Cg-Tg(GFAP-cre/
ERT2)505Fmv/J; stock 012849), Tgfbr2loxP (B6.129-Tgfbr2tm1Karl/J; stock 012603) and 
ROSAmTmG (B6.129(Cg)-Gt(ROSA)26Sortm4 (ACTB-tdTomato-eGFP)Luo/J; stock 007676) 
mouse strains (Ganat et al., 2006; Levéen et al., 2002; Muzumdar et al., 2007; Zheng et 
al., 2002) were obtained from the Jackson Laboratory. Pdgfrα-CREERT2 (Rivers et al., 2008) 
were a kind gift from Salvador Aznar’s laboratory in IRB. Tagln-CreERT2 (Kühbandner et al., 
2000) were a kind gift from Robert Feil’s laboratory. 

For gDNA extraction, tail fragments were obtained from mice after weaning. Tails were 
digested using a tail lysis buffer solution (1 M Tris/HCl, 5 M NaCl, 10% SDS, 0.5 M EDTA) 
and 2% proteinase K (Life Technologies, ref: 10407583) O/N at 55ºC. Fragments were pre-
cipitated by centrifugation at 13.200 rpm for 15 minutes and DNA was extracted by mixing 
the supernatant with isopropanol. DNA was washed with 70% ethanol and resuspended in 
distilled water. All mice were genotype using standard PCR protocols using primers detailed 
in Table 2. 

Intrasplenic injection

Intrasplenic transplantation of MTOs was performed by Sergio Palomo-Ponce or Xavier 
Hernando-Momblona as described in Tauriello et al., 2018. Mice were randomized in order 
to decrease technical bias. For the Tagln-CreERT2 genetic model, mice with different geno-
types were randomized unbiased to avoid technical artefacts. 

Mice treatments and genetic recombination

Galunisertib (LY2157299) was synthesised in house and prepared as previously described 
(Calon et al., 2012). Galunisertib and vehicle were administered twice a day by oral gavage 
in a volume of 150 µl, starting at day 13 after MTO transplantation. A total dose of 1.44 g/kg 
of galunisertib a day was administered per mice. For immunotherapy, rat PD-L1 (10F.9G2; 
BioXCell BE0101) or control rat IgG2b (LTF-2; BioXCell BE0090) were administered as de-
scribed in chapter 1 (Tauriello et al., 2018).

Recombination for all genetic models was achieved by administration of 200 mg/kg of 
tamoxifen (sigma, ref: T5648). For each administration, 200 µl were injected intraperitoneal-
ly. For acute treatment, one daily shot was administered for three consecutive days, starting 
at day 18 after MTO transplantation. For long-term treatment, one shot was administered 
every 3-4 days, starting at day 7 after MTO transplantation until the experimental end point. 
For the survival analysis in Section 3.9 (Figure 46), tamoxifen treatment was interrupted at 
day 29 after tumour transplantation.

In vivo imaging

For in vivo monitoring of tumour growth, MTO129 and MTO138 were previously engi-
neered to express the luciferase enzyme (Tauriello et al., 2018). Transplanted mice re-
ceived 50 µl of a luciferin solution (D-luciferin K-salt, Resem) by retroorbital injection. The 
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administered luciferin acted as a substrate for the luciferase, and emmited photons as a 
product of the enzymatic reaction. Emitted photons were quantified using the IVIS Spectrum 
In Vivo Imaging System (Perkin Elmer) and Living Image® software (v4.5.2, Perkin Elmer). 

Bone marrow transplantation

C57BL/6J mice were irradiated with sub-lethal doses of 2x 4 Gray. GFP+ donor bone mar-
row was extracted from femurs from recombined Sox2-CreERT2; mTmG mice and cleaned of 
erythrocytes using red blood lysis buffer. 1 million cells per recipient were injected by retro-
orbital injection into irradiated C57BL/6J. Mice irradiation and bone marrow reconstitution 
was performed by a professional team from the Parc de Recèrca Biomèdica de Barcelona 
(PRBB) animal facility.

