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Abstract : L'immunothérapie anti-cancéreuse est un 

traitement efficace chez certains patients, mais cela 

dépend de l'organe atteint. Les patients avec un 

cancer du foie primitif ou des métastases hépatiques 

d'un cancer colorectal (MHCCR) ont souvent des 

réponses limitées. Cela est lié à l’environnement 

immunitaire particulier du foie. 

 

Dans cette étude, nous avons examiné l’impact des 

cellules immunitaires dans le MHCCR, en particulier 

les mastocytes et les neutrophiles, dans la survie. La 

présence accrue de mastocytes était liée à un 

meilleur pronostic, tandis que la présence de 

neutrophiles était associée à un mauvais pronostic. 

 

 

De plus, chez les patients atteints d’un carcinome 

hépatocellulaire précoce, différents profils 

immunitaires ont été identifiées, ce qui pourrait 

aider à personnaliser le traitement. 

 

En résumé, comprendre la réaction immunitaire 

dans le foie est essentiel pour améliorer l'efficacité 

de l'immunothérapie contre les tumeurs 

hépatiques, et cela pourrait conduire à de nouvelles 

cibles thérapeutiques pour améliorer la survie des 

patients. 

 

 

 

Title: The Immunopathology of Primary and Metastatic Tumors to the Liver 

Keywords: Liver metastasis, Liver Cancer, Tumor microenvironment, Cancer Immunologie, Biomarkers 

 

Abstract: Anti-cancer immunotherapy can be highly 

effective for certain patients, but its success depends 

on the affected organ. Individuals with primary liver 

cancer or liver metastases from colorectal cancer 

often have limited responses to immunotherapy. This 

is largely due to the immune environment within the 

liver.  

In this study, we examined how immune cells, 

particularly mast cells and neutrophils, impact 

outcomes in patients with colorectal cancer liver 

metastasis. We found that an increased presence of 

mast cells in tumors was associated with better 

outcomes for patients, while the presence of 

neutrophils was linked to a less favorable outcome.  

 

Furthermore, in the case of early-stage liver cancer, 

we discovered that patients could be grouped into 

different immune profiles, which could help 

personalize treatment. 

In summary, this study highlights the importance of 

understanding how the immune system reacts in 

the liver to enhance the effectiveness of 

immunotherapy for liver cancer and colorectal 

cancer. This information could also assist in 

identifying new therapeutic targets to improve 

treatments and patient survival in the future.  
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Abstract - Français 

L'immunothérapie anti-cancéreuse, bien qu’elle donne des résultats exceptionnels chez 

certains patients, montre une efficacité variable en fonction de l’organe touché. Les patients 

atteints d’un cancer primitif du foie ou de métastases hépatiques d’un cancer colorectal ont 

souvent des réponses limitées à l’immunothérapie en raison de l’environnement immunitaire 

particulier du foie. Il est donc impératif d’améliorer notre compréhension du 

microenvironnement immunitaire au sein des tumeurs hépatiques. Ceci constitue le thème 

central de cette thèse. 

 

La première partie de la thèse a évalué le microenvironnement immunitaire dans une cohorte 

prospective de N = 32 patients atteints d’un cancer colorectal avec métastases hépatiques 

(MHCCR). Dans cette étude, nous avons examiné comment certaines cellules immunitaires 

spécifiques, à savoir les mastocytes et les neutrophiles, influent sur les réponses au traitement 

et le pronostic. La présence accrue de mastocytes dans les tumeurs, notamment chez les 

patients de type KRAS sauvage, était associée à un pronostic amélioré. Elle était positivement 

corrélée à l’infiltration et à l’activation des lymphocytes T CD8+, mais inversement par rapport 

à la sécrétion de TGFβ2, aux cellules T régulatrices et à l’infiltration des neutrophiles. Les 

tumeurs riches en mastocytes montraient une sécrétion élevée d’histamine, suggérant une 

activation des mastocytes. In vitro, les lymphocytes exposés à des mastocytes préconditionnés 

dans les surnageants des tumeurs provenant de patients présentant un bon pronostic 

présentaient une expression intracellulaire élevée de l’IFN-gamma et du Granzyme B. Des 

corrélations positives entre les gènes spécifiques des mastocytes et des lymphocytes T ont 

également été observées dans un ensemble de données publiques d’expression génique de 

sujets atteints de MHCCR réséqués. En résumé, les mastocytes infiltrant les tumeurs pourraient 

favoriser l’immunité anticancéreuse dans le cas du MHCCR. 

 

Nous avons ensuite exploré le rôle des neutrophiles infiltrant les tumeurs dans le MHCCR. Une 

infiltration élevée de neutrophiles, en particulier chez les patients de type KRAS sauvage, était 

associée à de moins bonnes réponses au traitement et à un pronostic moins favorable. La 

présence des neutrophiles était positivement corrélée à la sécrétion de CXCL8, TGFβ2 et TNF. 

Ils présentaient une expression élevée de LOX1 et leur présence était inversement corrélée à 

l’infiltration et à l’activation des lymphocytes T CD8+ et CD4+. Ces résultats suggèrent que les 

neutrophiles infiltrant les tumeurs peuvent entraver l’immunité anticancéreuse dans le 

MHCCR. 

 

La dernière partie de la thèse était centrée sur l’environnement immunitaire dans le carcinome 

hépatocellulaire (CHC). Bien que l’immunothérapie ait profondément influencé la prise en 

charge du CHC, seuls 30% des patients présentent des réponses objectives. Nous avons 

analysé l’infiltrat immunitaire, la sécrétion de protéines et les transcriptomes tissulaires chez 

N=28 patients atteints d’un CHC à un stade précoce, n’ayant pas été préalablement traités et 
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ayant subi une résection chirurgicale curative. Malgré l’homogénéité clinique, nous avons 

identifié quatre groupes immunitaires distincts présentant différentes infiltrations de cellules 

T CD8+, T CD4+, NK et myéloïdes. Ces groupes présentaient des profils d’activation et 

d’épuisement parmi les lymphocytes et des profils transcriptomiques différents, offrant une 

meilleure compréhension pour la gestion des patients dans le contexte de l’immunothérapie 

péri opératoire du CHC. 

 

En conclusion, cette thèse souligne l’importance de comprendre l’environnement immunitaire 

au sein du foie et son rôle dans l’immunité anticancéreuse et la survie dans le MHCCR et le 

CHC. Ces informations pourraient orienter de futures recherches visant à identifier des cibles 

thérapeutiques potentielles, améliorant ainsi le potentiel thérapeutique de l’immunothérapie 

et la survie des patients à l’avenir.   
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Abstract – English 

While anti-cancer immunotherapy provides unprecedented results for some patients, its 

effectiveness varies depending on the organ affected.  Patients with primary liver cancer and 

colorectal cancer liver metastasis often exhibit limited responses to immunotherapy. This 

points to the critical influence of the tissue microenvironment on treatment efficacy. The liver 

is an immunologically rich organ and contains a diversity of lymphoid and myeloid cells, 

which significantly shape how patients respond to treatment and their survival. It is therefore 

imperative to enhance our understanding of the immune microenvironment within primary 

liver and liver metastatic tumors and is the central focus of this thesis.  

The first part of the thesis evaluated the immune microenvironment in a prospective cohort of 

N=32 colorectal cancer patients with liver metastasis (CRCLM). Despite improvements in 

treatment efficacy, response and survival after liver metastasis resection vary greatly. 

Furthermore, anti-tumor T cell responses in the liver are compromised. A less studied innate 

immune cell in the liver, the mast cell, bridges the gap between innate and adaptive immune 

responses. Their role in tumor immunity within liver metastasis is, however, unclear. We 

characterized mast cells in resected CRCLM using flow cytometry, secreted mediator 

quantification, and multiplex immunohistochemistry. Increased mast cell infiltration, 

particularly in KRAS wildtype patients, correlated with improved prognosis. Tumor-infiltrating 

mast cells correlated with CD8+T cell infiltration and activation but inversely with TGFβ2 

secretion, T-regulatory cells, and neutrophil infiltration. Mast cell-rich tumors exhibited 

elevated histamine secretion, indicating mast cell activation. In vitro, lymphocytes exposed to 

mast cells pre-conditioned within tumor supernatant from patients with good prognosis had 

elevated intracellular expression of IFN-gamma and Granzyme B. Positive correlations between 

mast cell and T cell-specific genes were also observed in a public gene expression dataset of 

resected CRCLM. In summary, these findings provide insight in the role of tumor-infiltrating 

mast cells, and that they may potentiate anti-tumor immunity in CRCLM. 

We next explored the role of tumor-infiltrating neutrophils in CRCLM, as their impact on 

prognosis remains unclear. Elevated neutrophil infiltration was associated with poor response 

and decreased survival specifically in KRAS wildtype patients. Neutrophils were positively 

correlated with CXCL8, TNF, and TGFβ secretion and inversely correlated with CD8+T and 

CD4+T cell infiltration and activation. These results indicate that tumor-infiltrating neutrophils 

may hinder anti-tumor immunity in CRCLM. 

The final part of the thesis centred on the immune landscape of early-stage hepatocellular 

carcinoma (HCC). Although immunotherapy has profoundly influenced HCC management, 

only 30% of patients show objective responses. We analysed the immune infiltrate, protein 

secretion and transcriptome from liver tissue of N=28 treatment-naïve, early-stage HCC 

patients who underwent curative surgical resection. Despite clinical homogeneity, we found 

four distinct immune clusters with variable CD8+T, CD4+T, NK, and Myeloid cell infiltration. 
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These clusters exhibited different activation and exhaustion profiles among lymphocytes 

correlated with cytokine and chemokine secretion and distinct transcriptomic profiles. 

In conclusion, this thesis highlights the importance of understanding the immune 

microenvironment within the liver and its role in anti-tumor immunity and survival in CRCLM 

and HCC. These insights may guide further research to identify potential therapeutic targets, 

ultimately enhancing the therapeutic potential of immunotherapy and patient survival in the 

future. 
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Introduction 

 

General Background 

 

As the second largest organ in the human body, the liver plays vital roles in homeostasis, 

including metabolism regulation, protein synthesis and the removal of toxins and waste 

products. Its position and unique anatomy also contribute to its key role in barrier immunity 

against invading pathogens, while maintaining tolerance to the steady influx and exposure to 

harmless gut-derived microbial products and food-derived antigens. The liver is an 

immunologically rich organ that contains a diversity of lymphoid and myeloid cells, which 

regulate immune responses from tolerance to potent anti-viral and pathogen responses. 

However, the liver tends to favour hypo-responsiveness and induction of tolerance. As such, 

in the transplantation setting, the liver is unique, as it is the only organ for which 

immunosuppressive drug treatment can sometimes be stopped and long-term graft 

acceptance achieved in liver transplant recipients. Though beneficial in this context, this natural 

‘tolerogenicity’ of the liver is detrimental in others, notably in primary liver cancer, and liver 

metastatic disease.  

 

Clinically, primary liver cancer and liver metastases have specific immune suppressive 

consequences both locally and systemically and have long been associated with poor 

prognosis.  In the context of checkpoint blockade therapy, the presence of liver metastasis is 

associated with worse objective response rates and survival compared to other sites of 

metastases across multiple histological subtypes. Furthermore, response rates to 

immunotherapy in primary liver and advanced liver cancer remains low. Nevertheless, the 

presence of anti-tumor immune cells in liver metastatic tumors and liver cancer are associated 

with improved prognosis as well as improved immunotherapy response, hinting that for some 

patients, anti-tumor immunity is present. However, for many patients, the immune response 

is either suppressed and/or excluded and negatively impacts prognosis. There is an unmet 

need for patients with primary liver cancer and non-liver derived metastatic disease; a better 

understanding of the biology of liver cancer and liver metastasis is needed, and how the 
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immune microenvironment specific to the liver influences anti-tumor immunity and patient 

prognosis, which is the focus of this thesis.  

 

This introduction will initially outline the epidemiology and clinical landscape of colorectal 

cancer liver metastasis and primary liver cancer in the era of cancer immunotherapy. Next, we 

will describe immune cell populations residing in and recruited to the liver, elucidating their 

specific roles in normal liver physiology including the generation of immune tolerance. The 

immune contexture of colorectal cancer liver metastasis will then be presented, drawing 

insights from current literature regarding their respective impacts on patient prognosis. Lastly, 

we will provide an overview of the current understanding of the immune microenvironment in 

liver cancer, exploring its intricacies and heterogeneity concerning responses to 

immunotherapy treatment.  

 

Colorectal cancer Liver metastasis – Epidemiology and Clinical 

Landscape 

 

Colorectal cancer (CRC) is the third most diagnosed cancer, and stands as the second-leading 

cause of cancer-related deaths worldwide.1 The incidence of colorectal cancer is increasing in 

developing countries, with a worrying increase in early-onset colorectal cancer affecting 

people younger than 50 years of age in developed countries.2–4 Both hereditary and 

environmental risk factors play a part in the development of colorectal cancer. Hereditary 

colorectal cancer can be categorized into non-polyposis, represented by Lynch syndrome, and 

polyposis syndromes. Lynch syndrome stems from dysfunction within the DNA mismatch 

repair pathway that is identified by molecular analysis of the deficiency of mismatch repair 

proteins (mismatch repair-deficient, MMR-d), commonly MLH-1, MLH-2, MSH-6 and PSM2. 

This leads to high-frequency microsatellite instability (MSI-H).5 However, MSI is also identified 

in approximately 15% of sporadic primary colorectal cancers.6 Other risk factors include 

inflammatory bowel disease and ulcerative colitis.7 Environmental and lifestyle factors 

associated with CRC risk include alcohol consumption, poor diet, obesity, physical inactivity, 

and type 2 diabetes.8,9  
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Although prognosis is favorable for CRC patients diagnosed with early-stage disease, about 

20% of CRC patients present with metastatic disease (mCRC) at distant sites, for which the five-

year survival rate is substantially reduced.10  The most common site of CRC metastasis is the 

liver. Liver metastasis affects nearly 60% of patients diagnosed with mCRC.11 Other metastatic 

sites in CRC include the lung, peritoneum, bone and brain.12  Liver metastatic CRC is associated 

with poorer disease-specific and overall survival compared to non-liver metastatic CRC.12–14 

Among patients who eventually pass away from the disease, 49% will have liver-dominant 

disease and 83% will have some liver involvement.14  

 

Treatment  

The primary treatment option for patients with mCRC is surgical resection, as it improves 

survival and in exceptional instances, can cure the disease.15–18 The addition of peri-operative 

therapy in the neo-adjuvant and/or adjuvant setting has also helped improve disease-free 

survival (DFS) for mCRC patients.19 Over the last two decades, survival rates for mCRC have 

improved due to various other factors. These include the use of biomarker-based selection for 

the application of more effective systemic therapies, resulting in a higher number of patients 

eligible for potentially curative surgical resection of liver metastasis.20 Additionally, there has 

been an increased utilization of repeat surgical resections for cases of recurrence.21  

The standard first line chemotherapy for mCRC typically includes a fluoropyrimidine (5-FU or 

capecitabine) in combination with irinotecan or oxaliplatin. Combining a fluoropyrimidine with 

oxaliplatin or irinotecan (FOLFOX or FOLFIRI) yields higher response rates, longer PFS and OS 

compared to using 5-FU alone.22 The combination of FOLFOX chemotherapy in the 

neoadjuvant setting with surgical resection improves resection margins and reduces relapse 

risk.19,23 Adjuvant chemotherapy also reduces risk of recurrence and improves survival.24 

Monoclonal antibodies like bevacizumab (anti-VEGF), cetuximab, and panitumumab (anti-

EGFR) can also improve outcomes when added to first-line chemotherapy.25–28 The addition of 

bevacizumab to FOLFOXIRI also outperforms other combinations.29 For the first-line treatment 

of mCRC, the current recommendations include doublet cytotoxic agent (FOLFOX or FOLFIRI), 

combined with targeted therapies (bevacizumab or cetuximab/panitumumab). In certain 

cases, the triplet FOLFOXIRI combined with bevacizumab may be considered as it has shown 
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superiority over FOLFIRI. See Figure 1 of the ESMO guidelines for the treatment paradigm of 

mCRC.  

 

Figure 1. Treatment algorithm for mCRC.20 BSC, best supportive care; CT, chemotherapy; EGFR, 

epidermal growth factor receptor; FP, fluoropyrimidine, mt, mutant; NED, no evidence of disease; OMD, 

oligometastatic disease; wt, wild type. aPatients assessed as fit or unfit according to medical condition 

not due to malignant disease. *After two re-evaluations, consider maintenance. **(A) includes two 

subgroups: (1) those for whom intensive treatment is appropriate with the goal of cytoreduction (tumor 

shrinkage) and conversion to resectable disease; (2) those who need an intensive treatment, although 

they will never make it to resection, since they need a rapid reduction of tumor burden because of 

impending organ dysfunction, severe symptoms.20 

 

Current biomarker selection in mCRC relies on the following three main elements: MSI status, 

RAS/BRAF mutational status and primary CRC sidedness. These three biomarkers are all 

currently used for the routine application of preoperative systemic therapy to induce tumor 

reduction most effectively in mCRC. MSI is a condition characterized by the accumulation of 

insertions or deletions in repetitive DNA sequences called microsatellites within tumors. MSI 

tumors have a much higher mutational load (and thus potentially more neoantigens) than MSS 
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tumors and are associated with an activated, T cell-rich microenvironment balanced by 

elevated checkpoint marker expression.30–33 In mice, MSI-intermediate tumors do not respond 

to checkpoint blockade, but MSI-high tumors do, indicating that the neoantigen quantity is 

the driving force of immune checkpoint response in MSI-high tumors.34 Recently, the KEYNOTE 

177 trial analyzed the effect of Pembrolizumab (anti-PD-1) treatment to systemic 

chemotherapy on progression-free survival and overall survival in patients with newly 

diagnosed MSI-H or MMR-d mCRC.35,36 After median follow up of 44.5 months, median overall 

survival (OS) was not reached (NR) within the pembrolizumab group compared to 

chemotherapy group {(NR; 95% CI 49·2–NR) with pembrolizumab versus 36·7 months (27·6–

NR) with chemotherapy (hazard ratio [HR] 0·74; 95% CI 0·53–1·03; p=0·036)}.36 These promising 

findings have thus shifted the treatment paradigm in MMR-d/MSI-H patients, replacing 

chemotherapy with pembrolizumab in the 1st line setting.37 Furthermore, the five-year follow 

up of previously treated MMR-d/MSI-H mCRC in Checkmate 142 clinical trial found durable 

clinical benefit in patients treated with combination Nivolumab and Ipilimumab after 1 or 2 

lines of systemic chemotherapy treatment, supporting current treatment recommendations 

for patients with these tumors.38–40  

Despite promising results in MMR-d/MSI-H mCRC, up to 95% of mCRC are mismatch-repair 

proficient/microsatellite stable (MMR-P/MSS).41 Patients with MMR-p/MSS mCRC treated with 

pembrolizumab showed 0% objective response rate compared with 40% in MMR-d/MSI-H 

mCRC.41 Roughly half of the patients in both cohorts had liver metastatic disease. The median 

PFS and OS in MMR-d mCRC was not reached in this study, whereas median PFS and OS in 

MMR-p/MSS mCRC was 2.2 and 5.0 months, respectively. Among patients with MMR-p/MSS 

tumors, the presence of POLE mutation in tumors has also been correlated with tumor 

mutation and elevated response to immunotherapy treatment.42 However, the prevalence of 

this mutation is also very low among MMR-p/MSS mCRC. 

Recent single and multiple combination immunotherapy clinical trials have been tested in MSS 

patients, with clinical benefit largely observed in patients with non-liver metastases. 

Integrating clinical parameters including metastatic disease pattern in MSS metastatic 

colorectal cancer patients treated with PD-1 or PD-L1 inhibition showed that the presence of 

liver metastasis at the time of treatment initiation was the most significant factor associated 

with worse PFS in multivariate analysis {HR, 7.00 (95% CI, 3.18-15.42, P<0.001)}.43 Interestingly, 
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in patients without liver metastasis at the time of treatment but with a history of a liver lesion 

resection had lower PFS than patients without any history of liver involvement {PFS = 3.0 (IQR, 

1.8-6.0) months versus PFS=5.5 (IQR, 2.0-11.5) months}.43 Nevertheless, a significant benefit 

was observed in these patients compared to patients with liver metastasis, indicating that 

systemic immune suppression is relieved to an extent by liver tumor resection, and that these 

patients can derive a clinical benefit from immune checkpoint blockade. 

In addition to MMR-d/MSI-H, mCRC are tested for mutations in KRAS, NRAS, and BRAF. For 

half of patients with KRAS/NRAS/BRAF wild-type tumors, monoclonal antibodies to the 

epithelial growth factor receptor (EGFR), in combination with chemotherapy can extend 

survival rates.44–46 Patients with KRAS or NRAS sequence variations, benefit instead from 

Vascular Endothelial Growth Factor-A (VEGF-A) monoclonal antibody as first-line treatment.47 

In addition to KRAS/NRAS/BRAF status, the response to EGFR inhibition is also associated with 

the specific location of the primary tumor in either the right or left colon.48,49 As a result, the 

practice guidelines suggest that anti-EGFR be used in combination with chemotherapy 

exclusively for metastatic CRC cases with wild-type KRAS/NRAS/BRAF and left-sided primary 

tumors.50 

Although five-year survival rates have improved after surgical resection of colorectal 

metastases the risk of recurrence is high (occurring in about 65% of patients) and mCRC 

remains incurable for more than 70% of patients.15,51,52 Patients who experience disease 

progression despite undergoing treatment with FOLFOX, FOLFIRI and biologic or targeted 

therapies are considered to have refractory disease. The application of Tyrosine Kinase 

Inhibitors Regorafenib and Tipiracil for these patients improved median OS by 1.4 and 1.8 

month, respectively.53,54 At this point no other options of treatment are available that improve 

survival rates by 3 or more months in advanced refractory mCRC.50 

 

Primary Liver cancer - Epidemiology and Clinical Landscape 

 

The incidence of Hepatocellular Carcinoma (HCC) is on the rise and is a major cause of cancer-

related death in many countries, representing on average the third-leading cause of cancer-
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related deaths worldwide.1 The number of new cases and deaths from liver cancer is predicted 

to rise by more than 55% by 2040.55 The incidence and mortality rates have dropped in some 

Asian countries such as Japan, China and South Korea but is on the rise in the West including 

the US, Australia and most parts of Europe.56  These differences are most likely due to the 

different sets of risk factors for HCC. HCC is the most common type of liver cancer, accounting 

for over 75% of cases. 90% of HCC develop in the context of underlying chronic liver disease, 

accompanied by severe liver fibrosis and cirrhosis (severe scarring of the liver).57 Leading risk 

factors for chronic liver disease and for HCC development include viral infection by hepatitis 

B (HBV) or C (HCV), alcohol-related toxicity (ASH), diabetes, or obesity-related non-alcoholic 

fatty liver disease (NAFLD). Alcohol is an independent risk factor for HCC in heavy drinkers. 