Single	cell	suspension	preparation	for	flow	cytometry

Dissected tumours from livers ex vivo were minced with blades until pieces were not big-
ger than 1 mm3. The tissue was enzymatically digested in 2 ml of DMEM supplemented with 
2% fetal bovine serum (FBS, Gibco, ref: 10270-106) and containing 0.2 mg/ml Collagenase 
IV (Sigma, ref: C5138), 0.2 mg/ml Dispase II (Sigma, ref: D4693) and 0.04 mg/ml DNase 
I (Sigma, ref: 10104159001). Enzymatic digestion followed 4 cycles of 20 minutes each at 
37ºC, which included three steps of mechanical disaggregation every 5 minutes. Mechanical 
forces consisted on vortexing for cycles 1 and 2, pipetting with widened tips for cycle 3 and 
pipetting with normal 1 ml tips for cycle 4. After the third round of mechanical disaggregation, 
pieces were left to precipitate and the supernatant was recollected and kept in FACS buffer 
(PBS + 2% FBS + 5mM EDTA + 5% bovine serum albumin [BSA, Roche, ref: 10735086001]) 
on ice. Then, remaining pieces were resuspended in 2 ml of fresh digestion medium, to start 
a new cycle of 20 minutes. After cycle 4, complete disaggregation could be observed. The 
cell suspension in FACS buffer was filtered using 100 μm strainers (Corning) and erythro-
cytes were removed using a red cell lysis buffer (NH4CL 150 mM, potassium bicarbonate 10 

Pdgfra-Cre_F
Pdgfra-Cre_R
Col1a2-Cre_F

PRIMER SEQUENCE
CAGGTCTCAGGAGCTATGTCCAATTTACTGAACGTA
GGTGTTATAAGCAATCCCCAGAA

Col1a2-Cre_R
Gfap-Cre_F
Gfap-Cre_R
Tagln-Cre_F

Tagln-Cre_R1 (WT)
Tagln-Cre_R2 (KI)

mT/mG_F
mT/mG_R1 (WT)

mT/mG_R2 (KI)
Tg�r2-flox_F
Tg�r2-flox_R

TCCAATTTACTGACCGTACACCAA
CCTGATCCTGGCAATTTCGGCTA
GCAACGAGTGATGAGGTTCGCAAG
TCCGCCGCATAACCAGTGAAACAG

TATGGACTGGCTGCTTTTGTATTC
TGGGGATAGAGGTAGAAAGACATA

CTCTGCTGCCTCCTGGCTTCT
CGAGGCGGATCACAAGCAATA
TCAATGGGCGGGGGTCGTT

WT band = 330 bp
KI band = 250 bp

CTCAGAGTGGAAGGCCTGCTT
CACACCATTCTTCAGCCACA
GGCGATCCCTGAACATGTCC

WT band = 276 bp
KI band = 220 bp

Table 2. Primers used for mice genotyping. For Tagln-CreERT2 and mT/mG, the size of WT and 
KI bands is indicated. 
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eBiosciences

Abcam

BD Biosciences

BioLegend

BD Biosciences

eBiosciences

eBiosciences
BioLegend

BD Biosciences

BD Biosciences

BioLegend

BD Biosciences
Tonbo Biosciences

REFERENCE
121421

562776
17-1402-82

47-0451-82

ab46733

740389

101241

561108

11-0041-81

17-0081-81
100759

553152

563970

108714

563157
70-0161-U500

Table 3. Antibodies used for cytometry. 

mM, EDTA 0.1 mM). Single cells were resuspended in FACS buffer and counted. 

1-2 million cells were used per staining reaction. Cells were incubated with FACS buffer 
containing blocking antibodies against CD16/CD32 at 4ºC for 20 minutes to block the Fc 
receptor. Mix of conjugated antibodies were added to the cell suspension in the presence 
of anti-CD16/CD32 and cells were stained for 20 minutes at 4ºC. Conjugated antibodies 
are described in Table 3. When cells were to be sorted, viability was determined by nuclear 
staining with DAPI (Sigma). For analysis panels, cells were washed with PBS and labelled 
for viability using the Yellow LIVE/DEAD Fixable Cell Dead stain kit (Life technologies) for 8 
minutes at RT.