Excessive alcohol intake causes liver inflammation and damage (alcoholic steatohepatitis -

ASH), that results in fibrosis and cirrhosis.58 It also synergizes with other risk factors such as 

diabetes and HCV infection.59 Chronic alcohol intake compromises the functional capacity of 

the liver by triggering steatosis, steatohepatitis, and cirrhosis. These sustained pathologic 

events subsequently participate in carcinogenic process. NAFLD is a spectrum of chronic liver 

disease characterized by fat accumulation and inflammation (steatosis, also called non-

alcoholic fatty liver - NAFL), leading to hepatocyte injury (non-alcoholic steatohepatitis -NASH) 

and finally fibrosis/cirrhosis.60 Although ASH and NAFLD share pathophysiologic processes in 

the development of fibrosis/cirrhosis, there is evidence of distinct alcohol-toxicity related 

mechanisms of tumorigenesis.58 In some cases, HCC is caused by genetic haemochromatosis 

or alpha-1-antitrypsin deficiency. Although HBV and HCV are the most notable risk factors in 

Asia, as it accounts for a significant proportion of HCC cases, obesity, diabetes, and metabolic 

syndrome are becoming the fastest growing risk factor for HCC, particularly in the Western 

world.56,61,62 

 

Hepatocellular carcinoma staging and treatment  

The treatment of HCC presents challenges as it occurs in patients with fibrosis/cirrhosis and 

with compromised liver function. Nevertheless, the management of HCC has significantly 

advanced in recent years, with treatments tailored to tumor stages, following the Barcelona 

Clinic Liver Cancer (BCLC) staging system (Figure 2).57,63 Briefly, it includes prognostic variables 

related to tumor status, liver function and health performance status, and is an evolving system 

as it updates treatment-dependent variables obtained from cohort studies and randomised 
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trials. Early-stage HCC patients are candidates for resection, transplantation, and local ablation, 

while those at intermediate and advanced stages are recommended for transarterial 

chemoembolization (TACE), or other systemic therapies, respectively. 

 

Surgical resection and liver transplantation are the primary curative therapies for HCC. Non-

cirrhotic HCC patients can achieve 5-year survival rates of approximately 70-80%. Specific 

scores such as albumin-bilirubin (ALBI) helps assess liver function and suitability for resection.64 

Recurrence of HCC following hepatic resection remains a significant challenge, with recurrence 

rates reaching up to 70% within 5 years, even in early-stage HCC.65 This recurrence is 

categorized into two phases: early recurrence (within two years), typically caused by presence 

of microscopic vascular invasion, and serum alpha-fetoprotein (AFP) levels >32ng/mL, and late 

recurrence (after two years), which is caused by the development of new tumors in a 

predisposed microenvironment.66 

 

Immunotherapies for HCC 

In HCC, immunotherapies are becoming the standard-of-care based on promising results from 

recent clinical trials, resulting in a shift in clinical management of HCC. The IMbrave150 clinical 

trial testing adjuvant atezolizumab (anti-PDL1) in combination with bevacizumab (anti-VEGF) 

in advanced HCC (aHCC) measured a 76.3% Disease control rate (partial response and stable 

disease) and 27.3% Objective response rate - ORR (complete or partial response) in patients, 

compared to 55.6% and 11.9% in patients treated with tyrosine kinase inhibitor sorafenib, 

respectively.67 
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Figure 2. Treatment strategy in the management of HCC68 The Barcelona Clinic Liver Cancer (BCLC) 

staging system consists of five stages depending on disease extension, liver function and performance 

status. Asymptomatic patients with low tumor burden and good liver function (BCLC 0/A) should be 

treated with local curative treatments (resection, ablation, or transplantation, depending on the 

presence of portal hypertension, number of nodules and liver function). Asymptomatic patients with 

multinodular disease and adequate liver function (BCLC B) should receive chemoembolization and 

patients with portal thrombosis or extrahepatic spread (BCLC C) should be treated with systemic 

therapies. Ongoing Immunotherapy-based tirals in progress in all disease stages are depicted. 

 

More recently, the STRIDE study testing Durvalumab (anti-PD-L1) plus Tremelimumab (anti-

CTLA-4) showed superior OS relative to sorafenib {HR, 0.78 (95% CI, 0.65-0.93, P<0.0035)} and 

ORRs of 20.1% compared with 5.1%.69 These combinatory approaches more than doubled life 
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expectancy of aHCC, as opposed to monotherapy treatment with Nivolumab (anti-PD-1), 

which showed no improvement in OS relative to sorafenib {HR, 0.85 (95% CI, 0.72-1.02, 

P=0.0752)}.67,70 Currently, over 20 phase III clinical trials are ongoing, testing combination of 

anti-PD1 and bevacizumab across all stages of HCC.71  

 

However, despite these advancements, there’s a notable variation in patient responses. A 

retrospective study of 95 aHCC patients who received either single agent anti-PD-(L)1, anti-

CTLA4, or a combination of the two compared organ-specific response rates (OSRR) and found 

heterogeneous responses among liver, lung, lymph node and abdominal tumors. The response 

rates were lowest in the liver (22.4%) and highest in the lung (41.2%).72 Patients with both 

evaluable hepatic and extrahepatic tumors at baseline had a better disease control rate within 

extrahepatic tumors as opposed to progressive disease in hepatic tumors. Intriguingly, 

patients with larger hepatic tumors had progressive disease at extrahepatic sites, whereas 

those with smaller liver tumors tended to show disease control. Another retrospective study 

of 261 aHCC patients treated with Nivolumab observed differences in OSRR. Specifically, 

intrahepatic tumors were the least responsive (10.1%), followed by lung (24.2%) and lymph 

node (37%) tumors.73 Similarly, a separate retrospective study in patients with aHCC treated 

with immune checkpoint blockade found that patients with concurrent intra- and extra-hepatic 

tumors had the lowest ORR and worse OS.74 Patients who demonstrated an intrahepatic lesion 

response to ICI was associated with improved OS and the use of ICI combinations were also 

associated with improved OS in the setting of aHCC. These findings need to be validated as 

they may be attributed to the inclusion of immune checkpoint monotherapy as well as 

combination treatments in these studies. The NCT04862949 clinical trial is measuring OSRR in 

aHCC patients treated with combination atezolizumab and bevacizumab, to better dissect 

differences in the tissue-level responses and whether the treatment combination truly 

enhances intrahepatic responses to immune checkpoint blockade.  

 

The promising results of immunotherapy trials in aHCC have supported phase I/II trials 

investigating peri-operative immunotherapy in early-stage HCC as both a downsizing and 

preventative strategy against tumor recurrence post surgical resection. A study exploring  

perioperative Nivolumab monotherapy and Nivolumab plus Ipilimulab combination therapy 

induced major pathological response in 30% of patients and 0% recurrence after 2-year follow 

https://clinicaltrials.gov/ct2/show/NCT04862949
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up, compared to 50% recurrence in patients without major pathological response.75 The results 

are promising, and validation is needed in subsequent phase III randomized control studies to 

accelerate their approval for use in the early-stage setting. 

 

Despite these advancements, the limited response of a small proportion of early-stage or 

aHCC patients to immunotherapy, and the almost negligible response in MSS mCRC liver 

metastatic patients, calls for further research into the cellular and immune constituents of the 

liver tissue.  Understanding these elements and their influence on immune responses in the 

liver, under both normal physiological and pathological settings, could pave the way for more 

effective and tailored treatments across different stages and types of liver pathologies. 

 

The Liver architecture  

Understanding why primary liver tumors and metastatic tumors of the liver are less responsive 

to immune checkpoint blockade requires a thorough grasp of the liver architecture, its cellular 

and immune components, and how they dictate the delicate balance between immune 

responses that can destroy invading pathogens or cancerous cells versus those that foster 

tolerance, pivotal in both the normal and pathological settings. Here we will explore the roles 

of these components in physiological conditions, before delving into their impact in 

pathological contexts in the following sections.  

 

The liver is structured around building blocks of hexagonal hepatic lobules (Figure 3) which 

house hepatocytes forming cellular plates between which are liver sinusoids, lined with 

fenestrated endothelial cells, called Liver sinusoidal endothelial cells (LSEC). The space of Disse 

between the hepatocytes and LSECs contains hepatic stellate cells (HSC), liver residential 

macrophages (Kupffer cells, KC) and dendritic cells (DC), along with a myriad of lymphocytic 

cell populations.  
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Figure 3. The liver immune microenvironment76 Summary map of the human liver. The main 

“building block” of the liver is the hepatic lobule, which includes a portal triad, hepatocytes aligned 

between a capillary network, and a central vein. The portal triad is made up of the hepatic artery, the 

portal vein and the bile duct. Found between the liver sinusoids are parenchymal cells (hepatocytes) 

and non-parenchymal cells (endothelial cells, cholangiocytes, macrophages, hepatic stellate cells, and 

liver infiltrating lymphocytes- including B cells, αβ and γδ, T cells, and NK cells). Non-inflammatory 

macrophages are labeled ∗Kupffer cells based 

 

Unique to the liver, the portal vein provides 80% of the total blood supply, bringing to the liver 

constant influx of food, viral, and bacterial-derived products from the digestive system 77,78. 

Blood from the portal vein and hepatic artery flows through the sinusoids and drains into the 

central vein, allowing hepatocytes to regulate metabolism, synthesize proteins and remove 

toxins 79.  

 

Hepatic cellular components are separated into two large entities: the hepatic parenchyma, 

which are the hepatocytes, making roughly 60% of the total cells, and the non-parenchymal 

cells, consisting of liver sinusoidal endothelium, hepatic stellate cells, residential myeloid and 
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residential and passenger lymphocytic cell populations which comprise up to 30% of the liver 

cell pool.  Recently, single-cell RNA sequencing studies have provided a comprehensive 

overview of human liver cell subsets and their functions in normal liver physiology, and how 

together they create a unique niche that favours tolerance induction over immunity, which can 

be exploited by liver-tropic infections and metastatic disease. 

 

Liver sinusoidal endothelial cells 

Liver sinusoidal endothelial cells (LSEC) act as a physical barrier between liver tissue and the 

periphery, performing a vital role in the development of immune tolerance to exogenous 

antigens, including food-derived antigens 80–82. They achieve this by presenting antigens to 

CD8+T and CD4+T cells through MHC-I and MHC-II cross-presentation respectively, while 

inducing T cell tolerance through low expression of costimulatory molecules CD80/86 and 

engaging in PDL1-PD1 interaction 83–86. They also control the activity of inflammatory Th1 and 

Th17 CD4+T cells by suppressing inflammatory cytokine secretion 87.  Exposure of LSECs to IL-

10 shifts their surface expression towards an inhibitory phenotype. Compared to other antigen 

presenting cells in the liver, LSECs are also more efficient at inducing peripheral-derived 

regulatory T cells through their efficient antigen presentation and co-secretion/tethering of 

TGFβ to the cell membrane 88. 

 

Hepatic stellate cells 

Hepatic stellate cells (HSCs) store and metabolise Vitamin A (retinoic acid) and play a critical 

role in chronic liver diseases by secreting extracellular matrix proteins and matrix 

metalloproteinases when activated. Within the space of Disse, HSCs mediate T cell suppression 

by influencing the expression of inhibitory factors in dendritic cells (DCs) and by promoting 

the differentiation of regulatory T cells while inhibiting the activation of proinflammatory Th17 

cells.89–93 In the transplant setting, HSCs have been shown to induce T cell apoptosis and skew 

T cell responses towards tolerance.89,94–97 

 

Kupffer cells 

Kupffer cells (KCs) are liver resident macrophages that can induce immune tolerance. Single 

cell RNA sequencing in mouse and human liver have identified two distinct population of 

Kupffer cells with distinct functions under normal physiological or inflammatory settings 76,98. 
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In humans, two distinct populations of CD68+ macrophages are distinguished by MARCO 

expression and their location within the hepatic lobule 76. Human CD68+MARCO+ cells are 

transcriptionally like liver-resident mouse KCs expressing CD163, MRC1, and VSIG4. In contrast 

CD68+MARCO- macrophages are transcriptionally like inflammatory macrophages, 

responding better to LPS and IFNg stimulations than MARCO+ KCs. In mice, KCs are 

distinguished by MRC1(CD206), CD107b and ESAM expression 98. CD206+ KCs are enriched 

with genes in the Ag processing, cross-presentation and IL-2 signaling pathways. Under steady 

state conditions, these cells are poor stimulators of intrahepatically primed CTLs. However, in 

the context of IL-2 inflammation, these KC are capable of efficient cross-presentation to T cells. 

 

Kupffer cells induce immune tolerance in the liver under steady state by promoting the 

expansion of regulatory T cells (Tregs),99,100 and suppressing T cell proliferation and activation 

through lower MHC Class II and costimulatory molecules expression.101 Kupffer cells release 

IL-10 in response to physiological levels of LPS, acting in an autocrine fashion to downregulate 

the release of proinflammatory cytokines TNF⍺ and IL-6.102 In the pathological and liver 

transplant setting, Kupffer cells upregulate IDO and FasL expression, inhibiting allogeneic T 

cell responses and inducing T cell apoptosis.103,104  However, in models of liver inflammation, 

tolerogenic signals of KCs are counteracted by high proportions of infiltrating inflammatory 

monocytes.99 When TLR3 ligands are present in the liver, NK cell priming is also enhanced by 

Kupffer cells.105 

 

Dendritic cells 

Dendritic cells (DCs) are involved in bridging innate and adaptive immunity. Liver DCs consist 

of distinct myeloid versus plasmacytoid cell (pDC) subpopulations. Liver DCs are less efficient 

at antigen uptake and processing compared to blood DCs and preferentially promote the 

generation of Tregs.106  In a separate study, liver pDC were found to be more tolerogenic than 

pDC in other tissues 107,108. In the context of liver transplantation, liver recipient dendritic cells 

acquire donor MHC molecules via cell-cell contact, leading to high expression of PD-L1 and 

IL-10 secretion, promoting liver transplantation tolerance.109 Nevertheless, the balance of 

mature and non-mature DC populations can still impact acute liver transplant rejection in 

mice.110 CD141+ dendritic cells, capable of cross-presentation and induction of cytotoxic CD8+ 

T cell immunity, produce the highest levels of IFN-lambda in the liver in response to TLR3 



 28 

ligation 111. Decreased CD141+ DCs are associated with liver diseases  including HCC and CRC 

liver metastasis, whereas plasmacytoid and myeloid DCs are increased 111,112. Plasmacytoid DCs 

are positively correlated with immunosuppressive IL-10 producing CD4+LAG3+ T cells in HCC 

and CRC liver metastasis via ICOS-ICOSL signaling 113.  

 

Mast cells 

Residing along the liver sinusoids and portal tracts are liver mast cells. These cells of 

hematopoietic origin in the foetal liver and bone marrow, complete their differentiation and 

specification in peripheral tissues due to local microenvironmental factors 114–117. The liver mast 

cells are mostly associated with the connective tissue, which is located close to the hepatic 

arteries, veins, and bile ducts of the portal tracts in the human liver. In the normal liver, mast 

cells accumulate in small numbers along the portal tract, becoming more abundant in cases 

of liver injury, including cholangiopathies, alcoholic liver injury, fatty liver disease, and allograft 

rejection.118 As they are an important source of pro-inflammatory mediators, they are 

implicated with liver inflammation and fibrosis, however their roles are controversial.118–120  

 

T cells 

The liver is home to a large intrahepatic lymphocyte (IHL) population, including CD8+T cells, 

CD4+T cells, Tregs and Tissue-resident memory T cells (Trm).121 The liver’s unique 

microenvironment can influence the balance between immune tolerance and immunity. 

Effective restimulation of liver-primed T cells often requires secondary activation within liver-

draining lymph nodes,122 especially in the presence of high intrahepatic antigen load, as occurs 

in chronic HBV infections.123–125 In contrast, effective CTL responses can be generated within 

the liver in the presence of low antigen load.124,126 In the context of hepatotropic infections, a 

memory T cell pool established with vaccination cannot be recalled beyond a certain threshold 

of antigen expression in the liver, requiring inflammatory cytokines released by antigen 

presenting cells. Indeed, functional memory T cell responses to high intrahepatic antigen 

challenge can be restored with a previous and simultaneous activation of TLR9 signaling 

pathway during AdOVA vaccination in a transgenic mouse model.127 In the event of liver 

transplantation, prolonged and persistent antigen stimulation of T cells coinciding with the 

lack of costimulatory molecules IL-2 and IFNg eventually results in their exhaustion and 

unresponsiveness to antigens both locally and systemically within the same host.128 
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Interestingly, these liver graft infiltrating cells can mount a response to reject skin allografts 

when transferred into secondary hosts, indicating the importance of microenvironment-

regulated costimulatory versus coinhibitory signals, and the phenomenon known as ‘split 

tolerance’. The systemic administration of IL-2 protects CD8+T cells from apoptosis and 

induces NK and NKT cell cytotoxicity, inducing acute liver graft rejection in mice.129  A recent 

clinical trial testing low dose IL2 treatment in human liver transplant recipients failed to 

promote liver allograft tolerance.130 Though circulating Tregs expanded in patients, they did 

not infiltrate the liver; instead, the treatment elicited a macrophage-driven IFN-gamma 

inflammatory transcriptional signature response in the liver and may have increased risk of 

rejection in this cohort.130 

 

In healthy liver, the CD4+/CD8+ ratio is in favour of CD8+T cells.121 However, in liver disease, 

preferential recruitment of CD4+T and Tregs occurs, skewing the ratio and thwarting CD8+ 

mediated cytotoxic response.131,132 Antigen specific regulatory T cells are key mediators of 

transplant tolerance.133–135  In a separate cohort of patients, a transient accumulation of Tregs 

within portal tracts associated with down-regulation of immune activation transcriptional 

signatures was observed in patients that became spontaneous operational tolerant after 

immunosuppression withdrawal.136 In addition, operational tolerance has been induced in liver 

transplant patients infused with donor-derived ex vivo-generated Tregs in combination with 

splenectomy.137 

 

Tissue Resident Memory cells 

The liver contains a substantial population of tissue-resident memory CD8 T cells, CD4 T cells 

and γδT-cells expressing liver-homing markers CD69, CD103+/-, CXCR6, and CXCR3.138–141 CD8+ 

Trm cells in the liver express high levels of IL-2, maintaining their survival and proliferation 

under homeostasis and antigen challenge. Constitutive TGFβ signaling downregulates LFA-1 

on liver Trm, which is required for adhesion within the hepatic sinusoids, differentiating its 

regulation from skin Trm.142,143 

 

Innate Lymphoid cells 
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The liver houses a large population of innate lymphoid cells including NK cells, invariant NKT 

cells, MAIT cells and γδT cells. These cells play a vital role in the rapid elimination of pathogens 

and viral products, contributing to immune surveillance in the liver.  

 

Liver-resident NK cells are a pivotal component of the liver’s innate immune response, 

constituting up to 40% of intrahepatic lymphocytes.144 They represent a heterogeneous cell 

population, comprising 7 subsets within the human liver.145 The unique liver 

microenvironment, characterized by higher levels of IL-10 and TGFβ, influences the phenotype 

of these NK cells, rendering them hyporesponsive and tolerogenic in the liver tissue.146,147 

Notably, CXCR6+ liver-resident NK cells express the inhibitory receptor NKG2A and are less 

responsive to target cell stimulation compared to peripheral blood counterparts. 148 NKG2A-

expressing NK cells are known to play a crucial role in maintaining tolerance or exhaustion, 

particularly in the context of chronic viral infections. Additionally, liver NK cells negatively 

regulate vaccine-induced CD8 T cells against HBV through the upregulation of PD-L1, which 

could be reversed through PD-L1 blockade.149 

 

NKT cells constitute up to 15% of the intrahepatic lymphocytes. The cells are capable of TCR-

mediated cytolysis and include Va24-JaQ TCR-bearing cells that recognize Ags presented by 

CD1d.150 They are also enriched in γδT cells implicated in CD1c-restricted responses.151 Their 

functions and profiles are influenced by the liver microenvironment. NKT cells can produce 

various cytokines, including IFNɣ, TNF⍺, IL-2 and IL-4. Importantly, these cells have the capacity 

to influence secondary adaptive immune responses based on their cytokine production.152 In 

humans, NKT cells express KIR and NKG2 receptors, important regulators of NKT cell activity 

mediated though interactions with MHC I on target cells. 

 

Innate T cells such as MAIT and γδT cells, also play significant roles in the liver. MAIT cells are 

highly abundant in the human liver and can be activated by microbial antigens bound with 

MR1.153 Several subsets of MAIT cells have been defined, most of which, if not all, are 

CD161highIL17-secreting CD8+ T-cell subset.154 MAIT cells are therefore often mixed with CD8+T 

cell subsets in flow cytometry staining of liver immune cells without CD161 staining. After 

being activated by microbial antigen bound with MR1, MAIT cells are licensed to kill targets 

by secreting IFNγ, granzyme, and perforin.155 
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In summary, the liver’s intricate immune network creates a unique niche favoring tolerance 

induction over immunity. The liver’s specialized immune microenvironment has implications 

for both physiological liver functions and various pathological conditions, influencing the 

balance between immune responses that eliminate pathogens or cancer cells and those that 

foster immune tolerance.  

 

The Tumor Immune Microenvironment of MSS CRC Liver metastases 

and its association with patient prognosis 

 

Though tumor cells potentially reach the vasculature of all organs through the circulatory 

system, colorectal cancer preferentially metastasizes to the liver.12 Several reasons include 

anatomical and mechanical factors, including the livers’ anatomical position and reception of 

80% of its blood supply from the digestive tract, but also the mechanical factors such as 

regulated blood flow and expression of adhesion molecules that can facilitate the initial step 

of adhesion and extravasation into the tissue.156 The ability of extravasated cancer cells to 

survive and establish themselves once within the liver, is further facilitated not only by survival 

and growth factors but also the tolerogenic nature or ‘bias’ of the immune cells within the 

liver.157 The collaboration between the cancer cells and the tissue-immune microenvironment 

of the liver reprograms both metastasizing tumor cells and the tissue-immune 

microenvironment, leading to an organ-specific phenotype.158  

 

Compared to primary colorectal cancer, and even other metastatic sites, T cell excluded tumors 

are common in CRC liver metastasis, with decreased tumor infiltration of T cells, and elevated 

accumulation of myeloid suppressor cell subsets either at the margin or within the 

tumor.159,160161 Nevertheless, it has become strikingly apparent in the last decade the important 

role of the immune response in CRC tumors and CRC liver metastasis. Initially described in 

primary CRC, the assessment of CD3+T cell infiltrate at both the central tumor (CT) and invasive 

margin (IM), increased the prediction of DFS and OS.162 Since this study, the “Immunoscore” 

has predicted the clinical outcome also in patients with mCRC in liver metastatic tissue.163,164 

Importantly, the predictive role of T cells infiltration in mCRC may be associated with the 
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application of neoadjuvant chemotherapy, as studies in resected tumors from patients without 

neoadjuvant chemotherapy treatment did not demonstrate a prognostic benefit of T cell 

infiltration.164 In humans, T cell numbers are significantly increased in surgically resected 

specimens of CRC liver metastatic patients treated with neoadjuvant chemotherapy and are 

independently associated with improved disease-free survival.164,165 Also, PD-L1 expression is 

significantly increased in liver biopsies from patients with mCRC after FOLFOX accompanied 

by an increase in CD8+T cell infiltration.166 Resected RAS wildtype mCRC tumors are more 

infiltrated with CD3+, CD8+ and CD45RO+ cells following chemotherapy in combination with 

anti-EGFR treatment in lesions with pre-existing immune infiltrate.164 In mice, certain 

chemotherapy combinations including Fluorouracil and Oxaliplatin can induce immunogenic 

cell death, associated with T cell infiltration into tumors and improved anti-tumor immunity.166–

168 Cetuximab (an anti-EGFR antibody) can also induce antibody-dependent cell-mediated 

cytotoxicity.169  

 

Variable levels of T cell infiltration in MMR-p mCRC liver metastasis following response to 

chemotherapy could reflect expanded tumor-specific clones in a subset of patients. Resected 

mCRC liver metastases from 85 patients enrolled in the Oslo-CoMet trial (NCT01516710) 

compared TCR repertoire sequencing in patients who had received neoadjuvant 

chemotherapy (NACT) or not. A short time interval (<9.5 Weeks) between NACT completion 

and tumor resection was strongly associated with high intra-tumoral T cell densities compared 

to long-interval and untreated patients, suggesting a transient increase in intra-tumoral T cells 

after NACT.170 Additionally, the increase in T cell infiltration was associated with TCR clonal 

expansion of the cells, suggesting chemotherapy could drive T cell clonal expansion in this 

setting.171 However, the effect may be transient due to multiple pathways of resistance 

(intrinsic or acquired) within the liver immune microenvironment, and these effects need 

further exploration.  

 

Indeed, a large proportion of mCRC patients with liver metastasis are unable to generate 

sufficient T cell infiltrates despite neoadjucant chemotherapy treatment and at an increased 

risk of relapse. Additionally, a detailed study of over 600 cases of liver metastatic CRC unveiled 

variations in the level of T cell and B cell infiltration among different liver metastases from the 

same patient.164 These disparities in immune cell infiltration partially stem from distinct genetic 
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evolutionary patterns within these metastatic lesions, driven, in part, by the proliferation of 

immune-escaped clones with a low mutation burden.172 Also, the resistance could be intrinsic, 

and that immunogenic cell death was not triggered by the chemotherapy treatment, or the 

resistance was acquired through modulation of the tumor immune microenvironment by the 

recruitment of immunosuppressive cell subsets that hampered the infiltration and expansion 

of tumor-antigen specific T cells.  

 

Recent studies in mCRC have prioritized to further our understanding of the molecular, 

biologic, and cellular mechanisms of resistance to chemotherapy in MSS mCRC. Resident as 

well as recruited immune cells in the liver are known to play major roles in the escape from 

immune control and tumor outgrowth in colorectal cancer liver metastasis.157,173,174 Pre-clinical 

models have ascribed impaired cytotoxicity of CD8+ T cells in CRC liver metastasis to the loss 

of antigen-specific T cells through apoptosis induction, as well as poor co-stimulation, 

mediated by liver myeloid cells and Tregs173,174 In humans, activated and proliferating intra-

tumor Tregs restrain anti-tumor immunity in CRC liver metastasis and high numbers of Tregs 

relative to CD8 T cells are associated with poor OS.175,176 Research from other studies has 

highlighted the significant contribution of non-immune cellular types in the tumor 

microenvironment, specifically cancer-associated fibroblasts, to the advancement of 

metastasis and resistance to drugs in mCRC.177 These cells not only facilitate tumor expansion 

but also exert influence over immune responses in the CRC tumor microenvironment, thereby 

fostering mechanisms of immune evasion.178 Studies by single-cell RNA sequencing in human 

resected CRC liver metastasis have highlighted the heterogeneity and reprogramming of 

myeloid cells within the tumor microenvironment in chemotherapy-treated patients with 

different levels of radiologic response.179,180 Patients with stable disease/progressive disease 

(SD/PD) to chemotherapy had increased infiltration in Neutrophils, SPP1+ macrophages and 

MRC1+CCL18+ macrophages and decreased cytotoxic immune cells. In contrast, the opposite 

was observed in partial response (PR) tumors, with decreased SPP1+ macrophages and 

upregulate cytotoxic T cells in tumors and adjacent liver and PBMCs. The results show intra-

tumor immune balance is reprogrammed in treated tumors as compared to untreated tumors, 

providing evidence to the notion that “chemo-immunosensitization” occurs, either favorably 

or unfavorably.179 
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Influence of molecular subtypes 

RAS mutations have a significant impact on the immune microenvironment in liver metastasis. 

The Kirsten rat sarcoma viral oncogene homolog (KRAS) proto-oncogene is the most 

commonly altered gene in CRC.181 KRAS mutations in CRC liver metastasis are associated with 

worse DFS and OS after surgical resection.182 Emerging studies have highlighted the 

relationship of KRAS-mutated cancer and tumor microenvironment components, mainly with 

T cells. The recent study of Immunoscore in resected CRC liver metastasis noted in general 

that tumors harboring KRAS mutations were less infiltrated with T cells and B cells but did not 

express elevated levels of immune checkpoints PD1, PDL1 or CTLA4.164 Another recent study 

noted in surgically resected mCRC an association between RAS mutation and decreased MHC 

Class I expression on the tumor cells.183 In vitro, lactic acid derived from KRAS mutant tumor 

cells sensitized tumor-specific CD8+ T cells to activation induced cell death via NFκB.184 In 

advanced CRC, KRAS mutation represses interferon regulatory factor 2 (IRF2), which increases 

myeloid-derived suppressor cell (MDSC) recruitment and immune suppression.185 

Furthermore, other researchers have noted increased accumulation at the tumor margin of 

CD66b+ neutrophils compared to wild-type tumors in resected liver metastases.186 In summary, 

these reports establish possible links between KRAS signaling, T cell infiltration and 

immunosuppression, leading to poor outcomes for these patients.   

 

The role of mast cells 
 

Mast cells are innate immune cells that reside in barrier site organs, notably, the liver, intestine, 

colon, skin, and lung. In the liver, mast cells reside along the liver portal tracts within the liver 

stroma. Mast cells are considered as ‘sentinel’ cells, with a capacity to respond to a plethora 

of danger signals to trigger different immunologic responses.187 Figure 4 demonstrates the 

variety of surface receptors that can be expressed by human mast cells and illustrates how 

these cells are activated by a diverse range of stimuli.188 Mast cells have common features 

across different tissue sites including a conserved elevated expression of C-Kit (CD117), 

important in their development and survival. Mast cells upregulate FcεRI and Fcɣ receptors in 

response to maturation signals and antigen stimulus. Upon activation through IgE or Non-IgE 

stimuli, mast cells produce a spectrum of proinflammatory pre-formed mediators (including 

cytoplasmic granules, vasoactive amines, proteases, proteoglycans and some cytokines and 
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growth factors). In situations of prolonged activation, they undertake de-novo synthesis of 

prostaglandins, growth factors, cytokines, and chemokines in situations of prolonged 

activation.189  Their distinct immunoregulatory roles, highly dependent on environmental 

factors, enable mast cells to initiate a broad spectrum of responses. These responses are 

mediated through direct interactions with other cells or by its secretory functions.189 While 

mast cells have been notorious for their association with detrimental roles in pathologies like 

allergies and asthma, they also play vital immunoregulatory roles, bridging the gap between 

innate and adaptive immunity.190 Recent findings have unveiled mast cells’ intricate 

information-processing capabilities, enabling them to translate various incoming warning 

signals into specific and diverse response programs dependent on the type of tissue and the 

signal encountered.191,192 

 

 
Figure 4 Surface receptors expressed by human mast cells.187 Human mast cells express the high-

affinity receptor for IgE (FcεRI) and FcγRIIA, and their cross-linking induces the release of 

proinflammatory and immunomodulatory mediators. All mast cells display the KIT receptor (CD117), 

which is activated by stem cell factor (SCF), whereas only certain types of mast cells (e.g., skin and 

synovial) express the MAS-related G protein-coupled receptor-X2 (MRGPRX2) activated by 

neuropeptides (e.g., substance P), opioids, and cationic drugs. Mast cells express receptors for various 

cytokines (IL-4Rα, IL-5Rα, IFN-γRα, and ST2), vascular endothelial growth factors (VEGFR1 and VEGFR2), 

neuropilin-1 (NRP1) and neuropilin-2 (NRP2), and angiopoietins (ANGPTs) (TIE1 and TIE2). These cells 

also display adenosine receptors (A2A, A2B, and A3), corticotropin-releasing factor receptor type 1 

(CRFR1), cannabinoid receptor 1 (CB1), toll-like receptor (TLR)2, TLR4, TLR5, TLR6, histamine H4 receptor 

(H4R), prostaglandin E2 receptor (EP2), NGF receptor (TrkA), PGD2 receptor (CRTH2), 2 leukotriene 

B4 receptors (BLT1 and BLT2), and 2 receptors for cysteinyl leukotrienes (CysLTR1 and CysLTR2). Mast cells 

express receptors for anaphylatoxins (C5aR1/CD88, C5aR2, and C3aR), several receptors for CC and CXC 

chemokines, and the high-affinity urokinase plasminogen activator receptor (uPAR). These cells also 

express coreceptors for T cell activation CD40 ligand (CD40L), TNF superfamily member 4 (OX40L), 
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inducible costimulator ligand (ICOS-L), programmed cell death ligands (PD-L1 and PD-L2), and T cell 

immunoglobulin and mucin domain-containing protein 3 (TIM-3). Not shown in this figure are the 

inhibitory receptors CD300a, Siglec-8, Siglec-9, and CD200R expressed by human mast cells.187 

 

Mast cells have distinct origins during different stages of development: they arise from 

erythro-myeloid progenitors (EMP) in the fetal liver during embryogenesis and from 

haematopoietic stem cells (HSCs) in the bone marrow.114 Recent evidence from mouse studies 

demonstrates that late-EMP derived mast cells dominate connective tissues, while HSC-

derived mast cells predominate in mucosal tissues including the colon and lung.116 In humans, 

distinguishing features between “connective tissue-like” (CTMC) and “mucosal-like” (MMC) 

mast cells include the expression of specific proteases, tryptase and chymase.193 CTMCs, 

located around venules and nerve endings in connective tissues, primarily contain chymase, 

carboxypeptidase, and tryptase. On the other hand, MMCs, found inside epithelial of the 

intestine/colon and respiratory mucosa, produce only tryptase. Other differences in these 

subtypes of mast cells are that CTMCs are long-lived cells capable of self-renewal, whereas 

MMCs originate from HSCs and are replenished regularly.114 A recent proteomics assessment 

of mast cells in connective and mucosal tissue identified CD203c expression levels highest on 

CTMCs.194 CD203c expression is also a marker of mast cell activation and can control chronic 

stimulation of mast cells.195 It is a more stable marker of mast cell activation than CD63.196  

 

Historically, mast cells were the first immune cell subtype recorded to infiltrate cancerous 

tissue and are considered an important component of the tumor microenvironment.197 

Because of their phenotypic heterogeneity and diverse roles in different environments, the 

role of mast cells  in patient survival has been controversial in many cancer types, including 

CRC liver metastasis.197 Based on their phenotypic diversity and high plasticity, the role of mast 

cells in tumors is highly context dependent, on secreted factors as well as other cell subtypes 

within the tumor microenvironment. On the one hand, chemo-attractants from tumor cells 

such as SCF, IL33, VEGF, TGFβ, and CXCL12 can attract mast cells and drive the production and 

secretion of pro-angiogenic and immune suppressive mediators, while other signals such as 

TLR agonists or IgE/IgG antibodies can promote mast cell activation to drive the recruitment 

and activation of T cells and dendritic cells.198 
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Activated mast cells play a significant role in recruiting and activating various immune cells 

within the tumor microenvironment.198 A summary of the main mechanisms is presented in 

Figure 5.  Mast cells can contribute to local immune suppression through the recruitment of 

MDSCs and neutrophils through CCL2 and CXCL1/2 secretion.199,200 Histamine release from 

mast cells can also control myeloid cell differentiation to suppress their function. In histamine 

deficient mice, increased inflammation associated carcinogenesis occurred with a coinciding 

increase of immature granulocytic MDSCs.201 Mast cell histamine can also inhibit Tregs, 

whereas Tregs can inhibit mast cell degranulation and enhance IL-6 secretion.202 In certain 

contexts, mast cells can skew Treg differentiation towards a Th17 proinflammatory cell 

subtype, that can have either tumor-promoting, or tumor-inhibitory effects.203,204 Secreted 

mediators from mast cells such as CCL5 and CXCL10 can participate in T cell recruitment to 

tumor sites.205 Mast cell histamine can also enhance T cell and NK cell function as well as 

dendritic cell migration and maturation.206,207 

 

 
Figure 5. Major mechanisms by which mast cells may modulate anti-tumor immunity198 Mast cells 

can modulate anti-tumor immunity through the release of granule-associated and de novo synthesized 

mediators that induce the mobilization of immune cells (white boxes) and their activation and 

differentiation (grey boxes). Mast cells can contribute to the immune suppressive tumor 

microenvironment via mobilization of and interaction with MDSC and Tregs. With appropriate 

activation, mast cells may also enhance anti-tumor responses via the recruitment of NK cells, T cells and 

DC subsets via their interactions with these cells to enhance their activation. In turn, cells recruited to 

tumor sites via mast cells can then modulate mast cell activity.198 
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So far, the assessment of mast cells to identify their localization and prognostic role in 

colorectal cancer liver metastasis has relied on the use of single immunohistochemistry 

staining of mast cells with CD117, Tryptase and Chymase. Gulubova et al208 performed a 

structural examination of Tryptase- and Chymase- positive mast cells in livers containing 

metastases from gastrointestinal cancers. This study is the first to examine tryptase- and 

chymase- positive mast cells in liver metastasis. In normal livers, there were equal proportions 

of Tryptase+ and Tryptase+/Chymase+ Mast cells, whereas their numbers increased in liver 

tissue surrounding and within CRC liver metastatic tissues, largely by Tryptase+/Chymase+ 

subset.  These cells appeared degranulated and were increased particularly in ‘highly-

differentiated’ (i.e., Associated with improved prognosis) CRC tumors than in ‘poorly 

differentiated’ tumors. They hypothesized therefore that low-grade differentiated metastases 

had an exhausted immunologic response that correlated with a connective tissue stroma 

containing fewer mast cells. Later studies described peritumoral Tryptase+ mast cells in liver 

metastases having an unfavorable impact on patient OS.209 Conversely, other studies have 

shown the presence of peritumoral Tryptase+ or CD117+ mast cells are correlated with 

increased OS, and the presence of intra-tumoral CD117+ mast cells in association with CD3+T 

cells is correlated with increased DFS.165,210 Unfortunately, the staining by Tryptase, Chymase 

or CD117 do not permit us to know whether the mast cells are properly activated or not in 

CRC liver metastases. Furthermore, their different roles according to the micro-localization of 

the cells suggest that the contribution of mast cells can also vary according to their micro-

localization.  

 

These results suggest that the assessment of mast cells by their numbers and without an 

association with other immune cell subsets infiltrating the tumors does not provide insight 

into how they interact with the cells within the tumor microenvironment to influence the 

immune profile and prognosis of mCRC. In addition, no study has assessed their functions 

according to the RAS/BRAF mutation status of patients. Therefore, a better knowledge of their 

activation as well as the secreted factors within the tumor microenvironment that could be 

regulating their activity could help improve our understanding on the actual role of mast cells 

in modulating the tumor immune microenvironment in mCRC liver metastasis and how this 

could influence patient prognosis. 
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The Tumor Immune Microenvironment of Primary Liver Tumors and 

its association with patient prognosis and response to 

immunotherapy 
 

The immune microenvironment in HCC 

The immune landscape of HCC is shaped by intricate interplay of innate and adaptive immune 

systems.211 The immune microenvironment within the liver is primarily immunosuppressive 

and fosters tolerogenic niche as mentioned in the previous section. Key immunosuppressive 

players in HCC encompass Kupffer cells, monocyte-derived macrophages, regulatory T cells 

(Tregs) and Granulocytic myeloid-derived suppressor cells (gMDSCs).211,212 Regulatory DCs, 

CD8+PD1+ cells (in the context of NASH) and neutrophils also contribute to immune 

dysfunction.113,213,214 Regulatory DCs in HCC also are highly immunosuppressive through 

production of high levels of IL-10.215 In contrast, certain immune components drive antitumor 

immune responses and effective cancer cell clearance. CD8+ T cells play an important role, in  

particular, tissue-resident memory CD8+T cells and more recently, a cytotoxic role of MAIT cells 

against HCC has been appreciated.216 However, tumor antigen specific T cells are rarely 

detected in HCC patients. Also, antigens capable of inducing antitumor immunity in HCC may 

originate from various sources, such as tumor-associated antigens, viral peptides or 

neoantigens derived from driver genes or passenger mutations. However, unlike some cancer 

types, the tumor mutational burden does not correlate with immune infiltration, possibly due 

to disruptions in antigen presenting machinery and copy-number alterations affecting antigen 

presentation.217,218  

 

HCC is a heterogeneous disease developing from chronic liver inflammation, oxidative stress, 

and deregulation of cell signaling pathways caused by pathologies including chronic viral 

hepatitis infections (HBV/HCV), alcoholic (ASH) and non-alcoholic fatty liver diseases (NASH-

NAFLD).71 The progression of HBV/HCV related HCC, ASH-HCC, and NAFLD-HCC are 

inherently tied with deregulated immune responses. In chronic-HBV/HCV derived HCC, 

aberrant immune responses that fail to clear hepatotropic viruses promote tumorigenesis. In 

the context of NASH-NAFLD, chronic inflammation induced by fat accumulation activates 

‘auto-aggressive’ CD8+ PD1+ T cells and NKT cells that cause chronic tissue damage.219–221 

Therefore, the assessment of distinct aetiologies of HCC is important to identify potential 

mechanisms for potential immunotherapeutic intervention.  For example, chronic HBV 
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infection results in immune alterations that create a tolerogenic environment, including the 

elevation of inhibitory immune checkpoint proteins, and highly suppressive PD-1 positive 

Tregs.222 However, the presence of viral-specific T cells are important markers of prognosis in 

these patients.  Non-viral HCC such as ASH and NASH, however, exhibit a distinct landscape. 

Metabolic activation of ‘auto-aggressive’ CD8+ T cells and NKT cells induces necro-

inflammation in NASH-induced HCC.220,221 Neutrophils also compromise immune responses in 

NASH-induced HCC, and their reprogramming through CXCR2 blockade increased 

recruitment of cross-presenting dendritic cells together with cytotoxic CD8+ T cells in a mouse 

model of NASH-HCC.213 In the context of ASH, alcohol increases gut permeability, allowing 

immunomodulatory microbiota-derived molecules to suppress hepatic immune responses. 

Cytokines such as IL-1 and IL-17 play roles in the pathogenesis of alcohol-induced HCC. 

Dysbiosis of the gut microbiota is observed in various stages of chronic liver disease, including 

HCC, and it may affect HCC growth by promoting HCC development, contributing to HCC 

growth, and modulating hepatic immunity. Antibiotic treatment can prevent HCC 

development in preclinical studies, suggesting the potential for combining immunotherapies 

with antibiotics in clinical trials for HCC patients.68 

 

Immunological correlates of response to Immunotherapy in HCC 

The etiology of HCC contributes to the heterogeneity of responses to immunotherapy, as a 

meta-analysis of 8 trials including 3739 patients revealed that the efficacy of immune 

checkpoint therapy was significantly greater in patients with viral related than non-viral related 

HCC.223 Advanced technologies including CyTOF and single cell RNA sequencing have 

described elevated CD8+ T cell infiltration and enrichment of CD103+ tissue resident memory 

(TRM) cells expressing PD1+ in HBV-related HCC.224,225 CD103+CD8+ TRM cells in HCC were 

identified as functionally competent cells associated with improved PFS in patients treated 

with anti-PD1, compared with exhausted non-TRM CD8+ T cells expressing high levels of PD1, 

CTLA4 and LAG3.226 Exhausted non-TRM CD8+ T cells were negatively correlated with earlier 

disease stages and positively correlated with non-alcoholic steatohepatitis (NASH) - derived 

HCCs.226 Thus, TRM and non-TRM CD8+ T cells possessing divergent properties are prevalent 

in HCC and are important cellular biomarkers of response. 
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Recent studies have leveraged results from different clinical trials to determine correlates of 

response to different immunotherapies and their various combinations at the molecular and 

cellular level.75,227–229 Monotherapy anti-PD1 treatment has demonstrated its efficacy 

specifically in resectable HCC patients harboring elevated immune infiltration in their 

tumors.75,230 In the study by Kaseb et al., gene expression analysis showed that higher 

infiltration of T cells at baseline was required for response to anti-PD1 monotherapy but was 

not required for combination (anti-PD1 and anti-CTLA4).75 It is possible that blocking CTLA4 

lead to favorable immunological changes in the tumor environment, by suppressing Tregs for 

example, that potentiated response to anti-PD1.  Using a deconvolution approach on RNA-

sequencing data in aHCC, elevated infiltration of immunosuppressive Regulatory T cells (Tregs) 

was negatively associated with response to anti-PD1 monotherapy treatment in the first-line 

as well as second- and third-line setting, indicating the important role for Tregs in 

relapsing/recurring HCC patients.228 Another study showed HCC patients with elevated Treg 

and myeloid cells signature and angiogenesis marker KDR (VEGFR2) benefited from 

combination treatment Atezolizumab (anti-PDL1) and Bevacizumab (anti-VEGF) compared to 

Atezolizumab alone.227 In a separate study, patients with resistance to anti-PD1 therapy were 

not a homogenous subgroup but represented three subgroups of patients, ‘T cell enriched,’ 

‘Angiogenesis’ and ‘Cell-cycle’ subgroups.231 Among T-cell enriched ‘non-responders’ to anti-

PD1, a recent study has identified clonal expansion of PD1highCD39positive ‘terminally-exhausted’ 

CD8 T cells and Tregs.229 The heterogeneity of patients un-responsive to immunotherapy in 

HCC highlights how different molecular, proteomic and cellular components distinguish these 

patients and that strategic combinations must be applied, according to the particular immune 

escape signature. 

 

Comprehensive immune classification of HCC using a transcriptomics deconvolution approach 

identified that 30-35% of HCC tumors are characterized by immune signatures of infiltration 

and inflammation, and response signatures to immunotherapy.217,218 The immune class was 

further divided into three distinct microenvironment states in the form of ‘active’ (enrichment 

in interferon signaling, overexpression of genes related to adaptive immunity and favourable 

prognosis), ‘immune-like’ (presence of CTNNB1 mutations with interferon signaling and 

immune activation), and ‘immune exhausted’ (high TGFβ signaling, T cell exhaustion and 

immunosuppressive components). The inflamed class signature was enriched in patients with 
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HCC responding to anti PD1/PD-L1 antibodies.228 The non-inflamed class comprising the 65% 

remaining HCC is divided into two subclasses: ‘intermediate class’ consisting of enrichment in 

TP53 mutations, and deletions in genes related to IFN signaling or antigen presentation, and 

‘excluded class’ associated with CTNNB1 mutations and immune desertification.  

 

Another study has demonstrated the largely heterogenous nature within poorly infiltrated and 

‘immune-excluded’ tumors in HCC based on molecular features such as CRP production, 

EpCAM-positivity, and LPS response signatures, highlighting its complexity and the 

proposition for more adapted treatment strategies for ‘immune-excluded’ subgroup (Job S et 

al., to be submitted). 
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Thesis Objectives 

 

METASTATIC COLORECTAL LIVER METASTASIS 

The immune microenvironment within mCRC liver metastasis is a critical determinant of 

chemotherapy response and patient prognosis. While advances in the field have pointed to 

the positive impact of T cells and the detrimental impact of certain cell types, such as myeloid 

cells and Tregs, the role of mast cells remains elusive. Mast cells play important 

immunoregulatory functions and can orchestrate immune responses to either promote or 

inhibit tumor growth. However, the activation, recruitment, and interaction of mast cells within 

the tumor microenvironment of mCRC has not been comprehensively studied, leaving a gap 

in our understanding of their role. 