Flow cytometry analysis and sorting

Mice with unresectable liver metastases were excluded from the analysis. To select CAFs 
and LMCs, the gating strategy described in Figure 2 was followed. An initial negative se-
lection of tumour epithelial cells was performed by selecting Cells/Single cells/Live cells/
EPCAM-. Tumour epithelial cells were selected by EPCAM+ staining. Triple Negative (TN) 
population was selected from EPCAM- cells by excluding endothelial cells (CD31+/CD45-
) and leukocytes (CD31-/CD45+). From the TN population, PDGFRβ+ was used to select 
CAFs. Further selection using PDGFRα was used to select α+/β+ CAFs (PDGFRα+) or α-/
β+ myofibroblasts (PDGFRα-). This gating strategy was used to analyse and sort CAFs. For 
the genetic model, GFP+ events were selected from Cells/Single cells/Live cells/EPCAM-/
CD31-/CD45-/ PDGFRβ+.

For immunophenotyping, total leukocytes were selected by size and shape. From Cells/
Single cells/Live cells, dendritic cells were detected with CD103+/CD11b- and the rest of 
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the myeloid compartment by CD103-/CD11b+. From Cells/Single cells/Live cells/CD103-/
CD11b-, B cells were detected by CD19+. NK cells were selected by NK1.1+/CD3-, and T 
cells by NK1.1-/CD3+. CD3+ T cells were further segregated to helper T cells (CD4+/CD8-) 
and cytotoxic T cells (CD4-/CD8+). For both CD4+ and CD8+ cells, activation status was 
determined by CD44+/CD62L-, while naive T cells were determined by CD44-/CD62L+. 
Memory T cells were determined within CD3+/CD8+ T cells by CD44+/CD62L+. Data were 
analysed using FlowJo v10.

Isolation, culture and treatment of LMCs

Livers from naive mice were digested following the protocol for tissue enzymatic dis-
aggregation detailed in Single	cell	suspension	preparation	for	flow	cytometry. Single 
cells were seeded in 175 cm2 cell culture flasks (Corning) and cultured with DMEM (Gibco, 
ref: 41966-029) + 10% FBS and Normocin (InvivoGen, ref: ant-nr1) until confluence was 
reached. Medium was changed every 2 days. Confluent cells were then harvested after in-
cubation with Trypsin-EDTA (Gibco, ref: 25300-054) for 10 minutes at 37ºC, and stained for 
EPCAM, CD31, CD45 and PDGFRβ (see antibody references in Table 3). EPCAM-/CD31-/
CD45-/PDGFRβ+ cells were sorted by FACS and cultured in vitro with DMEM + 10% FBS. 
FACS purification procedure was repeated twice. For passaging of LMCs, confluent cells 
were washed with PBS (Gibco, ref: 14190-094) and incubated with Trypsin-EDTA for 5 min-
utes at 37ºC. FBS was used to quench trypsin reaction. Cells were passaged in a 1:10 ratio. 

For treatments with TGF-β and Galunisertib, 500.000 cells were plated in petri dishes and 
cultured with DMEM + 0.5% FBS. After 1 day, cells become attached to the plate and were 
treated with recombinant TGF-β (Peprotech, ref: 100-21-10UG) or Galunisertib (in-house) 
for 24 hours. Cells were then washed with PBS (Gibco), recovered using cell lifters (Corn-
ing) and resuspended in Trizol (Life Technologies, ref: 15596018) for further RNA extraction. 

In vitro culture of MTOs

Isolation of tumour cells for generation of MTOs was described previously (Tauriello et 
al., 2018). For organoid growth, single cells were embedded into a 70% solution of cold 
BME (Cultrex, ref: 3533-005-02) in PBS (Gibco, ref: 14190-094). 5-10 µl drops of the single 
cell suspension were placed in pre-heated 6-well culture plates (Costar, ref: 3506) and left 
5 minutes at 37ºC to ensure BME polymerisation. MTOs were then maintained in Advanced 
DMEM F12 supplemented with B27 (Gibco, ref: 12587-010), EGF (Peprotech, ref: AF-100-
15), Noggin (in-house, Tauriello et al., 2018) and galunisertib (in-house, Tauriello et al., 
2018) for 3-4 days. Medium was changed every 2 days, and was tested for mycoplasma 
contamination.

For MTO passaging, drops were washed once with PBS (Gibco) and incubated with Tryp-
sin-EDTA (Gibco, ref: 25300-054) for 20 minutes at 37ºC, followed by mechanical disaggre-
gation by vigorous pipetting until a single cell suspension was obtained. FBS was used to 
quench trypsin reaction. For passaging, cells were resuspended in a cold solution of 70% 
BME as described above. Cells were passaged in a 1:6 ratio. 