 

The primary objective of the first part of the thesis is to comprehensively characterize the 

immune landscape within resected mCRC liver tumors with the aim to identify immune 

markers associated with patient prognosis and to identify the pivotal role played by mast cells 

in this context. This will be achieved with the following approaches: 

 

1. Employing 18-color flow cytometry to evaluate the immune infiltrate as well as mast cell 

quantity and activation within extra-tumoral, marginal and intra-tumoral regions of resected 

mCRC liver metastases. 

2. Identifying secreted factors that modulate mast cell activation and migration 

3. Investigating mast cell interactions with other cell types in the tumor microenvironment 

using multiplex immunohistochemistry. 

 

PRIMARY HEPATOCELLULAR CARCINOMA 

The immune microenvironment in HCC is complex, influenced by both the underlying etiology 

and the dynamic interplay between immunosuppressive and antitumor immune components. 

This complexity leads to significant immune microenvironment heterogeneity within HCC, 

posing challenges in the context of immunotherapy treatment, as only a limited subset of 

patients responds favorably. 
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Therefore, there is an essential need to identify specific and distinct immune profiles in HCC 

through a comprehensive characterization of the tumor immune microenvironment using a 

multi-Omics approach. 

 

The main objective of the second part of the thesis is to perform a comprehensive assessment 

of the immune profiles in primary HCC encompassing the following methodologies: 

 

1. Utilizing Flow cytometry to phenotype major immune cell subtypes in extra-tumoral, 

marginal and intra-tumoral regions of freshly resected liver tumors. 

2. Measuring secreted factors that can influence immune cell subtypes and their activation or 

exhaustion status. 

3. Conducting transcriptomics analysis on paired FFPE tissue to explore the associations 

between HCC immune profiles and critical signaling pathways. 
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Chapter 1. Activation of liver mast cells 
potentiates anti-tumor immunity and improves 
patient prognosis in metastatic colorectal cancer 

 

This chapter is in the manuscript format in preparation for submission to Science 

Translational Medicine  
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Abstract 

The presence of liver metastasis is strongly associated with poor progression-free survival and 

overall survival across multiple cancers including colorectal cancer.  Immune cells in the liver 

are known to play a major role in the induction of tolerance in colorectal cancer liver metastasis. 

Rare innate immune cells such as mast cells, have been observed both at the tumor margin and 

intra-tumor zones of liver tumors but their role remains controversial. In freshly resected liver 

metastasis samples from CRC patients, we characterized mast cell phenotype using flow 

cytometry, quantification of secreted factors, and in-situ tissue heterogeneity by multiplex 

immunohistochemistry. We observed that an elevated mast cell infiltration in CRC liver 

metastasis is associated with improved patient prognosis, specifically in KRAS wildtype 

patients. Mast cell expression of activation marker CD203c and histamine secretion, a specific 

marker of mast cell degranulation, was elevated in tumors with high infiltration of mast cells. 

Mast cells infiltration was correlated with an elevated ratio between CD8+T cells and regulatory 

T cells. Furthermore, activated mast cells positively correlated with CD8+T cell infiltration and 

activation. In situ, mast cell-CD8+ cell interactions were increased. In contrast, intra-tumor 

mast cell activation was inversely correlated with regulatory T cell infiltration and TGFβ2 

secretion. In vitro, pre-conditioned mast cells from patients with good prognosis increased 

intracellular expression of IFN-gamma and Granzyme B in lymphocytes. In summary, tumor-

infiltrating mast cells may potentiate anti-tumor immunity in CRC liver metastasis through co-

stimulation of T cells. Histamine secretion, as a marker of mast cells activation, constitutes a 

potential  biomarker to stratify patients with KRAS wildtype metastatic CRC for 

complementary treatment approaches.  
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Introduction 

Colorectal cancer (CRC) is the third most diagnosed cancer and the second cause of cancer mortality 

worldwide.1 The liver is the most frequent site of metastasis in metastatic colorectal cancer (mCRC) 

and a major cause of mortality in mCRC patients compared to other metastatic sites such as the lung.12  

The presence of liver metastasis has been strongly associated with poor progression-free survival and 

overall survival, and is associated to poor responses to immune checkpoint blockade across multiple 

cancer subtypes, including colorectal cancer.41,232–234 Interestingly, patients treated with prior liver 

metastasis resection respond better to immunotherapy, corroborating the notion that immune tolerance 

of the liver tumor is the critical variable associated with patient prognosis in microsatellite stable 

mCRC.43 Thus, surgical liver metastasis resection, along with improved efficacy of systemic therapies 

have greatly improved clinical outcome for some patients with mCRC in the last two decades.235–238 

Individual patient responses to treatments and survival following surgical resection remains,  however, 

highly variable.239 This implies the need for consideration of additional prognostic factors, including a 

more specific characterization of the tumor immune microenvironment and its role within liver 

metastatic CRC to define best therapeutic strategies for patients. 

The metastatic cascade of colorectal cancer is a complex process and closely tied with a co-evolutive 

immune response.172  Resident as well as recruited immune cells in the liver are known to play major 

roles in the induction of tolerance in colorectal cancer liver metastasis.157,174,240  Nevertheless, the 

immune system plays a crucial role in the survival of patients with CRC liver metastasis based on the 

survival benefit of patients with liver tumors harboring elevated T cell density localized at the periphery 

and within the tumor at the time of surgical resection.131,241  However, most patients fail to generate 

effective intra-tumoral T cell infiltrates in liver metastases when compared to their primary tumors or 

with other metastatic sites.161,233,242 Furthermore, cytotoxic responses of CD8+T cells are impaired in 

CRC liver metastasis.243,244 Pre-clinical models have ascribed impaired cytotoxicity of CD8+T cells in 

CRC liver metastasis to the loss of antigen-specific T cells through apoptosis induction, as well as poor 

co-stimulation, mediated by liver myeloid cells and Tregs.173,174 In humans, activated and proliferating 

intra-tumor Tregs restrain anti-tumor immunity in CRC liver metastasis and high numbers of Tregs 
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relative to CD8+T cells are associated with poor overall survival.175,176 Studies by single-cell RNA 

sequencing in human resected CRC liver metastasis have highlighted the heterogeneity and 

reprogramming of myeloid cells within the tumor microenvironment in chemotherapy-treated patients 

with different levels of radiologic response.179,180 Other studies have observed a vital role of non-

immune cell components of the tumor microenvironment, such as cancer-associated fibroblasts, in 

metastasis progression and drug resistance in mCRC.177 In addition to promoting tumor growth, these 

cells modulate immune function within the tumor microenvironment of CRC.178   

Rarer innate immune cells, such as mast cells, have been observed in both tumor margin and intra-

tumor zones of liver tumors in mCRC.165,209,210 Mast cells are residential cells in barrier tissue sites such 

as the liver, intestine, colon, lung and skin. Arising from erythro-myeloid progenitors in the fetal liver 

and hematopoietic stem cells in the bone marrow, they mature in peripheral tissues under influence of 

tissue-specific factors.114,116 Across organs, mast cells show a conserved expression of high levels of C-

kit (CD117 and upregulate FcεRI and Fcy receptors in response to antigen stimulus. Upon activation 

through IgE or non-IgE stimuli, mast cells can release pro- or anti-inflammatory pre-formed 

cytoplasmic granules, as well as undertake de-novo synthesis of mediators such as prostaglandins, 

growth factors, cytokines and chemokines.245 Their immunoregulatory roles are highly dependent on 

environmental factors and these cells are capable of a broad spectrum of responses, mediated through 

cell interactions or by their secretory functions.189  

Due to their phenotypic heterogeneity and varying functions across tissues, the impact of mast cells on 

patient survival has been controversial in many cancer types including CRC liver metastasis, and their 

specific role remains to be elucidated.197 In CRC liver metastases, all studies have so far based their 

analysis on immunohistochemistry staining of CD117 and Tryptase. One study described peritumoral 

Tryptase+ mast cells in liver metastases having a deleterious impact on overall survival.209 Conversely, 

the presence of peritumoral Tryptase+ or CD117+ mast cells has been correlated with increased overall 

survival, and the presence of intra-tumoral CD117+ mast cells correlated with increased disease-free 

survival.165,210 Although intra-tumoral mast cells are associated with concomitant increased lymphocyte 

infiltration in patients, their role on lymphocyte function and patient prognosis remains poorly 

understood due to their high plasticity within the tumor microenvironment. Due to their poorly 
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characterized phenotype, quantification of mast cells does not permit a direct association with a 

particular function. These findings suggest that achieving a more precise characterization of mast cells 

requires a more comprehensive approach. 

In this study, our objective was to characterize mast cell phenotypic and histologic heterogeneity within 

surgically resected CRC liver metastases using flow cytometry, secreted mediator quantification, and 

multiplex immunohistochemistry, to better define their potential role as a predictive biomarker of 

patient prognosis. We identified that mast cell infiltration in liver metastasis is associated with improved 

patient prognosis in patients with metastatic CRC, and this survival benefit is specific for KRAS 

wildtype (wt) patients. Intra-tumor mast cells portray an activated phenotype and infiltrate the liver 

given a gradient toward metastatic CRC tumor cells. Their activation is positively correlated with liver 

tumor infiltration and activation of CD8+T cells, and inversely correlated with Regulatory T cells. 

Similar correlations between mast-cell and T cell specific genes were observed in a publicly available 

gene expression dataset of 27 CRC liver metastatic patients treated with chemotherapy, supporting the 

notion that a mast cell-T cell crosstalk could potentiate anti-tumor immunity in KRAS-wildtype CRC 

liver metastasis. 

Results 

 

Liver metastatic CRC patient cohort 

 
Thirty-two patients with MSS metastatic colorectal cancer were included in the study (17 women and 

15 men; median age 60 years). Patient demographics and tumor characteristics are described in Table 

1. All patients had Microsatellite Stable CRC. KRAS was mutated in 38% of patients. Most patients 

(84%) were diagnosed with synchronous metastatic disease and were treated with preoperative systemic 

chemotherapy prior to complete resection of liver metastases. Half of the patients had a partial response 

to preoperative chemotherapy according to RECIST 1.1 guidelines. Following surgical resection, 

Kaplan-Meier analysis demonstrated a median relapse-free survival (RFS) for all patients of 289 days 

(9.5 months), with many relapses occurring in the liver and/or lung in this cohort. 

Tumor infiltration with mast cells is predictive of survival in KRAS wildtype 

metastatic CRC patients  
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To characterize the immune cell landscape in CRC liver metastases, 18-color flow cytometry was 

performed in dissociated paired intra-tumoral, marginal and extra-tumoral tissue for most patients 

(n=27), and only in intra-tumoral tissue for few patients (n=5). A multiparametric flow cytometry panel 

was designed to assess the frequency and distribution of mast cells, monocytes/macrophages, dendritic 

cells, and lymphocytes (including CD8 T, CD4 T, regulatory T, NK and NKT cells), to gain a 

comprehensive view of the liver immune microenvironment. The gating strategy is described in 

Supplementary Fig 1A. Compared with paired marginal and extra-tumoral tissue samples, CRC liver 

metastases were infiltrated with a higher percentage of T cells, including CD4+T and Regulatory T cells, 

increased Monocytes/Macrophages and a decreased infiltration of dendritic cells and NK cells 

(Supplementary Fig 1B).  

The impact of the infiltration of immune cell subpopulations on relapse-free survival (RFS) was 

analyzed in liver metastases using the optimal cut-off ratio determined by ROC analysis for each 

immune cell type. Among all immune cells which were analyzed in the tumor, RFS was specifically 

increased in patients with ‘High intra-tumor infiltration’ of mast cells (CD117highFcεRI+) (Fig 2A). In 

contrast, the frequency of intra-tumor lymphocytes (CD8+T, CD4+T, Tregs and NK, NKT cells) or 

monocytes/macrophages and dendritic cell subpopulations did not significantly affect RFS (Fig 2A and 

Supplementary Fig 2A), although there was a clear trend for an association between CD8+T and CD4+ 

T cells infiltration and improved RFS (Fig 2A). High intra-tumor mast cell infiltration was specific to 

the tumor site, and no significant differences in mast cell frequencies in the extra-tumor or margin tissue 

was observed (Supplementary Fig 2B).  

The Kirsten rat sarcoma (KRAS) proto-oncogene is the most frequently mutated gene in CRC and is 

associated with worse prognosis and resistance to anti-epidermal growth factor receptor (EGFR) 

inhibitors.20,183  Considering this, we compared RFS between KRAS wild type (wt) and KRAS mutated 

(mut) patients (Fig 2B, top panel). As expected, we found a significant difference in RFS between the 

two subgroups of patients. We first explored whether KRAS mutation impacted immune cell 

infiltration, including mast cells, lymphocytes, and myeloid cell subsets, and found no statistically 

significant differences between groups (Supplementary Fig 2C). We then compared the impact of mast 

cell infiltration and patient RFS according to KRAS mutation (Fig 2B, bottom panel). All KRAS mut 
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patients except one had low intra-tumor infiltration of mast cells. In contrast, in KRAS wt patients, 

tumor infiltration with mast cells permitted the discrimination between two groups:  one group with 

‘High intra-tumor infiltration’ of mast cells (>= 0.15% infiltration) who had better RFS than the other 

group with ‘Low intra-tumor infiltration’ of mast cells (=< 0.08% infiltration). The prognostic value of 

elevated tumor infiltration of mast cells was independent of other intra-tumor immune cell subsets, 

although there was a clear trend for increased CD8+T cells and decreased infiltration of regulatory T 

cells (Fig 2C). A known prognostic marker of survival in multiple cancer types including metastatic 

CRC is the ratio between CD8+T cells and regulatory T cells.175 This ratio was positively correlated 

with mast cell infiltration in tumors (Fig 2D), and suggests an improved immune response correlated 

with mast cell infiltration. 

Mast cell tumor infiltration was increased in KRAS wt patients treated with preoperative systemic 

chemotherapy, (Fig 2E, left panel) but was independent of the type of treatment received including 

Oxaliplatin or anti-EGFR (Fig 2E, right panel). Though it is a known marker of increased tumor 

aggressiveness and spread, we did not find significant differences in liver lesion number or size in our 

cohort dependent on mast cell infiltration (Fig 2F). Nevertheless, elevated mast cells were inversely 

correlated with progressive disease/stable disease to treatment, indicating a potential anti-tumor role of 

these cells in KRAS wildtype metastatic CRC (Fig 2G). To document the hepatic function of our cohort 

of metastatic CRC patients, we collected blood levels of liver transaminases (ALT, AST, and GGT) 

and a biomarker of tumor burden and metabolism (LDH). LDH might also be elevated in liver cytolysis 

and is considered as a biomarker of poor prognosis in patients with liver metastasis across multiple 

cancer subtypes.246 The infiltration of metastatic CRC with mast cells was not correlated to elevated 

levels of liver enzymes ALT, AST or GGT, but was inversely correlated with systemic levels of LDH 

(Fig 2H).  

 

Quantification and localization of intra-tumor mast cells in CRC liver 

metastases 

 
We performed in situ quantification of mast cells in paired FFPE resected liver tumor sections in 

patients with high mast cell infiltration (‘good prognosis’) and low mast cell infiltration (‘poor 
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prognosis’). Several publications have shown that mast cells can have a direct cytotoxic activity against 

tumor cells through antibody-dependent degranulation synapses that triggers the cells to release anti-

tumor mediators.247,248 We therefore wanted to measure the migration of mast cells towards the tumor 

cells, and whether there were direct mast cells and tumor cell interactions in situ in patients with good 

versus poor prognosis (Fig 3A).  

Within the tumor stroma of patients with poor prognosis, mast cells were few and dispersed within the 

stromal infiltrate (Fig 3A, left panel). Conversely, mast cells were preferentially localized with a dense 

stromal infiltrate in proximity of Cytokeratin (CK)-positive cancer cells in patients with good prognosis 

(Fig 3A, right panel). We then quantified mast cell density in distance intervals starting at 200µm from 

CK+ tumor cells and measured increased mast cells in proximity of CK+ tumor cells in patients with 

good prognosis (Fig 3B). We did not observe KI67+ mast cells, indicating that the increased number of 

mast cells was not associated with an increased local proliferation, but rather an active recruitment of 

the mastocytes or their precursors within the tumor space. In favor of this hypothesis, the quantification 

of mast cells in the margin and within the tumor was significantly increased from extra-tumor tissue in 

patients with good prognosis (Fig 3C). However, we rarely observed direct mast cell contact with CK+ 

tumor cells and hypothesized that mast cells would more likely be associated with regulating the 

immune response within the tumor microenvironment than directly regulating the tumor cells 

proliferation and/or survival. 

We compared mast cell infiltration and spatial distribution with that of cells with known anti-tumor 

cytotoxicity (CD8+ T cells) versus immunosuppressive cell subtype (FOXP3+ Tregs). Several studies 

have investigated the interactions between mast cells and CD8+ T cells to demonstrate the positive role 

of mast cells in orchestrating immunity against pathogens, viruses and tumors.249–251 In contrast, Tregs 

are known to have a direct inhibitory role on Mast cells through OX40-OX40L interaction.252 However, 

as mast cells are highly sensitive to different inflammatory signals, they can also inhibit the suppressive 

function of Tregs.202,204 Quantification of CD8+T cell infiltration and FOXP3+ Tregs infiltration in 

patients with good versus poor prognosis revealed that the infiltration of FOXP3+ Tregs was the 

predominant cell type inversely correlated with mast cell infiltration (Fig 3D). Though there were no 

significant differences between CD8+ T cell numbers (Supplementary Fig 3A), the ratio of CD8+ T cells 
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to FOXP3+ Tregs was significantly increased in patients with good prognosis, and strongly correlated 

with mast cell infiltration in tumors (Fig 3E).  

We quantified the number of CD117+ mast cell - FOXP3+ Treg cell interactions in the tumor tissue 

sections to determine whether a direct inhibitory effect of tumor infiltrating Tregs was responsible for 

the inverse phenotype we observed (Supplementary Fig 3B). We counted very few interactions between 

these two cell subtypes (<1 interaction per mm2) relative to their respective densities (range 20-100 

cells/mm2) across patient subgroups. Thus, the inverse relationship between mast cells and Tregs 

infiltrating CRC liver metastasis is independent of a direct cell crosstalk and is more likely dependent 

on secreted factors within the tumor microenvironment. 

Based on reports of the positive role of mast cells in orchestrating immunity against tumors and a 

colocation between mast cells and T cells,253 we quantified the number of CD117+ mast cell – CD8+T 

cell interactions in the tumor tissue. Indeed, we observed increased cell-cell interactions between 

CD117+ mast cells and CD8+ T cells in patients with good prognosis (Fig 3F). Conversely, patients 

with poor prognoses displayed increased FOXP3-CD8 T cell interactions indicating a direct 

immunosuppressive role of Tregs on CD8+ T cells in the absence of mast cell infiltration. These results 

suggest a positive association between tumor infiltrating mast cells and CD8+ T cells within mCRC 

liver metastasis of patients with good prognosis.  

 

TGFβ2 secretion negatively impacts tumor infiltrating mast cell expression of 

activating marker CD203c 

 
To identify which factor may mediate mast cell infiltration and their immunomodulatory function 

within CRC liver metastasis, we analyzed by electrochemiluminescence the production of different 

cytokines and growth factors involved in mast cell differentiation and activation. Among all analytes 

quantified only the secretion of TGF-beta 2 (TGFβ2) and TNF were significantly increased in the tumor 

stroma of patients with low infiltration of mast cells and poor prognosis (Fig 4A). Since TGFβ is known 

to inhibit mast cell maturation and activation,254 we investigated the correlation with mast cell 

expression of CD203c and FcεRI. CD203c is an activation-linked surface antigen on mast cells 

upregulated in response to IgE receptor (FcεRI) cross-linking.195 We assessed the expression of these 
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markers by taking their relative fluorescence intensity (RFI) on intra-tumor mast cells compared to 

extra-tumor mast cells.  We found that TGFβ2 was inversely correlated with CD203c RFI on mast cells, 

but not with FcεRI (Fig 4B). We also observed an inverse correlation between TNF and CD203c 

expression on mast cells, however, this did not reach significance (Supplementary Fig 4A).  

No studies exist on the effects of TGFβ2 in vitro on the expression of costimulatory and coinhibitory 

molecules on mast cells. We therefore tested the impact of recombinant human TGFβ2 on peripheral-

blood derived mast cells for 5 days and measured by flow cytometry the modulation of expression. We 

observed that 5 days of co-culture of human PB-derived mast cells with 100ng/mL of TGFβ2 induced 

moderate downregulation of CD203c (Fig 4C). Furthermore, MHC Class I expression along with 

CD80/86 expression was moderately decreased (Fig 4D). The modulation of CD80/86 might indicate 

poorer co-stimulation by mast cells of CD8 T cells through antigen presentation. 

We assessed whether TGFβ2 was produced by tumor cells by measuring the same analytes from 4 

patient-derived CRC liver metastasis organoids with known KRASwt and KRASmut status 

(Supplementary Fig 4B). The levels of TGFβ2 were significantly decreased in ex vivo generated 

organoids compared to tissue storage solution from resected tumors. Furthermore, the organoids were 

generated from patient tumor biopsies with end-stage disease (poor prognosis). Thus, TGFβ2 may more 

likely be secreted by other cell types within the tumor microenvironment and does not originate from 

the tumor cells. In the liver, hepatic stellate cells are recruited and activated through various modulators 

secreted by malignant cells to become a source of CAFs and are an important source of TGFβ in liver 

pathologies.255,256 We stained for CAFs in paired FFPE tissue sections using Fibroblast Activation 

Protein (FAP) antibody and quantified the percentage of FAP+ fibroblasts within the tumor stroma 

(Supplementary Fig 4C & 4D). Though there was a tendency for increased FAP+ tissue in patients with 

poor prognosis, the difference was not statistically significant. 

CD203c expression on Mast cells positively correlates with CD8+T cell 

activation and T effector phenotype 

 
We evaluated the relationship between mast cell CD203c expression and CD8+ T cells and Tregs. 

Notably, there was a strong correlation between CD203c expression on mast cells and CD8+ T cell 

infiltration (Fig 5A). In contrast, the correlation displayed an opposite pattern between CD203c 
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expression on mast cells and Tregs. We assessed the activation as well as memory phenotype of CD8+ 

T cells infiltrating the liver (Fig 5B and Supplementary Fig 5A & 5B). CD8+ T cells displayed 

elevated CD69 activation marker expression (Fig 5B, top panel). Concerning the memory phenotype, 

patients with good prognoses demonstrated an increased frequency of “T effector memory RA” 

(TEMRA) cells (Fig 5B, bottom panel). These cells were also positively correlated with CD203c 

expression on mast cells (Supplementary Fig 5C). T effector memory RA cells are antigen-experienced 

cells, and exhibit potent cytotoxic capabilities through granzyme and perforin production.257–259 Prior 

in vitro studies have identified that mast cells can promote effector T cell recruitment via secreted 

factors, and T cell activation through MHC-I dependent antigen cross-presentation 249,250. We therefore 

aimed to evaluate the costimulatory potential of pre-conditioned mast cells derived from peripheral 

blood, treated with tissue storage solution from patients with good versus poor prognosis, on autologous 

pre-activated lymphocytes (Fig 5C). Notably, autologous lymphocytes co-cultured with conditioned 

mast cells from patients with good prognosis had elevated intracellular expression of granzyme b and 

IFN-gamma (Fig 5D). This finding supports the notion that mast cells within the tumor 

microenvironment of CRC liver metastatic patients with good prognoses likely fulfill a costimulatory 

role, either through a secretory or cell-mediated contact mechanism to potentiate immune responses. 

Mast cell FcεRIhighCD203chigh phenotype and production of Histamine is 

correlated with patient prognosis 

 
Our initial assessment of elevated Mast cell infiltration in KRAS wt patients with good prognosis was 

correlated with an elevated CD8+T:Treg ratio (Fig 2D). Next, we observed that mast cell expression of 

CD203c was correlated with CD8+ T cell infiltration and effector phenotype. This suggests that a 

modulation in the phenotype of mast cells along with their enhanced infiltration may play an important 

role in the regulation of anti-tumor immune responses.  

We evaluated the membrane expression of the IgE receptor ‘FcεRI’ and Ecto-nucleotide 

pyrophosphatase/phosphodiesterase ‘CD203c’ on the surface of mast cells (Fig 6A, left panel). For 

comparative purposes, we calculated the relative fluorescence intensity (RFI) for each marker between 

intra-tumor mast cells and paired extra-tumor mast cells for each patient. Interestingly, mast cells 

infiltrating tumors with good prognosis had higher RFI of CD203c and FcεRI, suggesting an alteration 
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in the behavior or traits of these cells in patients with good versus poor prognosis (Fig 6A, right panel). 

Importantly, this phenotype was found to be independent of KRAS mutation status, affirming its 

dependence on the microenvironment rather than tumor biology (Supplementary Fig 6A).  

Both higher RFI of FcεRI and CD203c on mast cells were correlated with improved relapse-free 

survival through Kaplan Meier Analysis (Fig 6B). Moreover, when subjected to ROC curve analysis, 

the Intra-tumor/Extra-tumor CD203c expression on mast cells emerged as a more powerful predictor 

of RFS in patients compared to FcεRI expression alone (Fig 6B, right panel). 

To evaluate whether FcεRI and CD203c expression on mast cells correlated with functional difference 

in their degranulation, we quantified histamine secretion levels in extra-tumor, margin, and intra-tumor 

tissue storage solution. Strikingly, patients with high FcεRI and CD203c expression on mast cells had 

significantly elevated histamine levels within the tumor, compared to patients with poor prognosis (Fig 

6C). In contrast, no discernible differences in Histamine levels were observed between patients in the 

margin or extra tumor tissue storage solutions. Histamine secretion in tissue is a specific marker of mast 

cells, although it can also be released by basophils under chronic inflammatory conditions such as 

during chronic allergic responses. We therefore checked in our cohort whether there was a significant 

difference between basophil frequency in liver tumors using CD203c+FcεRI+CD117- phenotype 

(Supplementary Fig 6B). We did not observe a significant difference in basophils in the groups of 

patients. Furthermore, the occurrence of allergic reactions to medications in the time preceding the 

operation was rare and not specific to the group of patients with high intra-tumor mast cell infiltration 

in our cohort (Supplementary Fig 6C). We measured the impact of elevated histamine on survival in 

our patient cohort. Using the optimal cut off ratio determined by ROC analysis we found a positive 

trend between elevated histamine secretion and improved RFS (Fig 6D). Therefore, though Histamine 

is correlated with mast cells FcεRIhighCD203chigh phenotype, it may not be the only secreted factor 

associated with improved RFS.  

Histamine is a biogenic amine that has pleiotropic effects on the immune system.260 Unsupervised 

clustering of histamine secretion with major lymphocyte subsets showed clustering of a subgroup of 

patients with both high intra-tumoral histamine and high CD8 T cells infiltration in our cohort (Fig 6E).  
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We performed a Pearson correlation matrix analysis of cell-type-specific genes using TPM values in a 

separate public dataset of bulk RNA sequencing of surgically resected liver metastasis (GSE207194) 

(Fig 6F). Unsupervised clustering revealed a main cluster with T cell (CD3D, CD8A, GZMA) and mast 

cell associated genes, including Histamine (HDC, TPSAB1, MS4A2, CPA3), forming the predominant 

cell types. Due to the association between intra-tumor histamine levels, elevated CD203c expression 

on mast cells, and their clear association with prognosis, we propose that mast cells may be a key 

modulator of immune responses in KRAS wildtype CRC liver metastasis. 

 

Discussion 
 
In this study we comprehensively characterized the immune microenvironment of surgically resected 

CRC liver metastases. We demonstrate in a prospective cohort of mCRC patients that tumor-infiltrating 

mast cells were associated with improved relapse-free survival after surgical resection of liver 

metastasis. These findings align with earlier retrospective studies on CRC liver metastatic patients 

treated with preoperative chemotherapy.165,210  

For the first time, we identify that this protective role of mast cells is specific to patients with KRAS 

wildtype tumors. In these patients, elevated tumor infiltrating mast cells correlate with improved 

radiologic response before resection, indicating a potential anti-tumor role of these cells. Despite no 

observed difference in mast cell infiltration based on the type of pre-operative treatment received in 

KRAS wildtype patients, both Fluorouracil and Oxaliplatin chemotherapies induce immunogenic cell 

death, linked to T cell infiltration, clonal expansion, and improved anti tumor immunity.167,168,170,171 

Moreover, the anti-EGFR agent Cetuximab enhances T cell infiltration and antibody-dependent cell-

mediated cytotoxicity.169 Therefore, it is possible that in responding tumors to treatment the infiltration 

of mast cells may be closely tied with enhanced T cell infiltration and function. Transient conditions 

such as these could be exploited by combining these agents with immunotherapy in a timely manner to 

sustain long-term anti-tumor immunity. Recent results from the CAVE-I and CAVE-II clinical trials 

testing Cetuximab in combination with anti-PDL1 have shown survival benefits in KRAS wt patients 

undergoing rechallenge therapy.261 Considering the role of mast cells in predicting prolonged relapse-
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free survival in KRAS wt patients, it will be of interest to determine what drives mast cell infiltration 

in tumors of patients with improved prognosis, and to assess whether the presence of tumor-infiltrating 

mast cells in future clinical trials testing chemo-immunotherapy combinations are associated with 

improved response rates and survival in these patients. 

Tumor infiltration in KRAS wildtype metastatic CRC was inversely correlated with systemic levels of 

LDH. LDH is a known biomarker of poor prognosis in patients with liver metastasis across multiple 

cancer subtypes.246 In addition, recent evidence suggests that elevated levels of LDH might be 

independent of tumor burden and can reflect impaired anti-tumor immunity due to the direct 

immunosuppressive effects of LDH on tumor-infiltrating immune cells.262 Furthermore, the metabolic 

by-product of LDH, lactate, has been shown to inhibit mast cell function in different models in vitro 

and in vivo.263–265 

Spatial analysis of tumor infiltrating mast cells in paired FFPE tissue from patients with improved 

relapse-free survival revealed mast cells migrating toward CK+ tumor cells. Additionally, positive mast 

cell infiltration is inversely correlated with FOXP3+ Treg cell infiltration. In the pre-clinical setting, 

Tregs negatively regulate local and systemic immune response through trogocytosis of costimulatory 

molecules on antigen-presenting cells in liver metastasis.240 Tregs have also been found to directly 

inhibit mast cell degranulation through OX40-OX40L interaction.252 However, multiplex staining of 

CD117, CD8, and FOXP3 in paired FFPE tissue revealed negligible mast cell-Treg interactions, with 

no disparity between patients with good or poor prognosis. Thus, the inverse correlation between Tregs 

and mast cells may more likely involve secreted factors affecting their respective infiltration in the 

tumor microenvironment. 

We noted a strong correlation between CD203c expression on mast cells and CD8+T cell infiltration. 

Through multiplex immunohistochemistry, we found patients with improved prognosis had more 

CD117 - CD8+T cell interactions, suggesting a potential costimulatory role of mast cells. Lymphocytes 

co cultured with autologous conditioned mast cells exposed to tumor tissue solution from patients with 

good prognosis exhibited elevated intracellular expression of granzyme b as well as IFN-gamma, 

supporting this notion. Previous studies have demonstrated the capacity of mast cells to promote 

effector T cell activation through MHC-I dependent antigen cross-presentation,250 and proliferation 
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through OX40L-OX40 interaction.266 Mast cells can also be induced to secrete histamine upon cell 

contact with activated T cells,267 and activated CD8 T cells can upregulate the expression of MHC-I 

and 41BB on mast cells.250 Therefore, the modulation of both mast cells and T cells can be bidirectional, 

and the mechanism implicated in this crosstalk within the liver needs further investigation. The role of 

mast cells is multifaceted, and the small number of interactions does not rule out other costimulatory 

roles of mast cells mediated through secretion of additional costimulatory molecules.  

The TGFβ signaling pathway is an important driver of metastasis, immune evasion, and 

chemotherapy/targeted therapy resistance in various cancers, including colorectal cancer liver 

metastasis.178 In mice with established liver metastasis, TGFβ blockade increased tumor susceptibility 

and improved anti-PD-L1 response.178 We discovered TGFβ2 as a potential mediator of mast cell 

inhibition in patients with poor prognosis. TGFβ2, alongside TGFβ1 and TGFβ3, potently inhibit mast 

cell maturation and effector functions in the presence of activating factors IL3 and SCF.254 No 

difference existed in IL3 and SCF secretion in our cohort, therefore elevated TGFβ2 likely represses 

IL3 and SCF’s activating potential in patients with low mast cell infiltration and poor prognosis. In 

vitro, TGFβ2 negatively impacted CD203c expression in blood-derived mast cells. The expression of 

CD80/86 and MHC class I was also negatively impacted, demonstrating a potential negative effect of 

TGFβ on mast cell phenotype and function.  In liver tumors, CAFs are recruited and activated by tumor 

cells and are a major source of TGFβ.255,256 TGFβ directly induces hepatic fibrosis through JAK/STAT3 

and SMAD pathways in coordination.268 The JAK2 inhibitor Pacritinib shows promise in liver fibrosis 

treatment by its inhibition of TGFβ.269 Pacritinib could therefore benefit liver metastatic patients with 

heightened TGFβ signaling. However, the assessment of Pacritinib on rescuing mast cell infiltration 

and function in patient liver tumors remains to be elucidated. 

There have been recent reports on the heterogeneity of mast cells in tumors that display opposing roles 

in tumor progression.253 We confirmed a positive association between mast cell infiltration and elevated 

FcεRI and CD203c expression, both activation-associated markers in mast cells. CD203c (ENPP3) 

belongs to the family of ecto-nucleotide pyrophosphatase/phosphodiesterase.270 It cleaves 

phosphodiester and phosphosulfate bonds of molecules, including deoxynucleotides, NAD, and 

nucleotide sugars.271 It is an activation-linked surface antigen on Mast cells upregulated in response to 
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IgE receptor cross-linking.195 CD203c regulates ATP-dependent activation of mast cells and prevents 

chronic allergic responses.272 It is a more stable marker of activation on mast cells compared to other 

degranulation associated markers such as CD63.196,273 Histamine levels were higher in tumors with mast 

cells expressing high levels of CD203c and FcεRI. In a separate public dataset of surgically resected 

CRC liver metastasis, Histamine Decarboxylase (HDC) gene expression was strongly correlated with 

mast cell-associated genes (TPSAB1, MS4A2, CPA3) as well as T cell-associated genes (CD3D, CD8A, 

GZMA).  

Histamine is a biogenic amine that has pleiotropic effects on the immune system.260 Its effects are 

mediated through four different receptors, H1-H4, which are expressed on a variety of innate and 

adaptive immune cell subtypes. The expression profiles of these receptors vary between cell subtypes, 

and as a result the effects of Histamine on T cell cytokine secretion are diverse.274 For example, 

histamine signaling through H1R can enhance IFN-gamma secretion, and signaling through H1R on 

Tregs can also suppress their function.202 In models of skin inflammation, histamine acts through H1R 

on dendritic cells and promotes the priming of effector IFNg+CD8+ T cells.275 Another important effect 

of Histamine is protection of effector T cells against myeloid cell-derived reactive oxygen species, 

which can restore their function and activation within the tumor microenvironment.276,277 In patients 

with Acute Myeloid Leukemia, Histamine & low-dose IL2 subcutaneous immunotherapy also 

demonstrated positive effects on increasing the frequencies of T effector memory RA (TemRA) CD8+T 

cells associated with significant survival benefit.278  

Histamine’s overall impact on the immune response varies based on receptor profiles on different 

immune cell subtypes in tumor tissue, making its immunomodulatory effects context-dependent.  

Importantly, chronic allergic response-related Histamine negatively affects antitumor immunity and 

immunotherapy in mouse models of breast cancer and melanoma.279 However, studies are controversial 

with regards to epidemiological findings.280 In addition, Li et al.’s study showed cancer cells mainly 

produced Histamine to recruit H1R-expressing myeloid cells. Furthermore, elevated histamine levels 

were detected systemically in non-responding patients to immunotherapy. In our cohort, histamine 

secretion was tumor zone-specific, and absent in extra-tumor liver tissue in patients with high intra-

tumor mast cells. This suggests that there was no systemic elevation of histamine, and that the activation 
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of mast cells was tumor-specific. There was no association between allergic response to medications 

and the presence of mast cells in liver tumors of these patients, and none of the patients had pre-existing 

chronic allergies.   

Limiting factors of this study include the small cohort size due to few tissue samples available for 

obtaining enough mast cells to characterize ex vivo. In addition, the immune phenotyping of immune 

cells was performed in one resected lesion, and most patients had at least two resected lesions. Due to 

the heterogeneous nature of the disease, mast cell infiltration in one lesion may not represent its 

infiltration into other lesions from the same patient and so caution should be taken in the interpretation 

of these results. The mechanism of activated mast cells on T cell stimulation and antitumor immunity 

will need to be further investigated and validated in larger cohorts. Furthermore, the higher frequency 

of mast cells associated with improved RFS was specific to patients with KRAS wt status, emphasizing 

the necessity to study the role of mast cells specifically in patients with KRAS wt status undergoing 

similar pre-operative treatments.  

In conclusion, analyzing the phenotype of mast cells and their association with tumor infiltrating 

lymphocytes in situ shed light on a rare cell subset with important implications in the development of 

anti-tumor immunity in liver metastasis. Despite improved survival of patients thanks to surgical 

resection, identifying relapse-prone patients who may require combination treatment approaches is 

crucial. The expression of CD203c on mast cells and histamine secretion could potentially be used to 

stratify patients for complementary treatment approaches, including TGFβ blockade or immunotherapy 

treatment, and further reduce relapse risk. 

 

Materials and Methods 
 

Study Design 

Resected intra-tumor, margin and extra-tumor liver tissue were prospectively collected from patients 

treated with surgical resection of colorectal cancer liver metastasis in the pathology department at 

Gustave Roussy Hospital from June 2019 to September 2022. (Fig 1). The resected tissue was initially 

stored in a tissue storage solution overnight at 4°C. This solution was harvested for downstream analysis 
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of secreted protein by the respective tissue. The resected tissue was then processed by mechanical and 

enzymatic dissociation for downstream flow cytometry analysis. For some patients, paired formalin-

fixed paraffin embedded tissue of surgically resected liver tissue was also collected for multiplex 

immunohistochemistry staining.  

Patient samples 

Patient information and sample collection was authorized by the Ministry of Higher Education and 

Research (DC-2021-4572), and in respect of the reference methodology MR-004 of the French data 

protection authority (CNIL). Inclusion criteria included patients undergoing complete liver metastasis 

resection from colorectal cancer for curative intent, along with availability of clinical, biological and 

follow-up data post surgical resection. The median follow-up was 8 months (range 1 – 32 months). 

Previous data obtained on RFS were confirmed by the measure of radiologic response of target lesions 

to pre-operative treatment, according to RECIST 1.1 guidelines.281 Relapse-free survival was defined 

as the interval from the date of surgical resection to the date of relapse of metastasis to the liver or 

within extrahepatic sites including lung, peritoneum, or lymph nodes. Patients presenting with other co-

occurring cancers or suffering an unknown cause of death post-surgery were excluded from the study. 

Peripheral Blood Samples 

Results from peripheral blood tests performed preoperatively were obtained to record liver enzymes 

Alkaline Phosphatase (AP), Alanine Transaminase (ALT), Aspartate Aminotransferase (AST), and 

gamma-glutamyl transferase (GGT).  Lactate Dehydrogenase (LDH) levels were also recorded.   

Preparation of intra-tumor, margin, and extra-tumor liver tissue storage solution for secreted 

soluble factor measurement 

Resected intra-tumor, margin and extra-tumor liver tissue storage solution was prepared by storing 

immediately each respective tissue in 3-5 milliliters of Tissue Storage Solution (Miltenyi Biotec, DE) 

at 4°C. Following 18-hour to 48-hour storage, the supernatant was harvested by centrifugation at 

1800RPM for 10 minutes and stored in aliquots at -80°C.  

Tumor dissociation and flow cytometry staining 

Fresh samples of resected intra-tumor and when possible, at the margin and extra-tumor liver tissue 

were collected for tissue dissociation and flow cytometry staining. Intra-tumor, Margin and Extra-tumor 
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liver tissue were weighed and cut into small fragments of 1-2mm in diameter using a sterile scalpel 

blade and petri dish. Tissue fragments were transferred to a C-tube (Miltenyi Biotec, DE) and 5-10mL 

of enzyme digestion mixture consisting of RPMI 1640 medium (Gibco, MT), 50 U/mL Collagenase IV, 

30 U/mL DNase I and 280 U/mL Hyaluronidase (Merck, DE) was added. The tubes were placed on to 

the GentleMACS dissociator (Miltenyi Biotec, DE) and subjected to mechanical and enzymatic 

dissociation using the program TDK_1 (incubation for 1 hour at 37°C). Following this, the dissociated 

tissue mixture was filtered using 70um sterile filter and the cell suspension was washed 1x in 50mL of 

sterile Phosphate-buffered saline (PBS) followed by a second wash in cold sterile PBS with 2% Bovine 

Serum Albumin and 2mM EDTA. CD45+ cells were counted after staining a 50µl aliquot of the cell 

suspension with anti-CD45 FITC (BD Biosciences, NJ) and 50µl of Precision Count Beads (BioLegend, 

CA). 

Mast cell and Myeloid cell panel (MMC). Following the counting step, a minimum of 100,000 CD45+ 

cells were stained using flow cytometry antibodies (BD Biosciences, NJ) and Zombie Aqua Fixable 

Viability Dye (BioLegend, CA) listed in Annex Table 1 at the dilutions indicated in final volume of 

100µl of buffer (PBS with 2% Bovine Serum Albumin and 2mM EDTA) at 4°C for 30 minutes. After 

staining, the cells were washed twice in buffer before acquisition. 

T cell polarization and activation panel. When possible, a further 50,000-100,000 CD45+ cells were 

stained using flow cytometry antibodies and Zombie Aqua Fixable Viability Dye listed in Annex Table 

2 at the dilutions indicated and in a final volume of 100µl of buffer (PBS with 2% Bovine Serum 

Albumin and 2mM EDTA) at 4°C for 30 minutes. After staining, the cells were washed twice in buffer 

before acquisition. 

All events were acquired on the BD FORTESSA X-20 cytometer equipped with BD FACSDiva 

software (BD Biosciences, NJ), and data were analyzed using FlowJo software (Tree Star, OR). 

Secreted soluble factor and secreted Histamine measurement 

Soluble factors secreted by Intra-tumor, Margin and Extra-tumor liver tissue were measured in tissue 

storage solution using Mesoscale Discovery biomarker electrochemiluminescence detection assay kits 

according to the manufacturer’s instructions (MSD, MA). 
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Secreted Histamine was measured in Intra-tumor, Margin and Extra-tumor liver tissue storage solution 

using the Histamine HTRF (Homogeneous Time Resolved Fluorescence) Dynamic kit according to the 

manufacturer’s protocol (CisBio, FR).  

Multiplex Immunohistochemistry staining and image analysis 

Formalin-fixed and paraffin-embedded (FFPE) tissue from resected colorectal cancer liver metastasis 

and adjacent non-tumor liver were used for histological assessment of CD117+ Mast cell localization 

within the tumor microenvironment, their distance to proliferating and non-proliferating tumor cells 

stained with KI67 and Cytokeratin, respectively, and their association with tumor infiltrating immune 

cells including CD8+ T cells, and FOXP3+ Tregs. A separate stain for Cancer Associated Fibroblasts 

using FAP+ was also performed. Serial sections of 4um thickness were used for multiplex chromogenic 

staining using the automated DISCOVERY ULTRA system (Roche, CH). An initial Antigen retrieval 

step was performed with CC1 buffer for 64 minutes at 95°C. Peroxidase Blocking was performed after 

the primary antibody incubation using Discovery Inhibitor (Roche, CH). Denaturation/Stripping was 

performed with CC2 buffer at 100°C. Primary and secondary antibodies used, denaturation/stripping 

buffers, antigen retrieval buffers and counterstains are detailed in Annex Table 4. Hematoxylin Eosin 

and Saffron stain (HES) was performed on the first serial section. The images were scanned using the 

Olympus VS120 microscope (Olympus, JP) at 40X magnification resolution and analyzed using QuPath 

(v.4.02). 

Analysis of CD117+ Mast cells and their localization within the tumor stroma. Images were loaded 

into QuPath and Pixel Classifier was trained using RTrees Classification at High Resolution on two 

regions of interest: (CK+ tumor, CK- stroma). The tumor area was traced manually, and the Pixel 

Classifier applied to generate tumor and stroma annotations. Within the stroma annotation cell detection 

was performed using Hematoxylin Optical Density at 0.05 threshold and cell expansion of 2um. An 

Object Classifier was trained using RTrees Classification on training points identifying CD117+ Mast 

cells and applied to the cells detected within the stroma region. The annotated CD117+ Mast cells were 

quantified between 0-50µm to the tumor annotation at 25µm intervals and between 50µm-200µm at 

50µm intervals as demonstrated in Figure 3C.  
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Quantification of CD117+ Mast cells, CD8+ T cell and FOXP3+ Treg infiltrate and their 

interactions in intra-tumor, margin, and extra-tumor liver tissue zones. Cell detection was 

performed using Hematoxylin Optical Density at 0.05 threshold and cell expansion of 2µm in Intra-

tumor, margin and extra-tumor tissue annotations. An Object Classifier was trained using RTrees 

Classification on training points identifying CD117+ Mast cells, FOXP3+ Tregs and CD8+ T cells and 

applied to the cells detected within each annotation. Quantification was measured as the average number 

of cells per mm2 from 3 annotations per zone, and within areas of highest infiltration. Interactions 

between Mast cells and CD8+ T cell and FOXP3+ Tregs was performed manually for the same 

annotations as above and the average number of interactions per mm2 recorded.  

Quantification of FAP+ Cancer Associated Fibroblasts in the tumor stroma. Images were loaded 

into QuPath and the Pixel Classifier was trained on FAP-DAB stain using RTrees Classification at High 

Resolution and Gaussian/Structure Tensor coherence as selected features. The pixel classifier was 

applied to 3 annotations of tumor stroma representative of the FAP+ staining within the tumor tissue per 

patient. FAP+ was then quantified as the area of FAP+ classification in mm2 divided by the total area of 

each annotation in mm2. 