Cell preparation for IS injection

For mouse intrasplenic transplantation, single cells were obtained following the proce-
dure described in In vitro culture of MTOs. Total number of viable cells was counted using 
Tripan blue 0.4% (Gibco, ref: 15250-061) and a TC20 Automated cell counter (BIO-RAD). 
Cells were resuspended in sterile PBS. Cell concentration was adjusted for a 70 µl volume 
for injection per mouse. For MTO129 and MTO140, 300.000 viable cells were injected per 
mouse. For MTO138, 500.000 viable cells were injected per mouse. 
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PDGFRα

tdTOMATO

ANTIBODY REF
BIOGENEX, MU128-UC

CD3
CD11b

αSMA
CALD1

KI67

PDGFRβ
TAGLN

IGFBP7
GFP

Abcam, ab133357
Dako, IS50330

Sicgen, AB8181-200

RD Systems, AF1062

Sigma, HPA008066

Novocastra Clone MM1

Ther. Scient. MA5-14851
Proteintech, 10493-1-AP

Sigma, HPA002196
Life Tech., S202386

DILUTION
1/400 D.D.

N/A
1/10 BSA 1%

1/250 D.D.

1/200 BSA 1%

1/250 BSA 1%

1/1000 D.D.

1/100 D.D.
1/100 D.D.

1/200 BSA 1%
1/1000 D.D.

IHQ CONDITIONS
2 h RT

N/A
1 h RT

O/N 4ºC

O/N 4ºC

O/N 4ºC

1 h RT

O/N 4ºC
O/N RT

O/N 4ºC
40 min RT

ANTIGEN RETR.
Citrate

N/A
TRIS-EDTA

TRIS-EDTA

Citrate

Citrate

Citrate

Citrate
TRIS-EDTA

Citrate
Citrate

DAB
1 min

N/A
1 min

1 min

40 s

30 s

2 min

5 min
5 min

2 min
2 min

PEROXIDASE SECONDARY ANTIBODY HOST AFFINITY
Immunoresearch, DPVR-110HRP Rabbit

Dako, PO447 Mouse
Immunoresearch, DPVG55HRP Goat

Table	4.	Antibodies	and	specific	conditions	for	IHC. CD11b was only used for IF. D.D = Dako 
Diluent (DAKO, ref: K8006). BSA = bovine serum albumin (Roche). 1% BSA was diluted in wash 
buffer.

Immunohistochemistry	and	immunofluorescence

Organs extracted from mice were fixed in a 10% formalin solution (Sigma, ref: HT501128) 
O/N at RT, and washed with PBS. Fixed tissues were embedded in paraffin blocks and used 
to obtain 4 µm sections by an expert team from the histopathology facility in the IRB. 

Sections were deparaffinised by serial washes on solutions with a decreasing percentage 
of alcohol. For antigen recovery, deparaffinised sections were either boiled in a TRIS-EDTA 
solution (Sigma, ref TRIS: T6066, ref EDTA: E5134) for 20 minutes or autoclaved for 20 min-
utes at 1 atm of pressure in a citrate buffer at pH 6 (see Table 4 for specific antigen recovery 
protocol used for every antibody). Sections were washed using a wash buffer solution from 
DAKO (ref: K800721) and endogenous peroxidise was blocked using a Peroxidase-Block-
ing solution from DAKO (ref: S202386) at RT for 10 minutes. For immunofluorescence 
staining, unspecific unions were blocked using 10% normal donkey serum (Jackson Immu-
noresearch, ref: 017-00-121) for 20 minutes at RT. Sections were then incubated with the 
primary antibody (see Table 4 for antibodies, references and specific incubation protocols)-

For immunohistochemistry staining, after incubation with the primary antibody, sections 
were incubated with a peroxidase-conjugated secondary antibody (HRP) for 30 minutes at 
RT, and revealed using a DAB solution (DAKO, ref: K346811) at RT (see Table 4 for incu-
bation time). Sections were then washed with distilled water and stained with haematoxylin 
(Panreac, ref: 254766.1611) for 2 minutes at RT. Finally, stained sections were dehydrated 
by serial washes with alcohol solutions of increasing percentages and mounted with DPX 
(Panreac, ref: 255254.1608).

For immunofluorescence staining, sections incubated with the primary antibody were in-
cubated with a 1/400 dilution of a fluorescent-conjugated antibody in DAKO diluent (DAKO, 
ref: K8006) for 1 hour at RT, and next were incubated with secondary antibodies conjugated 
to Alexa-488, Alexa-568 and Alexa-647 (Life Technologies). After incubation with the sec-
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ondary antibody, nuclei were stained with a 1/2500 DAPI solution (Sigma) in DAKO wash 
buffer for 10 minutes at RT. Finally, stained sections were mounted using a fluorescent 
mounting medium (DAKO, ref: S3023-80).

Histological analyses

Images for IHC were taken with a Nikon DS-Ri1 camera or with a Hamamatsu NanoZo-
omer Digital Slide Scanner (20X magnification). Images for IF were taken with a Leica TCS 
SP5 spectral confocal multiphoton microscope or with a Hamamatsu NanoZoomer Digital 
Slide Scanner (20X magnification).

Positive staining from NanoZoomer images was quantified using Qupath (v0.2.0-m2, 
Bankhead et al., 2017). Several ROIs delimiting tumours were taken per section. Tumours 
with faulty staining or damaged areas due to technical errors were excluded from analysis. 
Necrotic areas were excluded from the ROIs. For CD3 staining, positive cells were counted 
using the “positive cell detection” feature with empirical parameters. For PDGFRβ, αSMA 
and TAGLN, total positive pixels per area were quantified using the “positive pixel count” 
feature. Data was analysed using Graphpad Prism (v7.03). 

RNA extraction from whole tumours

Whole individual tumours were excised from livers ex vivo and mechanically disaggregat-
ed in 1 ml of Trizol (Life Technologies, ref: 15596018) using a tissue disruptor. Disaggregat-
ed tissues in Trizol were stored in -80ºC until processing. For RNA extraction, samples in 
Trizol were thawed. 200 µl of chloroform (Sigma, ref: 372978) were then added and samples 
were vigorously mixed for 15 seconds. Mixed samples were centrifuged at 12.000 g for 15 
minutes at 4ºC, after which a colourless upper phase containing the RNA was separated 
from the mix. The upper phase was extracted, placed in new tubes and mixed with one 
volume of 70% ethanol. The mix was then processed using a PureLink® RNA Mini Kit (Life 
technologies, ref: 12183025) following the manufacturer’s specifications. 

mRNA was eluted using distilled water (Invitrogen, ref: 10977-035) and the concentration 
was determined using the Nanodrop 1000 spectrophotometer (Thermofisher). For cDNA 
synthesis, 2000 ng of RNA were used for the cDNA conversion using the High Capacity 
cDNA reverse transcription kit (Life Technologies, ref: 4368813) following the manufactur-
er’s specifications. After cDNA was synthesised, distilled water was added to reach a final 
concentration of 10 ng/µl of cDNA.

RNAsequencing of MTOs 

mRNA harvesting from MTOs and sequencing was described in chapter 1 (Tauriello et 
al., 2018).

mRNA	extraction	and	cDNA	synthesis	for	reduced	number	of	cells	(picoprofling)	

For mRNA extraction from a reduced number of cell, 1000 cells were sorted and pro-
cessed by a professional team in the functional genomics facility of IRB as previously report-
ed (Gonzalez-Roca et al., 2010). The cDNA concentration was determined using the Nan-
odrop 1000 spectrophotometer. A volume of the final cDNA solution was diluted in distilled 
water (Invitrogen, ref: 10977-035) to reach a concentration of 10 ng/µl of cDNA.