 

Isolation of PBMC and CD34+ progenitors from peripheral cytapheresis blood samples 

Peripheral Cytapheresis blood sample was collected from a healthy donor. The cytapheresis blood 

sample was diluted 2X in Phosphate buffered saline. Density gradient separation was performed using 

FICOLL (Merck, DE) at 2000RPM, 30mins, room temperature, acceleration 1; deceleration 0. The 

mononuclear layer was collected, washed with PBS, and washed a second time with cold PBS, 2% FCS 

and 1mM EDTA before proceeding with isolation of CD34 progenitors using anti-CD34 magnetic 

beads according to the manufacturers’ protocol (Miltenyi Biotec, DE). The remaining PBMCs were 

frozen in DMSO 10% FCS 90% for 4 weeks before thawing 96 hours prior to the coculture experiment. 

In vitro differentiation of Mast cells from CD34+ progenitor cells 

Immediately after magnetic isolation of CD34 progenitor cells, the cells were counted and plated at 

500,000 cells per mL in Mast cell culture medium in a 6 well plate at 37°C, 5% CO2. Mast cell culture 

medium was made up with the following constituents: IMDM (Gibco), 15% BIT (Gibco), 1% 
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Penicillin/Streptomycin, 1% Glutamine, 1% Sodium Pyruvate, 1% Vitamins, 1% Insulin-Transferrin-

Selenium, 2% Non-Essential Amino Acids. To the medium 100ng/mL recombinant human SCF, 

50ng/mL recombinant human IL-6 and 1ng/mL recombinant human IL-3 (Miltenyi Biotec) were added. 

Following the first week of differentiation, IL-3 was no longer added to the culture medium. During the 

first week of differentiation cells were counted every 2-3 days and maintained at 500,000 cells per mL 

concentration to promote cell expansion. Medium was replaced entirely after 1.5 weeks of culture and 

replaced once weekly. Cells were spun gently at 1200 RPM for 5 minutes each time that medium was 

replaced. After 4 weeks of culture mast cell purity was measured with anti-CD117 and anti-FcεRI and 

viability dye Sytox Blue (Thermofisher Scientific, MA). After three weeks the mast cells were 

maintained at 800,000 cells/mL. Once mast cell purity had reached 90% at 4.5 weeks the cells were 

prepared for chemotaxis and coculture experiments. 

Phenotyping of mast cells exposed to recombinant TGFβ2  

Differentiated Mast cells were counted and plated at 100,000 cells per well in triplicate in a 96-well 

plate with 200µl of Mast cell medium or with medium consisting of 100ng/mL of recombinant human 

TGFβ2. The cells were left for 5 days at 37°C, following which the cells were stained for cell surface 

expression of activation marker CD203-BV421 (NP4D6), MHC-Class I-APCCy7 (W6/32), MHC-

Class II-PECy7 (G46-6), costimulatory ligands CD80/86-BB515 (L307.4/2331 FUN1), 41BB-L-

BUV395 (C65-485), ICOSL-BB700 (2D3/B7-H2), OX40L-BV711 (IK-1), and co-inhibitory ligand 

PDL1-PECF594 (2AE-2E3). Cells were stained for viability using the Zombie Aqua Fixable Viability 

dye (BioLegend, CA) at a 1:1000 final dilution.  Cells were stained for 30 minutes at 4°C in the dark 

and washed twice with FACS buffer (1XPBS + 2%FCS) before acquisition on the Fortessa x-20 (BD 

Biosciences, NJ). 

Mast cell and autologous peripheral blood lymphocyte coculture 

Autologous PBMCs were thawed 96 hours before the co-culture experiment. After thawing, the cells 

were plated in RPMI 1640 medium, 10% Fetal Bovine Serum, 1% Penicillin/Streptomycin, 1% 

Glutamate and 30µM β-mercaptoethanol at 1 million cells per mL and left overnight at 37°C, 5%CO2 

in 6-well plates. 24 hours later, the lymphocytes in suspension were counted wash and plated at 500,000 
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cells per mL into a 48-well plate. The cells were stimulated with OKT3 (1ug/mL) and CD28.2 (1ug/mL) 

(eBioscience, CA) with recombinant human IL2 10 IU/mL and left for 72 hours at 37°C, 5%CO2.  

At the 72-hour timepoint, differentiated Mast cells were counted and plated at 200,000 cells per well in 

a 96-well plate with 200µl of patient intra-tumor and extra-tumor tissue ‘supernatant’ at a concentration 

of 1mg/mL of total protein, and left overnight (18 hours) at 37°C, 5% CO2.  

At the 90-hour timepoint, the pre-activated autologous lymphocytes were counted and plated in 

duplicate at 50,000 cells per well per condition in a 96-well plate. The pre-conditioned Mast cells were 

added at a 1:1 ratio to each well of lymphocytes and left overnight (18 hours) at 37°C, 5% CO2. 

After 18 hours, one well per condition was stained with membrane stain to assess T cell phenotype. The 

other well was treated with PMA (5ng/mL) + Ionomycin (125ng/mL) in the presence of protein 

transport inhibitors Brefeldin A and Golgi Stop (BD Biosciences, NJ) for 4 hours to perform 

intracellular staining of cytokines. 

Phenotype stain. 50,000 cells were stained using the following monoclonal antibodies: CD3-BUV395 

(UCHT1), CD4-BUV496 (SK3), CD8-APCH7 (SK1), CD25-BV786 (M-A251), (Beckton Dickinson, 

NJ); CD69-BV711 (FN50), and PD1-PE (EH12) (BioLegend, CA). Cells were stained for viability 

using the Zombie Aqua Fixable Viability dye (BioLegend, CA) at a 1:2000 final dilution.  Cells were 

stained for 30 minutes at 4°C in the dark and washed twice with FACS buffer (1XPBS + 2%FCS) before 

acquisition on the Fortessa x-20 (BD Biosciences, NJ). 

Intracellular stain.  50,000 cells were stained using the following monoclonal antibodies:  CD3-

BUV395 (UCHT1), CD25-BV786 (M-A251), PD1-FITC (EH12) and Zombie Aqua Fixable Viability 

dye (BioLegend, CA) at a 1:2000 final dilution for 30 minutes before washing cells twice with FACS 

buffer. The cells were resuspended in 100µl of Perm buffer (eBioscience), incubated for 45 minutes at 

4°C in the dark before washing twice with Perm Wash Buffer (eBioscience). Cells were then stained 

with a mixture of antibodies (BD Biosciences, NJ) to mark intracellular factors: Granzyme B-PECF594 

(GB11), IFNg-BV421 (4S.B3), and TNF-BV650 (Mab11) for 20 minutes at 4°C in the dark before 

washing twice in Perm Wash buffer. The final cell pellets were resuspended in 1XPBS and stored at 

4°C until acquisition on the Fortessa x-20. 

Bioinformatic analysis 
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Pearson correlation matrix of cell-type specific genes282,283 was tested using TPM values from bulk 

RNA-seq data in 27 liver metastases retrieved from Gene Expression Omnibus (GEO) GSE207194. 

The correlation matrix was subjected to unsupervised hierarchical clustering (Euclidean distance 

measurement and average linkage clustering). Each colored square within the figure illustrates the 

correlation between two genes for all patients, red illustrating positive correlation, white no correlation 

and blue negative correlation. The package ‘pheatmap’ was used for graphics and ‘cor’ was used for 

correlation analysis through R software. 

Statistical analysis 

Differences between two groups was analyzed using Mann Whitney U test, and Kruskal-Wallis test 

when differences between more than two groups were assessed. Correlations between parameters were 

assessed using Spearman correlation test. 

Optimal cut-point values for intra-tumor liver tissue immune infiltrates, CD203c and FcεRI expression, 

and Histamine levels to discriminate patients with good versus poor Relapse-free survival was 

determined using the package cutpointr in R studio. The sensitivity and specificity of each variable was 

visualized using plot.ROC in R studio.  

Relapse-free survival outcomes were estimated using the Kaplan-Meier method, stratifying patients 

according to the optimal cut-point value determined per continuous variable tested, or stratified 

according to mutation status, and compared using the Log-rank Mantel-Cox test. Relapse-free survival 

(RFS) was defined as the period from liver metastasis resection to the date of disease relapse in the liver 

or in extrahepatic sites.  

Statistical tests were performed using Prism 9 software and R studio version 2022.12.0. All tests were 

2 sided, with P < 0.05 considered as statistically significant.  

Annex 

 

Table 1. Flow Cytometry Reagents - Mast cell Myeloid Cell Panel 

Reagent Clone Reference Dilution 

BD Horizon™ BUV395 

Mouse anti-human CD45 

HI30 563791 

RRID:AB_2869519 

1/50 
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BD Optibuild™ BUV496 

Mouse anti-human CD14 

MoP9 741200 

RRID:AB_2870760 

1/40 

BD Optibuild™ BUV737 

Mouse anti-human 

HLADR 

G46-6 748339 

RRID:AB_2872758 

1/50 

 

BD Horizon™ BUV805 

Mouse anti-human CD4 

SK3 612888 

RRID:AB_2870177 

1/50 

BD Horizon™ BV421 

Mouse anti-human 

CD203c 

NP4D6 563296 

RRID:AB_2738124 

1/50 

BD Horizon™ BV510 

Mouse anti-human CD19 

SJ25C1 562947 

RRID:AB_2737914 

1/50 

BD Horizon™ BV605 

Mouse anti-human CD39 

A1 567691 

 

1/100 

BD Horizon™ BV650 

Mouse anti-human CD3 

SP34-2 563916 

RRID:AB_2738486 

1/50 

BD Horizon™ BV711 

Mouse anti-human CD11c 

B-ly6 563130 

RRID:AB_2738019 

1/50 

BD Optibuild™ BV786 

Mouse anti-human CD11b 

D12 742642 

RRID:AB_2740935 

1/50 

BD Horizon™ BB515 

Mouse anti-human CD117 

104D2 565172 

RRID:AB_2739091 

1/100 

BD Optibuild™ BB700 

Mouse anti-human CD16b 

CLB-gran11.5 745773 

RRID:AB_2743234 

1/50 

BD Horizon™ PECy7 

Mouse anti-human CD56 

B159 557747 

RRID:AB_396853 

1/50 

BD Horizon™ PE Mouse 

anti-human FceR1a 

AER-37 566607 

RRID:AB_2744475 

1/50 

BD Horizon™ PE-CF594 

Mouse anti-human CD15 

HI98 562463 

RRID:AB_2737619 

1/200 

BD Pharmingen™ AF647 

Mouse anti-human CD163 

GHI/61 562669 

RRID:AB_2737710 

1/50 
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BD Horizon™ APC-R700 

Mouse anti-human CD25 

2A3 565106 

RRID:AB_2744339 

1/50 

BD Pharmingen™ APC-

H7 Mouse anti-human 

CD8 

SK1 560179 

RRID:AB_1645481 

1/50 

Zombie Aqua™ Fixable 

Viability kit 

BioLegend® 423102 1/1000 

 

Table 2. Flow Cytometry Reagents – T cell Polarization Panel 

Reagent Clone Reference Dilution 

BD Horizon™ BUV805 

Mouse anti-human CD45 

HI30 612891 

RRID : AB_2870179 

1/50 

BD Horizon ™ BUV395 

Mouse anti-human CD3 

UCHT1 563548 

RRID: AB_2744387 

1/50 

BD Horizon ™ BUV496 

Mouse anti-human CD4 

SK3 569179 

 

1/50 

 

BD Pharmingen™ APCH7 

Mouse anti-human CD8 

SK1 560179 1/50 

BD OptiBuild™ BUV737 

Mouse anti-human ICOS 

DX29 749665 

RRID: AB_2873929 

1/25 

BD Horizon™ BV605 

Mouse anti-human CD103 

Ber-ACT8 569162 1/50 

BD Horizon™ BB700 

Mouse anti-human CD56 

B159 566574 1/50 

BD Horizon™ PE-Cy7 

Mouse anti-human 

CXCR3 

1C6 560831 

RRID: AB_2033944 

1/50 

BD Horizon™ APC-R700 

Mouse anti-human CCR6 

11A9 565173 

RRID: AB_2739092 

1/50 

BD Pharmingen™ FITC 

Mouse anti-human CD39 

TU66 561444 

RRID: AB_10896292 

1/50 
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BD Horizon™ PECF594 

Mouse anti-human CD25 

M-A251 562403 

RRID: AB_11151919 

1/50 

BD Horizon™ BV786 

Mouse anti-human 

CD45RA 

HI100 563870 

RRID: AB_2728469 

1/50 

BioLegend® BV711 

Mouse anti-human CD69 

FN50 310944 

RRID: AB_2566466 

1/50 

BioLegend® Pacific 

Blue™ Mouse anti-human 

CCR7 

G043H7 353210 

RRID: AB_10918984 

1/50 

BioLegend® PE Mouse 

anti-human PD1 

EH12.2H7 329906 

RRID: AB_940483 

1/25 

BioLegend® APC Mouse 

anti-human PDL1 

29E-2A3 329708 

RRID: AB_940360 

1/25 

Zombie Aqua™ Fixable 

Viability kit 

BioLegend® 423102 1/1000 
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Table 4. Tissue Culture Reagents 

Reagent Source/Reference 

Ficoll®-Paque Plus Merck GE17-1440-02 

IMDM (Iscove’s Modified Dulbecco Medium) Gibco™ 12440046 

BIT 9500 Serum Substitute STEMCELL™ Technologies 17189951 

Insulin-Transferrin-Selenium (100X) Gibco™ 41400045 

Penicillin-Streptomycin (10,000 U/mL) Gibco™ 15140122 

GlutaMAX™ Supplement (100X) Gibco™ 35050061 

Sodium Pyruvate (100mM) Gibco™ 11360070 

MEM Non-Essential Amino Acids (100X) Gibco™ 11140050 

MEM Vitamin Solution (100X) Gibco™ 11120052 

Human SCF, premium grade Miltenyi Biotec 130-096-695 

Human IL-6, premium grade Miltenyi Biotec 130-093-932 

Human IL-3, premium grade Miltenyi Biotec 130-095-070 

Human TGF-β2, research grade Miltenyi Biotec 130-123-657 
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Figures 

 

Fig.1 

 

Figure 1: Prospective collection of surgical resections of liver metastases from colorectal cancer 

patients and characterization of the liver immune microenvironnement. 

Fresh samples from patients undergoing curative resection for liver metastasis (N=32) were 

prospectively collected. Intra-tumor, margin and extra-tumor tissue were collected and analyzed 

separately for the characterization of the immune microenvironment by (i) 18-color flow cytometry 

phenotyping and assessments of activation levels of liver-infiltrating immune cells, (ii) 

electrochemiluminescence measurement of the secretion of proteins by the resected tissue and (iii) 

multiplex immunohistochemistry staining for spatial profiling and quantification of cell-cell 

interactions. Available clinical data were accessible (as listed in Table1) as well as blood biomarkers of 

liver function (ALT, AST, GGT and LDH).  
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Fig.2 

 

Figure 2: Liver metastases infiltration with mast cells is beneficial and correlates with   increased 

survival in KRAS wildtype metastatic CRC patients 
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A/ Relapse-free survival, stratified by the intra-tumor infiltration analyzed by flow cytometry, of mast 

cells (CD117highFcεRI+), NK cells (CD3-CD56+)), monocyte/macrophages (CD11b+CD14+), and 

lymphocytes (CD8+T cells, CD4+T cells, Tregs (CD25highCD39+) (Kaplan-Meier curve analysis, Log-

rank Mantel Cox test). B/ Relapse-free survival, stratified by KRAS mutation status (top panel) and 

intra-tumor infiltration with mast cells (bottom panel) (Kaplan-Meier curve analysis, Log-rank Mantel 

Cox test). C&D/ Quantification of intra-tumor infiltration with CD8+T cells, CD4+T cells, Tregs, NK 

cells, mono/macrophages, and mast cells in patients with high or low mast cells, stratified by KRAS 

mutation (Kruskal-Wallis test, *, P < 0.05; **, P < 0.01; ***, P < 0.001). E/ Quantification of intra-

tumor infiltration with mast cells in KRAS wt patients treated without (open circle) or with (closed 

circle) preoperative chemotherapy (left panel); and stratification according to combination pre-

operative treatment received (right panel). F/ Quantification of the number and size of liver metastases. 

The number of metastatic lesions was counted in the liver and the diameter of largest lesions was 

measured in patients with ‘Low intra-tumor mast cells’ versus ‘High intra-tumor mast cells’. G/ 

Response of target lesions to pre-operative treatment in KRAS wt patients. NR (Non-responders) refers 

to patients with stable disease or progressive disease; and R (Responders) refers to Partial Response, 

according to RECIST 1.1 guidelines (Eisenhauer EA EJC 2009) in KRAS wt patients with high versus 

low intra-tumor mast cells (N= 14, Chi-squared test). H/ Circulating biomarkers of liver function (ALT, 

AST, GGT) and systemic inflammation (LDH) in patients with ‘Low intra-tumor mast cells’ versus 

‘High intra-tumor mast cells’.  
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Fig. 3 

 

Figure 3. Spatial distribution of intra-tumor mast cells and Tregs in CRC liver metastases 
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A/ Multiplex immunohistochemistry staining of mast cells and tumor cells. Paired FFPE intra-tumor 

tissue sections from resected patients were stained for mast cells (CD117, pink), and proliferating (Ki67, 

green) cancer cells (Cytokeratin, yellow). Nuclei were counterstained with hematoxylin. Representative 

images of multiplex IHC from tumor stroma tissue from N=3 patients with poor vs. good prognosis 

(40X magnification). B/ Quantification of mast cells (CD117 staining) in proximity with tumor cells 

(CK staining) within the intra-tumor stroma in patients with poor vs. good prognosis. The distance to 

the nearest CK+ tumor cells was expressed as the density of cells per mm2. (Kruskal-Wallis test; *, P < 

0.05). C/ Quantification of mast cells (CD117 staining) in extra-tumor, margin and intra-tumor FFPE 

tissue in patients with poor vs. good prognosis (Kruskal-Wallis test; *, P < 0.05). D/ Multiplex 

Immunohistochemistry staining of mast cell (CD117, pink), CD8+ T cell (CD8, green), and 

FOXP3+ Treg (FOXP3, brown) infiltration in liver metastases. Representative images of immune 

infiltrate in extra-tumor, margin and intra-tumor paired FFPE samples from patients with poor vs. good 

prognosis (40X magnification) (left panel); quantification of FOXP3 staining in patients with poor vs. 

good prognosis (Mann-Whitney U test, *, P < 0.05) (right panel). E/ Ratio of CD8+/FOXP3+ cell density 

within intra-tumor paired FFPE tissue from patients with poor vs. good prognosis (Mann-Whitney U 

test, *, P < 0.05) (left panel). Spearman correlation between FOXP3+ Tregs and mast cells in intra-

tumor FFPE tissue (middle panel); and between CD8+/FOXP3 ratio and mast cells in intra-tumor FFPE 

tissue (right panel). F/ In-situ localization of mast cell, CD8+ T cell and Treg in CRC liver metastases. 

Representative images of multiplex immunohistochemistry on paired FFPE tumor tissue showing 

CD117+ mast cells and CD8+T cell interaction (pink arrow), and CD8+T cells and FOXP3+ Tregs 

interaction (black arrow) (40X magnification). The average number of interactions per surface unit was 

quantified in regions of highest CD8+T cell and mast cell infiltration (Mann-Whitney test, *, P < 0.05). 
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Fig. 4 

 

Figure 4. TGFβ2 secretion is correlated with high mast cells infiltration in the tumor, their 

activation and MHC-I expression  

A/ Comparison of secreted factors in tumor tissue storage solution in patients with ‘Low intra-tumor 

mast cells’ versus ‘High intra-tumor mast cells’, represented as the ratio to total protein (right panel) 

(Mann Whitney U test; *, P < 0.05; **, P < 0.01). B/ Spearman correlation test between secreted TGFβ2 

and CD203c and FcεRI expression on mast cells in resected CRC liver metastases. C/ In vitro 

stimulation of peripheral blood-derived mast cells by TGFβ2, measured by CD203c membrane 

expression (N=3 experimental replicates per group). D/ Effect of TGFβ2 on peripheral blood-derived 

mast cells MHC Class I and MHC Class II, costimulatory 41BBL, CD80/86, OX40-L, ICOS-L, and co-

inhibitory PDL1 expression (N=3 experimental replicates per group). 
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Fig. 5 

 
 

Figure 5.  Patients with good prognosis show increased cell interactions between mast cells and 

activated CD8+T cells in tumors 

A/ Spearman correlation test between CD203c expression on intra-tumor mast cells and intra-tumor 

CD8+ T cells, CD4+T and Tregs. B/ Flow cytometry quantification of CD8+T cell subpopulations and 

activation markers on tumor infiltrating CD8+T cells. CD69 expression on tumor-infiltrating CD8+T 

cells in patients with poor vs. good prognosis (Unpaired t-test, **, P < 0.01) (top panel). Percentage of 

naive (CD45RA+CCR7+), central memory (CD45RA-CCR7+), effector memory (CD45RA-CCR7-), 

terminally differentiated ‘TEMRA’ (CD45RA+CCR7-) and resident memory (CD103+CD69+) cells 

among CD8+ T cells in poor vs. good prognosis (N=8 patients, Unpaired t-test, *, P < 0.05) (bottom 

panel). C/ Impact of mast cells on T cell activation experiment design. Peripheral blood-derived mast 

cells were conditioned overnight in tumor tissue storage solution from patients with poor vs. good 

prognosis. Pre-conditioned mast cells were then added at a 1:1 ratio to autologous pre-activated 

lymphocytes. After 24 hours, lymphocytes were stained to assess T cell activation phenotype and 

intracellular cytokine expression. D/ Intracellular expression of Granzyme B and IFN-gamma in 
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autologous lymphocytes cultured alone or co-cultured with conditioned mast cells from patients with 

good vs. poor prognosis. 