Gene expression analysis

To assess mRNA expression levels, qRT-PCR was performed with triplicate reactions, 
each containing 10 ng of cDNA, using a StepOne instrument (Thermo Fisher) and Taqman 
probes. See Table 5 for used probes. Ppia and Actb were used as normalisers for gene 
expression.
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Pdgfra

GENE TAQMAN PROBE

Mm_00440701_m1
Pdgfrb Mm_00435546_m1

Acta2 Mm_00728412_s1

Cre enzyme 1535842

Ptprc (Cd45) Mm_01293577_m1

Pecam1 (Cd31) Mm_00476702_m1

Epcam Mm_00493214_m1

mki67 Mm_01278671_m1

Cald1 Mm_01129541_m1

Igfbp7 Mm_03807886_m1

Tagln Mm_00441661_g1

Postn Mm_00450111_m1

Serpin Mm_04335860_m1

IL-11 Mm_00434159_m1

Col1a1 Mm_08801666_g1
Col1a2 Mm_00483888_m1

Tgfb1 Mm_01178819_m1
Tgfb2 Mm_00436955_m1

Tgfb3 Mm_03024091_m1

IL-6 Mm_00446190_m1
IL-10 Mm_01288386_m1

IL-33 Mm_00505403_m1

Ccl5 Mm_01302427_m1
Ccl9 Mm_00432087_m1

Cxcl12 Mm_00445553_m1

Csf2 Mm_01290062_m1

Ccl12 Mm_01617100_m1

Cxcl9 Mm_00434946_m1
Cxcl10 Mm_00445265_m1

Tnfa Mm_00443258_m1

Tgfbr2 Mm_03024091_m1

Actb Mm_00607939_s1

Ppia Mm_02342430_g1

Table 5. Taqman probes used for gene expression analysis.



186

Methodologies

Statistical analysis for mouse samples. 

Column analyses were performed using the statistical package included in GraphPad 
Prism. For all comparisons, a Fisher’s F test was performed to compare variances. When 
null hypothesis was accepted, an unpaired t student test was performed to compare two 
groups. Alternatively, when null hypothesis for variance comparison was rejected, a Welch’s 
correction was applied to the t test. For Figure 45C, a Mann-Whitney test was used to com-
pare medians between groups. 

Correlation analyses from Figure 26A-C were performed using the Pearson correlation 
test with a 95% of confidence interval. For analyses in Figure 37B-D, the nonparametric 
Spearman correlation was computed. To validate consistence of the obtained results, anal-
ysis was also performed omitting the outlier with Tagln Relative Expression = 9.076. 

Pair-wise analysis of Kaplan-Meier survival plot in Figure 45B was performed using a 
Mantel-Cox Log-rank test.

To assess differences in metastatic burden between the four mice groups in Figure 44F, a 
linear model was fitted to the number of grown modules in which experiment run was includ-
ed as a covariate. The outcome in this model (number of nodules) was previously quadrat-
ic-root transformed (x^1/4) in order to fulfil the assumptions of the linear model. A Wald test 
was used to assess statistical significance, and adjusted group means and corresponding 
95% confidence intervals were derived from the linear model. Within each analysis, p-values 
were adjusted by multiple comparisons using the Westfall method (Westfall, 1997). The 
threshold for statistical significance was set at 5%. To compare the proportions of metasta-
sis-free mice in Figure 44G, a Cocchran-Mantel-Haenszel test was used to determine the 
overall significance stratifying by experiment run using the Montecarlo simulation (Hothorn 
et al., 2006). 

Patient data analysis: CRC human meta-cohort

Seven public high-throughput datasets were used for transcriptomic analyses in human 
tumors (Table 6), including five Affymetrix microarray series publicly available in the NCBI 
GEO repository (Barrett et al., 2013) and the TCGA RNAseq datasets for Colon and Rec-
tum tumors (TCGA). Consensus Molecular Subtypes (CMS) information was available for 
most of these samples and was retrieved from (Guinney et al., 2015).

Patient data analysis: Pre-processing of TCGA CRC data

RNA-Seq (version 2) data from the The Cancer Genome Atlas (TCGA) project was re-
trieved from the legacy version of the GDC commons repository (Grossman et al., 2016). 
Clinical and follow-up information was retrieved from the TCGA-Clinical Data Resource 
(CDR) (Liu et al., 2018). Expression measures were expressed in RSEM in the legacy ver-

GSE14333
DATABASE N LINK

h�ps://www.ncbi.nlm.nih.gov/pubmed/19996206
GSE33113
GSE39582
GSE38832
GSE44076

TCGA-COAD
TCGA-READ

290
90
562
122
98
393
150

h�ps://www.ncbi.nlm.nih.gov/pubmed/22496204
h�ps://www.ncbi.nlm.nih.gov/pubmed/23700391
h�ps://www.ncbi.nlm.nih.gov/pubmed/25320007
h�ps://www.ncbi.nlm.nih.gov/pubmed/25253512
h�ps://www.cancer.gov/about-nci/organiza�on/ccg/research/structural-genomics/tcga
h�ps://www.cancer.gov/about-nci/organiza�on/ccg/research/structural-genomics/tcga

Table 6. Databases used for transcriptomic analyses in CRC human patients. N = number of 
patients analysed per database. 
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sion, which were log2-transformed and quantile normalized. Samples from different tumours 
(colon and rectum) and from different platforms (Genome Analyzer and HiSeq) were processed 
separately. Non-primary tumour samples were filtered out and duplicated samples measured 
in different platforms were excluded from the HiSeq subset. Only primary tumours from pa-
tients with no previous cancer diagnosis were kept for analyses. An exploratory analysis was 
carried out using Principal Component Analyses in order to identify samples with abnormal 
expression values in each dataset. Samples TCGA-A6-2679-01A and TCGA-AA-A004-01A 
were excluded as their gene expression showed an anomalous distribution compared to the 
rest of samples in their dataset, even after quantile normalization. Finally, each dataset was 
corrected by technical variation using a mixed-effect linear model, in which sample’s centre 
of origin and plate identifiers were modelled as a fixed and a random effect, respectively. Co-
efficients from the fixed effects and random effects’ imputations provided by the models were 
then used to correct these technical effects.

Patient data analysis: Pre-processing of microarray CRC datasets

Microarray datasets were separately processed using R packages affy (Gautier et al., 2004) 
and affyPLM (Bolstad et al., 2005) from Bioconductor (Gentleman et al., 2004). Raw cel files 
data were processed using RMA (Irizarry et al., 2003) and annotated using the information 
available in the Affymetrix web page (Affymetrix	–	Thermofisher	web	page). 

Standard quality controls were performed in order to identify abnormal samples (Gentle-
man et al., 2005) regarding: a) spatial artefacts in the hybridization process (scan images and 
pseudo-images from probe level models); b) intensity dependences of differences between 
chips (MvA plots); c) RNA quality (RNA digest plot); d) global intensity levels (boxplot of perfect 
match log-intensity distributions before and after normalization and RLE plots); e) anomalous 
intensity profile compared to the rest of samples (NUSE plots, Principal Component Analy-
ses). Technical information concerning samples processing and hybridization was retrieved 
from the original CEL files: date of scanning were collected in order to define scan batches 
in each dataset separately; technical metrics described by Eklund and Szallasi (Eklund and 
Szallasi, 2008) were computed and recorded as additional features for each sample. Microar-
ray expression values were summarized at the gene level (entrez) using the first principal 
component of the probesets mapping to the same gene. This component was centered and 
scaled to the weighted mean of the means and standard deviations of the probesets using the 
corresponding contribution to the component as weight. The sign of this gene-based expres-
sion summary was imputed so that it was congruent to the sign of the probeset contributing 
the most to the original first component.

Previously to gene-level summarization, each microarray dataset was corrected a priori by 
Eklund metrics (Eklund and Szallasi, 2008) effects estimated from a standard linear model. 
In addition, mixed-effect linear models were used to correct microarray expression by the 
sample’s centre of origin (if more than one) and date of scanning (microarrays). Expression 
values were corrected using the coefficients from the fixed effects and the imputations of the 
random effects provided by the models. 

Patient	data	analysis:	Final	CRC	transcriptomic	pooled	cohort	(TCGA	+	GEO)

Datasets were merged after gene-wise standardization (median and median absolute de-
viation) to the GSE39582 dataset according to their distribution of gender, age, tumour site, 
MSI and stage, when available. Such standardization was carried out by inverse probability 
weighting using a logistic regression (LogReg) model. For doing so and for each dataset D, 
a LogReg model was carried out on D and GSE39582 that included the aforementioned clin-
ical parameters as predictors of the dataset affiliation. Clinical parameters were included in 
the model as they were informative according to the Akaike Information Criterion (AIC) after 
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running a forward step-wise algorithm for variables selection. Next, conditional probabilities 
of belonging to datasets D and GSE39582 (Pd and Pr, respectively) were retrieved from the 
model; then, weights were computed as the ratio of Pd/Pr; finally, weights were truncated 
to value “five”, in order to avoid the overrepresentation of any sample in the standardization 
process. Expression values were truncated to the maximum and minimum values observed 
in this reference dataset. As a result, this CRC pooled cohort (TCGA + GEO) included a total 
of 1.705 primary tumour samples.