 

Fig. 6 

 
Figure 6. Mast cell activation and histamine is associated with improved relapse-free survival 

A/ Flow cytometry analysis of membrane expression of FcεRI and CD203c in 1 patient with ‘Low intra-

tumor mast cells’ (black) and in 1 patient with ‘High intra-tumor’ mast cell infiltration (blue) (left 

panel). Quantification of FcεRI and CD203c, represented as the fold-ratio of FcεRI expression in intra-

tumor/extra-tumor tissue (Mann-Whitney test) (right panel). B/ Impact of FcεRI and CD203c 

expression on patient relapse-free survival (Log-rank Mantel-Cox test) (left panel). ROC curve analysis 

of intra-tumor/extra-tumor FcεRI and CD203c expression on mast cells for predicting Relapse-free 

survival in patients (right panel). C/ Secretion of histamine by tumor, margin, and extra-tumor tissue, 

A B

C

FceRI/CD203c High

FceRI/CD203c Low

0 500 1000

0

20

40

60

80

100

Time (Days)

P
ro

b
a
b
ili

ty
 o

f 
S

u
rv

iv
a
l

FceRI HI

FceRI HI

P = 0.0236

0 200 400 600

0

20

40

60

80

100

Time (Days)
P

ro
b
a
b
ili

ty
 o

f 
S

u
rv

iv
a
l

CD203c HI

CD203c LO

P = 0.0036

0 500 1000

0

20

40

60

80

100

Time (Days)

P
ro

b
a
b
ili

ty
 o

f 
S

u
rv

iv
a
l High Histamine

Low Histamine

P = 0.0827

D

E F

Mast cells

T cells

Ex
t ra

-tu
mo

r

Ma
rg

in

In
tra

-tu
mo

r
0

20

40

60

80

100

H
is

ta
m

in
e
 S

e
c
re

tio
n
 (

n
m

o
l/u

g
)

 

Mast cells

Control

Extra-tumor

Intra-tumor

Mast cells

FceRIFceRI

Margin

Control

Extra-tumor

Intra-tumor

Margin

0.0

0.5

1.0

1.5

FceRI

R
F

I

(I
n
tr

a
-t

u
m

o
r/

E
x
tr

a
-t

u
m

o
r)

 

0.0

0.5

1.0

1.5
R

F
I

(I
n
tr

a
-t

u
m

o
r/

E
x
tr

a
-t

u
m

o
r

CD203c

 



 83 

measured in tissue storage solution from patients with ‘Low intra-tumor mast cells’ versus ‘High intra-

tumor mast cells’ (left panel, Mann-Whitney U test *, P < 0.05). D/ Impact of histamine secretion on 

patient relapse-free survival. Kaplan-Meier analysis for Relapse-free survival, stratified by High versus 

Low intra-tumor histamine secretion (right panel) (Log-rank Mantel-Cox test). E/ Unsupervised 

clustering of histamine and lymphocytic subsets in resected CRC liver metastases. F/ Pearson 

correlation matrix of cell type specific genes using normalized gene expression values derived from 

public dataset GSE207194 of chemotherapy-treated and resected colorectal cancer liver metastases 

(N=27 patients) 

 

Tables 
Table 1. Patients’ demographic and clnical characteristics

 

Characteristic Patients (n=32)

Median Age (range) 60 (37-79)

Sex - no. (%)

        Female 17 (53%)

        Male 15 (47%)

Median Body Mass Index (range) 26 (16-39)

Mutation status - no. (%)

        KRAS 12 (38%)

        TP53 5 (16%)

        NRAS 1 (3%)

        NA 2 (6%)

Primary Tumor sidedness - no. (%)

         Rectum 8 (25%)

         Left Colon 17 (53%)

         Right Colon 5 (16%)

         Transverse 2 (6%)

Metastasis Diagnosis - no. (%)

        Synchronous 27 (84%)

        Metachronous 5 (16%)

Median liver lesion number - no. (range) 2 (1-35)

Median liver lesion diameter cm. (range) 3.5 (0.9-11.5)

Presence of Extrahepatic metastasis 8 (25%)

Blood values - median U/L (range)

        ALT 33 (13-195)

        AST 34 (17-119)

        GGT 83 (23-1404)

        LDH 213 (145-320)

Preoperative systemic chemotherapy - no. (%)

        Chemotherapy 9 (28%)

        Folfiri/Folfox/Folfirinox + aEGFR 12 (38%)

        Folfox/Folfirinox + aVEGF 7 (22%)

        None 4 (13%)

Treatment Line setting - no. (%)

        1st line 23 (72%)

        2nd line 9 (28%)

Radiologic Response - no. (%)

        Partial Response 15 (54%)

        Stable Disease 10 (36%)

        Progressive Disease 3 (10%)

Site of Disease Relapse Post Surgery

        Liver 14 (44%)

        Lung 12 (38%)

        Lymph Node 5 (16%)

        Peritoneum 3 (9%)
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Supplementary Material 

 
Supp. Fig. 1 
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Supplementary Figure 1. A/ Flow Cytometry Panel Gating Strategy The flow cytometry panel 

gating strategy is depicted and includes the following cell populations and markers used to identify 

them in order from left to right: Myeloid cells (CD11b+CD14+), Dendritic cells (CD14-

CD11chighHLADR+), and Mast cells (CD117highFcεRI+). Total T cells (CD3+CD56-), NK cells (CD3-

CD56+), CD8+T cells (CD3+CD56-CD8+), CD4+T cells (CD3+CD56-CD4+), and Tregs 

(CD4+CD25highCD39+). B/ Percentage of immune cell subsets among CD45+ cells from paired samples 

of extra-tumor, margin, and intra-tumor tissue from n=32 CRC liver metastatic patients (Kruskal-Wallis 

test, *, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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Supp. Fig. 2 

 

Supplementary Figure 2 Mast cell infiltration in liver and radiologic response to preoperative 

therapy A/ Relapse-free survival, stratified by the intra-tumor infiltration analyzed by flow cytometry, 

of NKT cells (CD3+CD56+) and dendritic cells (CD14negHLADR+CD11c+) (Kaplan-Meier curve 

analysis, Log-rank Mantel Cox test). B/ Flow cytometry analysis of Mast cell infiltration in metastatic 

liver. Cell frequency was measured in extra-tumor, margin, and intra-tumor resected tissue in patients 

with low versus high mast cells intra-tumor infiltration (Mann-Whitney test, **, P < 0.01). C/ 

Quantification of intra-tumor infiltration of lymphocytes (CD8+T cells, CD4+T cells, Tregs, NKT, and 

NK cells), dendritic cells, mono/macrophages, and mast cells in patients stratified by KRAS mutation 

(Mann-Whitney test).  
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Supp. Fig. 3 

 

Supplementary Figure 3 Spatial assessment of CD8+T cell infiltration and FOXP3+ Tregs 

interaction with CD117+ mast cells A/ Quantification of CD8+ staining in paired FFPE tissue from 

patients with poor vs. good prognosis (Mann-Whitney U test). B/ In-situ localization of mast cell and 

Treg in CRC liver metastases (left panel). Representative images of multiplex immunohistochemistry 

on paired FFPE tumor tissue showing CD117+ mast cells (pink) and FOXP3+ Tregs (brown) interaction 

(black arrow) (40X magnification). Quantification of cell interactions in patients with poor vs. good 

prognosis (right panel). The average number of interactions per surface unit was quantified in regions 

of highest Treg cell infiltration (Mann-Whitney test, *, P < 0.05). 
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Supp Fig. 4 

 

Supplementary Figure 4. TGFβ2 secretion may originate from FAP+ cells in the tumor 

microenvironment A/ Spearman correlation test between secreted TNF, and CD203c and FcεRI 

expression on mast cells in resected CRC liver metastases. B/ Concentration of TGFβ2 secreted by 

resected intra-tumor tissue compared with concentration secreted by ex-vivo cultivated Liver metastasis 

organoids (Mann-Whitney test, **, P < 0.01). C/ Multiplex Immunohistochemistry analysis of Mast 

cell CD117 (pink), and FAP+ Fibroblasts (brown) infiltrate in colorectal cancer liver metastasis paraffin 

sections. Representative images of multiplex at 40X magnification from tumor tissue depict FAP+ fibers 

present within the tumor stroma in each patient subgroup. D/ Quantification of FAP+ cells by 

measurement of positively stained area of FAP+ within the tumor stroma in patients (Mann-Whitney 

test). 
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Supp. Fig. 5 

 

Supplementary Figure 5. Patients with good prognosis have increased frequency of T effector 

memory RA ‘TemRA’ CD8+T cells that are positively correlated with mast cell expression of 

activation marker CD203c A/ Percentage of CD69 expression among CD8+  T cells from paired 

samples of extra-tumor, margin and intra-tumor tissue from n=8 patients with poor vs. good prognosis 

(Unpaired t-test; *, P < 0.05). B/ Percentage of naive (CD45RA+CCR7+), central memory (CD45RA-

CCR7+), effector memory (CD45RA-CCR7-), T effector memory RA ‘TemRA’ (CD45RA+CCR7-) and 

tissue resident memory (CD69+CD103+) cells among CD8+ T cells from paired samples of extra-tumor, 

margin, and intra-tumor tissue from n=8 patients with poor vs. good prognosis (Unpaired t-test; **, P 

< 0.01). C/ Spearman correlation between intra-tumor T effector memory RA ‘TemRA’ and CD203c 

expression on mast cells. D/ Percentage of Th1 (CCR6-CXCR3+), Th2 (CCR6-CXCR3-), Th17/Th1 

(CCR6+CXCR3+) and Th17 (CCR6+CXCR3-) among CD4+ T cells from paired samples of extra-tumor, 

margin, and intra-tumor tissue from n=8 patients with poor vs. good prognosis. 
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Supp. Fig. 6 

 

Supplementary Figure 6. Mast cell activation in tumors A/ Comparison of relative expression of 

activation-associated markers CD203c and FcεRI on intra-tumor mast cells according to mutation 

profile. B/ Percentage of intra-tumor Basophils (CD117-FcεRI+CD203c+) among CD45+ cells from 

patients with poor vs. good prognosis. C/ The number of patients experiencing allergic response to 

medications or non-specific allergies prior to surgical resection of liver tumor compared according to 

mutation status and mast cell infiltration.   
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Chapter 2. Tumor infiltrating neutrophils are associated 

with decreased radiologic response and relapse-free 

survival in KRAS-wildtype patients with colorectal cancer 

liver metastasis 
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Introduction 
 

The liver is the most frequent site of metastasis in metastatic colorectal cancer (mCRC) and is 

associated with significant morbidity and mortality.12,13  While advances in treatment, including 

combination pre-operative chemotherapy and surgical resection, have greatly improved 

survival rates, the risk of relapse is high, with the 5-year survival rate in mCRC liver metastatic 

remaining below 50%.15,21  

 

Cancer cells often exploit the body’s physiological inflammatory and innate immune responses 

to indirectly support tumor growth, progression, and metastasis.284,285 This inflammatory 

microenvironment, characterized by various cytokines, chemokines, and growth factors, 

significantly contribute to the growth, invasiveness, and metastatic potential of cancer cells. 

Neutrophils play an active role in this process and are closely linked to chronic inflammation 

and the inflammatory microenvironment associated with cancer progression.286  Neutrophils 

play a pivotal role in the metastatic cascade of different cancer subtypes to the liver, including 

colorectal cancer, from premetastatic niche formation to tumor cell invasion, extravasation, 

and eventual tumor outgrowth in the liver.287–290 

 

Systemic markers such as the absolute neutrophil count (ANC), the neutrophil-to-lymphocyte 

ratio (NLR) and derived neutrophil-lymphocyte ratio (dNLR), have highlighted the prognostic 

significance of neutrophils in mCRC patients.291–295 Elevated NLR has been associated with 

reduced response to chemo-immunotherapy combination treatment like those in the recent 

CAVE (Cetuximab plus Avelumab (anti-PDL1)) trial in KRAS wildtype patients with refractory 

mCRC.296  The systemic mobilization of neutrophils and myeloid derived suppressor cells 

(MDSC) is hypothesized to mirror the intra-tumor immune microenvironment and is 

associated with a diminished anti-tumor immune response found within tumors. However, 

these biological markers have not yet been routinely compared with the intra-tumoral immune 

profiles or secreted inflammatory mediators of surgically resected liver metastases in patients, 

and so the impact of intra-tumoral neutrophils on relapse-free survival in colorectal cancer 

liver metastasis patients remains uncertain.  
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In this prospective study, we characterized the immune profiles of surgically resected mCRC 

liver metastases using flow cytometry and secreted inflammatory mediator quantification, to 

explore the prognostic role of liver-infiltrating neutrophils in mCRC patient prognosis. Our 

findings reveal that neutrophil infiltration in liver metastasis negatively affects patient 

prognosis, particularly KRAS wild-type patients. Furthermore, we observe a positive correlation 

between liver-infiltrating neutrophils and blood ANC. These liver-infiltrating neutrophils 

prominently express the PMN-MDSC marker LOX1 and are positively correlated with elevated 

intra-tumor secretion of inflammatory mediators including CXCL8, TGFβ2 and TNF, which 

exhibit an inverse relationship with T cell and mast cell infiltration and activation.  

Given the protective roles of T cells and mast cells in KRASwt mCRC prognosis, our results 

underscore the negative impact of neutrophils on anti-tumor immune responses in mCRC, 

emphasizing their potential as therapeutic target to improve anti-tumor immune responses in 

mCRC and patient prognosis.  
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Material and Methods 
 

Patient samples 

Resected colorectal cancer liver metastatic tissue was collected prospectively from surgically 

treated patients from the pathology department at Gustave Roussy Hospital from June 2019 

to September 2022.  Patient information and sample collection was authorized by the Ministry 

of Higher Education and Research (DC-2021-4572), and in respect of the reference 

methodology MR-004 of the French data protection authority (CNIL).  Inclusion criteria 

included patients undergoing complete liver metastasis resection from colorectal cancer for 

curative intent, along with availability of clinical, biological and follow-up data post surgical 

resection. The median follow-up was 8 months (range 1 – 32 months). Previous data obtained 

on RFS were confirmed by the measure of radiologic response of target lesions to pre-

operative treatment, according to RECIST 1.1 guidelines.36 Relapse-free survival was defined 

as the interval from the date of surgical resection to the date of relapse of metastasis to the 

liver or within extrahepatic sites including lung, peritoneum, or lymph nodes. Patients 

presenting with other co-occurring cancers or suffering an unknown cause of death post-

surgery were excluded from the study. 

 

Peripheral Blood Samples 

Results from peripheral blood tests performed preoperatively were obtained to record liver 

enzymes Alkaline Phosphatase (AP), Alanine Transaminase (ALT), Aspartate Aminotransferase 

(AST), and gamma-glutamyl transferase (GGT).  Lactate Dehydrogenase (LDH) levels were also 

recorded.  LDH is a biomarker reflecting tumor burden and metabolic status and a known 

marker of prognosis in patients with liver metastasis. The timing from last chemotherapy 

injection and peripheral blood test was considered and white blood cell counts (Neutrophils 

and Lymphocytes), the ratio of Neutrophil-to-lymphocyte (NLR), and derived Neutrophil-to-

lymphocyte ratio (dNLR) only recorded from 4 weeks after last chemotherapy injection. 

 

Preparation of intra-tumor, margin, and extra-tumor liver tissue storage solution for 

secreted soluble factor measurement 

Resected intra-tumor, margin and extra-tumor liver tissue storage solution was prepared by 

storing immediately each respective tissue in 3-5 milliliters of Tissue Storage Solution (Miltenyi 

Biotec, DE) at 4°C. Following 18-hour to 48-hour storage, the supernatant was harvested by 

centrifugation at 1800RPM for 10 minutes and stored in aliquots at -80°C.  



 96 

Tumor dissociation and flow cytometry staining 

Fresh samples of resected intra-tumor and when possible, at the margin and extra-tumor liver 

tissue were collected for tissue dissociation and flow cytometry staining. Intra-tumor, margin 

and extra-tumor liver tissue were weighed and cut into small fragments of 1-2mm in diameter 

using a sterile scalpel blade and petri dish. Tissue fragments were transferred to a C-tube 

(Miltenyi Biotec, DE) and 5-10mL of enzyme digestion mixture consisting of RPMI 1640 

medium (Gibco, MT), 50 U/mL Collagenase IV, 30 U/mL DNase I and 280 U/mL Hyaluronidase 

(Merck, DE) was added. The tubes were placed on to the GentleMACS dissociator (Miltenyi 

Biotec, DE) and subjected to mechanical and enzymatic dissociation using the program TDK_1 

(incubation for 1 hour at 37°C). Following this, the dissociated tissue mixture was filtered using 

70um sterile filter and the cell suspension was washed 1x in 50mL of sterile Phosphate-

buffered saline (PBS) followed by a second wash in cold sterile PBS with 2% Bovine Serum 

Albumin and 2mM EDTA. CD45+ cells were counted after staining a 50µl aliquot of the cell 

suspension with anti-CD45 FITC (BD Biosciences, NJ) and 50µl of Precision Count Beads 

(BioLegend, CA). 

Mast cell and Myeloid cell panel (MMC). Following the counting step, a minimum of 100,000 

CD45+ cells were stained using flow cytometry antibodies (BD Biosciences, NJ) and Zombie 

Aqua Fixable Viability Dye (BioLegend, CA) listed in Annex Table 1 at the dilutions indicated in 

final volume of 100µl of buffer (PBS with 2% Bovine Serum Albumin and 2mM EDTA) at 4°C 

for 30 minutes. After staining, the cells were washed twice in buffer before acquisition. 

T cell polarization and activation panel. When possible, a further 50,000-100,000 CD45+ cells 

were stained using flow cytometry antibodies and Zombie Aqua Fixable Viability Dye listed in 

Annex Table 2 at the dilutions indicated and in a final volume of 100µl of buffer (PBS with 2% 

Bovine Serum Albumin and 2mM EDTA) at 4°C for 30 minutes. After staining, the cells were 

washed twice in buffer before acquisition. 

All events were acquired on the BD FORTESSA X-20 cytometer equipped with BD FACSDiva 

software (BD Biosciences, NJ), and data were analyzed using FlowJo software (Tree Star, OR). 

 

Staining of paired blood sample for neutrophil phenotyping 

200µl of whole blood was used for flow cytometry staining. The blood sample was washed 

once with 1mL of PBS and 2% BSA to remove serum. The blood was stained for 30 minutes 

with flow cytometry antibodies and Zombie Aqua Fixable Viability Dye listed in Annex Table 3 
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at the dilutions indicated at 4°C for 30 minutes. After staining, the cells were washed twice in 

buffer (PBS with 2% Bovine Serum Albumin and 2mM EDTA) before BD FACS lyse for 3 minutes 

to remove red blood cells.  Briefly, 2mL of BD Facs lyse was added to the blood and pipetted 

a few times to ensure even mixing.  Tube shaken every minute in the dark. The cells were then 

spun down and resuspended in FACS buffer for acquisition. 

 

Secreted Soluble Factor and secreted Histamine measurement 

Soluble factors secreted by intra-tumor, margin and extra-tumor liver tissue were measured in 

tissue storage solution using Mesoscale Discovery biomarker electrochemiluminescence 

detection assay kits according to the manufacturer’s instructions (MSD, MA). 

Secreted Histamine was measured in intra-tumor, margin and extra-tumor liver tissue 

‘supernatant’ using the Histamine HTRF (Homogeneous Time Resolved Fluorescence) Dynamic 

kit according to the manufacturer’s protocol (CisBio, FR).  

 

Cell sorting neutrophils and T cells from extra-tumor liver sample of a patient with 

decreased RFS 

After tissue dissociations, wash, and counting steps, extra cells (1.7 million) were stained for 

30 minutes on ice for cell sorting of neutrophils and T cells with the following antibodies: CD3 

PE, CD19 BV510, CD56 BV510, CD11b BV786, CD14 BUV496, CD16 BV711, CD45 HI30 BUV805, 

and Zombie Aqua. The staining buffer contained cold 1XPBS with 15% Human AB Serum (to 

maintain cell viability) and 20mM EDTA (to prevent granulocyte clumping and activation). After 

the staining and 2 wash steps, the cells were sorted on the BD influx (BD Bioscience). The cells 

were sorted into fresh staining buffer and left for one hour on ice after sorting to prevent 

activation. After the resting period, the cells were washed once with cold sorting buffer and 

resuspended in RPMI medium with 10% Human AB serum. 10,000 T cells were plated per well 

and 50,000 neutrophils. The cells were stimulated with 50U/mL and 50ng/mL of PMA for at 

least 30 minutes. At 30 minutes and 20-hours, the supernatant was collected and stored at -

80°C for downstream analysis of secreted factors. At the 20-hour timepoint, the cells were 

stained for the following: CD3 BUV396, CD4 BUV496, CD8 APCH7, CD45 BUV805, CD39 

PECF594, CD25 APCR700, PD1 PE, PDL1 APC, CD69 BV421, CD11B BV786, CD16 BV711, CD10 

FITC. 
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Statistical analysis 

Differences between two groups was analyzed using Mann Whitney U test, and Kruskal-Wallis 

test when differences between more than two groups were assessed. Correlations between 

parameters were assessed using Spearman correlation test. 

Optimal cut-point values for intra-tumor liver tissue immune infiltrates, to discriminate 

patients with good versus poor Relapse-free survival was determined using the package 

cutpointr in R studio. 

Relapse-free survival outcomes were estimated using the Kaplan-Meier method, stratifying 

patients according to the optimal cut-point value determined per continuous variable tested, 

or stratified according to mutation status, and compared using the Log-rank Mantel-Cox test. 

Relapse-free survival (RFS) was defined as the period from liver metastasis resection to the 

date of disease relapse in the liver or in extrahepatic sites.  

Statistical tests were performed using Prism 9 software and R studio version 2022.12.0. All tests 

were 2 sided, with P < 0.05 considered as statistically significant.  