Patient data analysis: MSI imputation in transcriptomic CRC samples

When not available in the published clinical information, MSI status was imputed in each 
dataset separately based on the expression of genes included in a published transcriptomic 
signature (Jorissen et al., 2008). For doing so, Pearson’s correlation coefficients were com-
puted between each sample’s profile and an artificial MSI profile consisting on “one” values 
for genes included in the signature that were over-expressed in MSI samples and a “zero” 
values for genes over-expressed in MSS samples in (Jorissen et al., 2008). Assignation to 
MSI or MSS was performed according to results of a cluster analysis based on non-paramet-
ric density estimation (Azzalini and Menardi, 2014; Azzalini and Torelli, 2007) on these 
correlation coefficients. This imputation procedure was performed at the gene level using 
the entrez identifier and Affymetrix annotation (Affymetrix	–	Thermofisher	web	page) be-
fore correction by technical effects (see section Pre-processing of microarray CRC data-
sets); for doing so, not-corrected microarray datasets were summarized at the gene level by 
the most variable probeset mapping to the same gene as measured by the median absolute 
deviation. In each case, the same number of top MSI and MSS over-expressed genes were 
used in order to avoid biases towards the group that included more genes (MSI). Accuracy 
of this imputation was evaluated in dataset GSE39582 and TCGA colon dataset, which in-
cluded annotation of microsatellite-stable (MSS) and -instable (MSI) samples in their clinical 
information (GSE39582: 97% and 77% accuracy for MSS and MSI samples, respectively; 
TCGA colon: 97% and 92% accuracy for MSS and MSI, respectively).

Patient data analysis: Cell Population datasets

Two data sets publicly available in the NCBI GEO repository (Barrett et al., 2013)http://
www. ncbi.nlm.nih.gov/geo/ were used to characterize gene expression in tumour cell sub-
populations: GSE39395 and GSE39396 (Calon et al., 2012). In these datasets, FACS was 
used to separate the following populations from 14 fresh CRC samples: CD45+EpCAM−
CD31−FAP−, CD45−EpCAM+CD31−FAP−, CD45−EpCAM−CD31+FAP− and CD45−Ep-
CAM− CD31−FAP+. Expression matrices were processed using RMA (Irizarry et al., 2003), 
as described in section Pre-processing of microarray CRC datasets. 

Patient data analysis: Association analyses with clinical outcome in human CRC 
datasets

Association with relapse was evaluated using a Cox proportional hazards model, while 
linear models were used for group comparisons of gene expression levels. In all cases, 
sample’s dataset or origin was included in the models for statistical adjustment. 

Statistical significance was assessed by means of a Log-likelihood Ratio Test (LRT, sur-
vival analyses) and F-tests (linear models), while Wald tests were used for pair-wise com-
parisons. Sample groups of low, medium and high expression levels were defined using 
the tertiles of its distribution as cut-offs. Hazard Ratios (HR) were computed as measures 
of association. For visualization purposes, Kaplan-Meier survival curves and boxplots were 
estimated for groups of samples showing low, medium and high gene expression levels. 

Also, local Cox proportional hazard ratios estimates by gene expression levels were 
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graphically represented using smoothing splines with a p-spline basis (Eilers and Marx, 
1996) as implemented in the R package phenoTest (Planet, 2018).

Only samples from patients diagnosed in stages I, II and III were taken into consideration 
for analyses of time to relapse, for a total of 955 CRC samples; out of them 768 samples 
were Microsatellite Stable tumours (MSS) while 186 were Microsatellite Instable (MSI); TC-
GA’s rectum samples were excluded from prognosis analyses accordingly to recommen-
dations of the TCGA-Clinical Data Resource (CDR) (Liu et al., 2018)The Cancer Genome 
Atlas (TCGA. The threshold for statistical significance was set at 5%. All analyses were 
carried out using R (Team, 2018).
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humanity, and is the torch which illuminates the world.”
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