 

Annex 
 

Table 1. Flow Cytometry Reagents - Mast cell Myeloid Cell Panel 

Reagent Clone Reference Dilution 

BD Horizon™ BUV395 

Mouse anti-human 

CD45 

HI30 563791 

RRID:AB_2869519 

1/50 

BD Optibuild™ BUV496 

Mouse anti-human 

CD14 

MoP9 741200 

RRID:AB_2870760 

1/40 

BD Optibuild™ BUV737 

Mouse anti-human 

HLADR 

G46-6 748339 

RRID:AB_2872758 

1/50 

 

BD Horizon™ BUV805 

Mouse anti-human CD4 

SK3 612888 

RRID:AB_2870177 

1/50 

BD Horizon™ BV421 

Mouse anti-human 

CD203c 

NP4D6 563296 

RRID:AB_2738124 

1/50 
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BD Horizon™ BV510 

Mouse anti-human 

CD19 

SJ25C1 562947 

RRID:AB_2737914 

1/50 

BD Horizon™ BV605 

Mouse anti-human 

CD39 

A1 567691 

 

1/100 

BD Horizon™ BV650 

Mouse anti-human CD3 

SP34-2 563916 

RRID:AB_2738486 

1/50 

BD Horizon™ BV711 

Mouse anti-human 

CD11c 

B-ly6 563130 

RRID:AB_2738019 

1/50 

BD Optibuild™ BV786 

Mouse anti-human 

CD11b 

D12 742642 

RRID:AB_2740935 

1/50 

BD Horizon™ BB515 

Mouse anti-human 

CD117 

104D2 565172 

RRID:AB_2739091 

1/100 

BD Optibuild™ BB700 

Mouse anti-human 

CD16b 

CLB-gran11.5 745773 

RRID:AB_2743234 

1/50 

BD Horizon™ PECy7 

Mouse anti-human 

CD56 

B159 557747 

RRID:AB_396853 

1/50 

BD Horizon™ PE Mouse 

anti-human FceR1a 

AER-37 566607 

RRID:AB_2744475 

1/50 

BD Horizon™ PE-CF594 

Mouse anti-human 

CD15 

HI98 562463 

RRID:AB_2737619 

1/200 

BD Pharmingen™ AF647 

Mouse anti-human 

CD163 

GHI/61 562669 

RRID:AB_2737710 

1/50 

BD Horizon™ APC-R700 

Mouse anti-human 

CD25 

2A3 565106 

RRID:AB_2744339 

1/50 

BD Pharmingen™ APC-

H7 Mouse anti-human 

CD8 

SK1 560179 

RRID:AB_1645481 

1/50 
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Zombie Aqua™ Fixable 

Viability kit 

BioLegend® 423102 1/1000 

 

Table 2. Flow Cytometry Reagents – T cell Polarization Panel 

Reagent Clone Reference Dilution 

BD Horizon™ BUV805 Mouse 

anti-human CD45 

HI30 612891 

RRID : AB_2870179 

1/50 

BD Horizon ™ BUV395 

Mouse anti-human CD3 

UCHT1 563548 

RRID: AB_2744387 

1/50 

BD Horizon ™ BUV496 

Mouse anti-human CD4 

SK3 569179 

 

1/50 

 

BD Pharmingen™ APCH7 

Mouse anti-human CD8 

SK1 560179 1/50 

BD OptiBuild™ BUV737 

Mouse anti-human ICOS 

DX29 749665 

RRID: AB_2873929 

1/25 

BD Horizon™ BV605 Mouse 

anti-human CD103 

Ber-ACT8 569162 1/50 

BD Horizon™ BB700 Mouse 

anti-human CD56 

B159 566574 1/50 

BD Horizon™ PE-Cy7 Mouse 

anti-human CXCR3 

1C6 560831 

RRID: AB_2033944 

1/50 

BD Horizon™ APC-R700 

Mouse anti-human CCR6 

11A9 565173 

RRID: AB_2739092 

1/50 

BD Pharmingen™ FITC 

Mouse anti-human CD39 

TU66 561444 

RRID: AB_10896292 

1/50 

BD Horizon™ PECF594 

Mouse anti-human CD25 

M-A251 562403 

RRID: AB_11151919 

1/50 

BD Horizon™ BV786 Mouse 

anti-human CD45RA 

HI100 563870 

RRID: AB_2728469 

1/50 

BioLegend® BV711 Mouse 

anti-human CD69 

FN50 310944 

RRID: AB_2566466 

1/50 

BioLegend® Pacific Blue™ 

Mouse anti-human CCR7 

G043H7 353210 

RRID: AB_10918984 

1/50 

BioLegend® PE Mouse anti-

human PD1 

EH12.2H7 329906 

RRID: AB_940483 

1/25 

BioLegend® APC Mouse 

anti-human PDL1 

29E-2A3 329708 

RRID: AB_940360 

1/25 
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Zombie Aqua™ Fixable 

Viability kit 

BioLegend® 423102 1/1000 

 

Table 3. Flow Cytometry Reagents – Neutrophil Panel 

Reagent Clone Reference Dilution 

BD Horizon™ BUV805 Mouse 

anti-human CD45 

HI30 612891 

RRID : AB_2870179 

1/50 

BD Horizon ™ BV510 Mouse 

anti-human CD3 

UCHT1 563109 

 

1/50 

BD Horizon ™ BV510 Mouse 

anti-human CD56 

NCAM16.2 563041 

 

1/50 

 

BD Horizon ™ BV510 Mouse 

anti-human CD19 

SJ25C1 562947 

 

1/50 

BD Optibuild™ BV786 Mouse 

anti-human CD11b 

D12 742642 

RRID:AB_2740935 

1/50 

BD Optibuild™ BUV496 

Mouse anti-human CD14 

MoP9 741200 

RRID:AB_2870760 

1/40 

BioLegend® BV711 Mouse 

anti-human CD16 

3G8 302044 1/50 

BD Pharmingen™ APC-Cy7 

Mouse anti-human HLADR 

G46-6 561358 

 

1/50 

BD Horizon™ BV605 Mouse 

anti-human CD38  
HB-7 562666 1/50 

BioLegend® PE mouse anti-

human LOX1  

15C4 358604 1/50 

BioLegend® FITC mouse 

anti-human 

CD10 
 

HI10a  1/50 

BD Horizon™ BV650 Mouse 

anti-human CD117 

 

104D2 563859 1/50 

Biolegend® PerCPCy5.5 

Mouse anti-human 

CD33 
 

WM53 303414 1/50 

Biolegend® Pacific Blue™ 

Mouse anti-human 

CXCR2 

5E8 320724 1/25 

Biolegend® PE-Cy7 Mouse 

anti-human 

CXCR4 
 

12G5 306508 1/25 

Zombie Aqua™ Fixable 

Viability kit 

BioLegend® 423102 1/1000 
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Results 
 

Liver metastatic CRC patient cohort 

Thirty-two patients with MSS metastatic colorectal cancer and known KRAS/BRAF mutation 

status were included in the study (17 women and 15 men; median age 60 years). Patient 

demographics and tumor characteristics are described in Table 1. KRAS was mutated in 38% 

of patients. >90% of KRAS wildtype patients had left-sided primary colorectal cancer. Most 

patients (84%) were diagnosed with synchronous metastatic disease and were treated with 

preoperative systemic chemotherapy prior to complete resection of liver metastases. Half of 

the patients had a partial response to preoperative chemotherapy according to RECIST 1.1 

guidelines. Following surgical resection, Kaplan-Meier analysis demonstrated a median 

relapse-free survival (RFS) for all patients of 289 days (9.5 months), with many relapses 

occurring in the liver and/or lung in this cohort. 

 

Characterization of the liver immune microenvironment  

Resected intra-tumor, margin and extra-tumor liver tissue were prospectively collected from 

patients treated with surgical resection of CRC liver metastasis (Fig 1). Each resected tissue 

was initially stored in in a tissue storage solution overnight at 4°C. This solution was then 

harvested for downstream analysis of secreted cytokines and chemokines by the respective 

tissue. The resected tissue was then processed by mechanical and enzymatic dissociation for 

downstream flow cytometry analysis. A multiparametric flow cytometry panel was designed to 

assess the frequency and distribution of neutrophils, monocytes/macrophages, mast cells, 

dendritic cells, and lymphocytes (including CD8 T, CD4 T, regulatory T cells (Tregs), NK, and 

NKT cells) to gain a comprehensive view of the liver immune microenvironment. The gating 

strategy is described in Supplementary Figure 1. 
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Figure 1: Prospective collection and study of the immune micro-environment in surgically resected CRC liver 

metastasis Fresh samples of resected liver tissue (intra-tumor, margin, and extra-tumor) from 28 patients 

undergoing curative resection for CRC liver metastasis were prospectively collected. Characterization of the immune 

microenvironment was undertaken by (i) 18-color flow cytometry analysis of liver-infiltrating lymphocytes and 

myeloid cell populations, and (ii), Electrochemiluminescence measurement of secreted proteins by the resected 

tissue. These variables were then correlated with clinical data including radiologic response and relapse-free 

survival, and biological data including systemic markers of inflammation.  

 

Liver metastasis infiltration with neutrophils is associated with poor 

response to pre-operative therapy and decreased relapse-free survival in 

KRASwt metastatic CRC patients. 

The KRAS proto-oncogene is the most frequently mutated gene in CRC associated with worse 

prognosis and resistance to chemotherapy.182,297,298 We therefore compared RFS between 

KRAS wildtype and KRAS mutation status. As expected, we found a significant difference in 

RFS between KRASwt and KRASmut patients (Fig 2A). 

Then the impact of the infiltration of neutrophils and other immune cell subpopulations on 

relapse-free survival (RFS) was analyzed. Among all immune cells RFS was specifically 

decreased in patients with ‘High’ intra-tumor infiltration of neutrophils (Fig 2B). In contrast, 

tumor infiltration with T cells and mast cells was correlated with prolonged relapse-free 

survival (Supplementary Fig 2A). High infiltration of neutrophils in CRC liver metastasis was not 

associated with differences in liver lesion number or size but was correlated with elevated 

systemic levels of LDH and neutrophil counts in the blood (Fig 2C and Supplementary Fig 

2B).   

In previous studies, increased neutrophils at the margin and decreased infiltration of T cells in 

KRASmut tumors have been observed based on immunohistochemistry staining.163,186,299 To 

evaluate whether this finding was not a confounding factor we compared the infiltration of 
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neutrophils between the two subgroups of patients. We found no significant difference in the 

frequency of neutrophils infiltrating KRASwt or KRASmut tumors suggesting that neutrophils 

infiltration was independent of mutational status (Fig 2D). We then compared the impact of 

neutrophils and KRAS mutation on patient RFS (Fig 2E). Interestingly, we found that elevated 

tumor infiltration of neutrophils was significantly associated with decreased RFS specifically in 

KRASwt patients and did not influence the poor outcome of patients with KRASmut tumors. 

In this cohort, KRASwt patients were treated with either chemotherapy or chemotherapy 

combination with anti-EGFR (cetuximab or panitumumab). We therefore wanted to test 

whether there was an influence of treatment received and intra-tumor infiltration of 

neutrophils. Overall, we found no significant impact of pre-operative therapy on neutrophil 

frequency in tumors (Fig 2F & Supplementary Fig 2C). Instead, we observed a significant 

impact of tumor infiltration by neutrophils and radiologic response to pre-operative treatment 

in KRASwt patients (Fig 2F). We also tested whether there were other mutations in the 

subgroup of KRASwt patients that may influence neutrophil infiltration and response. None of 

the patients in the KRASWT subgroup harbored BRAF mutations, known to be associated with 

resistance to chemotherapy treatment.300–302  There are conflicting reports as to improved 

sensitivity or resistance to cetuximab in patients with inactivating TP53 mutations.303–305 

Among KRASWT subgroup 44% patients with high neutrophils and 22% of patients with low 

neutrophils harbored TP53 mutations, but because of the small cohort size, this difference was 

not significant (Fisher’s exact test). In summary, elevated neutrophil infiltration within KRASwt 

tumors, is associated with treatment resistance and decreased RFS. 
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Figure 2: Liver metastases infiltration with Neutrophils is associated with poor response to preoperative 

chemotherapy and decreased relapse-free survival in CRC liver metastatic patients. They specifically impact 

relapse-free survival in KRASwt patients. A/ Kaplan-Meier curve for Relapse-free survival, stratified by KRAS 

mutation status (Log-Rank test). B/ Kaplan-Meier curves for Relapse-free survival, stratified by High or Low intra-

tumor frequency of Neutrophils (CD14-CD11B+CD15+CD16b+) (Log-Rank test). C/ Circulating biomarkers of 

systemic inflammation (LDH) and liver function (ALT, AST, GGT) in patients with ‘Low intra-tumor neutrophils’ versus 
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‘High intra-tumor neutrophils’.(top panel) C/ Circulating blood counts for neutrophils, lymphocytes, NLR and dNLR 

in patients with ‘Low intra-tumor neutrophils’ versus ‘High intra-tumor neutrophils’ (Bottom panel). D/ intra-tumor 

neutrophil infiltration according to KRAS mutation status. E/ Kaplan-Meier curve for Relapse-free survival, stratified 

by KRAS mutation status and neutrophil infiltration. (Log-Rank test) F/ Quantification of intra-tumor infiltration 

with neutrophils in KRAS wt patients treated without or with preoperative chemotherapy (left panel); and Response 

of target lesions to pre-operative treatment in KRAS wt patients. NR (Non-responders) refers to patients with stable 

disease or progressive disease; and R (Responders) refers to Partial Response, according to RECIST 1.1 guidelines 

(Eisenhauer EA EJC 2009) in KRAS wt patients with high versus low intra-tumor mast cells (N= 14, Chi-squared test). 

 

Neutrophil infiltration in KRASwt tumors is associated with an altered 

immune microenvironment mediated by a unique chemokine and cytokine 

gradient. 

The specific increase of neutrophils in KRASwt tumors with poor prognosis was associated with 

decreased infiltration of CD4+T, CD8+T and mast cells (Fig 3A). Tumor infiltration of 

neutrophils was negatively correlated with both CD8+T cell and CD4+T cells in KRASwt patients 

(Supplementary Fig 3A). There was a trend for negative correlation between neutrophils and 

mast cell infiltration (Supplementary Fig 3A). This may indicate a direct negative impact of 

neutrophils on T cell infiltration in CRC liver metastasis. Although total T cell infiltration was 

associated with increased relapse-free survival we did not find a positive correlation between 

circulating lymphocytes and intra-tumor infiltration of total T cells (Supplementary Fig 3B). 

Therefore, the negative impact of tumor infiltration with neutrophils on T cells may take place 

more specifically in and around the liver tumors rather than systemically.  

 

Based on the striking impact of neutrophils on patient outcome in KRASwt patients, we 

focused our analysis on this subgroup of patients. We measured and compared the infiltration 

of neutrophils in the extra-tumor, margin, and intra-tumor tissue in KRASwt patients with low 

neutrophil infiltration (‘good prognosis’) and high neutrophil infiltration (‘poor prognosis’). 

The level of neutrophils infiltration was consistently elevated in all areas of liver tissue including 

the extra-tumor in patients with poor prognosis (Fig 3B).  This finding correlates with our 

primary observation that the level of tumor infiltration with neutrophils was correlated to 

systemic levels of blood neutrophils, implying a systemic mobilization of neutrophils in these 

patients (Supplementary Fig 2B & 3B). However, the difference remained most significant at 
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the margin and within the tumor tissue, suggesting local mediators influencing their enhanced 

recruitment towards tumors in KRASwt patients with poor prognosis. 

 

To measure what may be influencing neutrophil migration towards the tumors of KRASwt 

patients with poor prognosis, we quantified by electrochemiluminescence the secretion of 

different chemokines and cytokines associated with chronic inflammation, angiogenesis, and 

neutrophil chemotaxis within surgically resected liver tumor tissue storage solution. KRASwt 

patients with poor prognosis secreted elevated levels of the potent chemokine CXCL8, and 

cytokines TNF and TGFβ2 (Fig 3D). All three proteins were positively correlated with intra-

tumor frequency of neutrophils (Fig 3E). We found no differences in other chemokines and/or 

cytokines involved in neutrophil chemotaxis, survival, and activation, which included IL1a, IL1b, 

CXCL1, VEGF and GCSF. We observed the same differences at the margin but not in the extra-

tumor tissue (Supplementary Fig 3C). We also assessed whether these proteins and others 

were different in KRASmut tumors with high neutrophils infiltration and found no differences. 

However, we found tendencies for elevated TNF and GCSF. This may indicate a different mode 

of neutrophil recruitment within KRASmut tumors (Supplementary Fig 3D).  
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Figure 3. Neutrophil infiltration associated with altered immune microenvironment, mediated by a unique 

chemokine and cytokine gradient. A/ Quantification of intra-tumor infiltration with CD8+T cells, CD4+T cells, 

Tregs, NKT cells, NK cells, Dendritic cells, mono/macrophages, and mast cells discriminates in KRAS wt patients with 

high vs low neutrophils. The data presented constitutes analyses performed on N=28 patients (Kruskal-Wallis test, 

*, P < 0.05; **, P < 0.01; ***, P < 0.001). B/ Comparison in the quantification of neutrophils in extra-tumor, margin, 

and intra-tumor tissue between patients with low neutrophils and good prognosis (grey circles), versus patients 

with high neutrophils and poor prognosis (green circles) (Mann-Whitney test, *, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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C/ Comparison in the quantification of secreted inflammatory chemokines and cytokines in resected intra-tumor 

tissue between patients with low neutrophils and good prognosis (grey circles), versus patients with high 

neutrophils and poor prognosis (green circles) (Mann-Whitney test, *, P < 0.05; **, P < 0.01; ***, P < 0.001). D/ 

Spearman correlation test between secreted CXCL8, TNF, and TGFβ2 and Tumor Neutrophils infiltration in resected 

colorectal cancer liver metastases.  

 

We assessed the secretion of these proteins in 2 KRAS WT patient-derived CRC liver metastasis 

organoids (Supplementary Fig 3E). The level of CXCL8 secretion was similar, whereas the 

secretion of TGFβ2 and TNF were decreased in ex vivo generated organoids compared to 

tissue storage solution in patients with elevated neutrophil infiltration. Therefore, unlike 

CXCL8, TNF and TGFβ2 could derive from other cell types within the tumor microenvironment 

and not directly from the tumor cells. Furthermore, the organoids were generated from patient 

tumor biopsies with end-stage disease (poor prognosis). 

 

Liver-infiltrating neutrophils in mCRC resemble PMN-MDSC based on 

membrane expression of LOX-1 and suppress T cell activation  

Cytokines including CXCL8, TGFβ and TNF have been reported to play a role in steering 

neutrophils toward a pro-tumoral phenotype. Pro-tumoral neutrophils, also known as N2 

neutrophils or polymorphonucleaur-Myeloid-derived Suppressor cells (PMN-MDSC), 

represent a population of neutrophils that fail to complete their regular differentiation process. 

However, it has been noted that these cells may also originate from their mature counterparts 

and are skewed towards different phenotypes determined by the inflammatory profiles within 

the tumor microenvironment.306  

 

Recently, diminished expression of CD16 on circulating neutrophils in colorectal cancer 

patients was closely related to poor prognosis.307 Closer analysis of these cells revealed that 

the neutrophils had also diminished CD15 expression, an immature phenotype, and were 

particularly immunosuppressive on autologous T cells in co-culture experiments . We assessed 

the expression of surface markers on tumor infiltrating neutrophils compared to extra tumor 

neutrophils by taking the fold ratio of the mean fluorescence intensity of CD11B, CD15 and 

CD16b expression on the cells (Relative Fluorescence Intensity – RFI) (Fig 4A). There was no 

significant difference in the RFI of these markers between patients with good versus poor 

prognosis, although a decreasing trend in the RFI of CD15 was detected in patients with poor 
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prognosis. Because the decrease in CD15 is associated with decrease in neutrophil maturation, 

this prompted us to measure CD10 expression on the neutrophils to test their maturation. For 

N=3 of the patients we were able to stain a paired blood sample from the day of liver resection. 

We observed that CD10 expression was variable from the blood to the extra-tumor liver, after 

which the levels did not change from the extra-tumor to the intra-tumor (Fig 4B). For 3 out 

of 4 patients, the proportion of CD10+ neutrophils were larger than 80%. These findings 

suggest that most neutrophils infiltrating the liver tumors in this cohort are ‘mature’ cells. 

  

Recent research has introduced lectin-type oxidized LDL receptor-1 (LOX-1) as a distinct 

surface marker of PMN-MDSC in cancer patients with strong immunosuppressive 

properties.308 Previous studies in liver cancer have identified these cells as having potent 

immunosuppressive properties against T cells, through elevated ROS and Arginase 

production.309 For 4 patients, we had enough cells to study the expression of LOX-1 on 

neutrophils in CRC liver metastases, and for 2 of these patients we were able to stain matching 

blood sample to observe whether these cells were differentiating in the liver or already present 

in the circulation. In all patients, extra-tumor, margin, and intra-tumor neutrophils were 

positive for the PMN-MDSC specific marker LOX-1 (Fig 4C). Interestingly, for the patients 

which we had paired blood samples, we also observed LOX-1 expression on circulating 

neutrophil in these patients. The expression of LOX1 further intensified once the neutrophils 

entered the liver tissue. Importantly, regardless of prognosis, LOX-1 was expressed on most 

neutrophils, although slightly less in the patients with good prognosis. Thus, the negative 

impact of LOX-1 positive neutrophils is related not to the type of neutrophil but to their 

quantity and function once near and within the tumor. 

 

We were able to sort from one progressive disease and oxaliplatin resistant patient’s extra-

tumor liver sample liver-infiltrating T cells and neutrophils and place them in coculture 

overnight in the presence of IL-2 and PMA (Fig 4D). Indeed, the liver neutrophils negatively 

impacted T cell activation in the presence of IL-2 and PMA, indicating an immune suppressive 

role of the cells. 
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Figure 4. Liver-infiltrating neutrophils in KRASwt patients with poor prognosis have decreased expression 

of CD15 and resemble PMN-MDSC based on membrane expression of LOX-1 and suppress T cell activation. 

A/ Quantification of CD15, CD16b and CD11b on Neutrophils in tumor, represented as the fold-ratio of expression 

on neutrophils in intra-tumor/extra-tumor tissue. Comparison between patients with good prognosis/low 

neutrophils (grey circles) and patients with high neutrophils/poor prognosis (green circles) (Mann-Whitney test). B/ 

Quantification of CD10 positive neutrophils in the blood, extra-tumor and intra-tumor tissue. Each dot represents 

a patient sample and colored according to prognosis (green=poor prognosis; grey = good prognosis). Histogram of 

CD10 expression from N=1 patient with poor prognosis. Unstained (grey), blood neutrophils (red), extra-tumor 

neutrophils (green line) and intra-tumor neutrophils (green dotted line-filled) C/ Quantification of LOX-1 positive 

neutrophils in the blood, extra-tumor and intra-tumor tissue. Each dot represents a patient sample and colored 

according to prognosis (green=poor prognosis; grey = good prognosis). Unstained (grey), blood neutrophils (red), 

extra-tumor neutrophils (green line) and intra-tumor neutrophils (green dotted line-filled). D/ CD69 mean 

fluorescence intensity on sorted unstimulated T cells (black), stimulated T cells (pink), and stimulated T cells in the 

presence of sorted neutrophils from extra-tumor liver tissue from N=1 patient resistant to pre-operative 

chemotherapy treatment. 

 

T cells and mast cell phenotype are impacted by the unique chemokine and 

cytokine profile in KRASwt tumor with elevated neutrophil infiltration  

Within KRASwt tumors from patients with high neutrophils and decreased RFS, we also 

observed a diminished infiltration of CD4+T, CD8+T and mast cells (Fig 5A). Furthermore, we 

observed a trend toward decreased expression of activation marker CD69, on CD8+T and 

CD4+T cells, and a decrease in the activation marker CD203c on mast cells (Fig 5B). We also 

observed a trend toward increased PD1 expression, a marker of T cell exhaustion, and 

decreased ICOS expression, a marker of co-stimulation, on CD8+T cells (Fig 5C).  
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We tested the correlation between the cytokines TGFβ2, TNF and CXCL8 on T cell infiltration 

and mast cell activation. Notably, the cytokines TGFβ2 and TNF were both inversely correlated 

with both CD4+T and CD8+T cell infiltration, and mast cell activation (Fig 5D & 5E). In the 

previous chapter we identified that mast cell activation and histamine secretion may be 

associated with increased T cell infiltration, activation and improved RFS in KRASwt CRC liver 

metastasis. The activation of mast cells is largely dependent on microenvironment factors, and 

we identified that TGFβ2 may be key in negatively impacting mast cell activation. It is possible 

that T cells infiltration is also impacted directly by tumor microenvironment derived cytokines, 

including TGFβ2 and TNF, as previous studies in mice have demonstrated the blocking of either 

TGFβ or TNF can improve anti-tumor immunity and response to immunotherapy.178,310 

To test the prognostic value of both T cells and mast cells on KRASwt patient Relapse-free 

survival using Kaplan-Meier analysis, we separated patients based on high and low infiltration 

of Neutrophils and Mast cells (Fig 6A) or based on high and low infiltration of Neutrophils 

and T cells (Fig 6B). We observed that either Mast cells or T cells positively impacted RFS in 

patients with low neutrophils infiltration. The lack of either mast cells or T cells in patients with 

low neutrophils infiltration negatively impacted RFS. We decided to compare the level of 

secreted factors TNF, TGFβ2 and Histamine in the three subgroups of patients to test which 

factor was clearly associated with neutrophil infiltration, versus T cell infiltration (Fig 6C). 

Interestingly, TGFβ2 levels were highest in tumors with high neutrophils, but did not decrease 

completely in tumors with low neutrophils and low T cells, possibly indicating an 

immunosuppressive effect on T cells in the absence of neutrophils infiltration.  In contrast, TNF 

secretion appeared to impact neutrophil infiltration but did not rescue T cell infiltration when 

it was depleted. Strikingly, although mast cell infiltration was slightly increased in patient 

tumors with low neutrophils/low T cells, the main factor associated with high T cell infiltration 

in Neutrophil- ‘low’ tumors was histamine secretion by the mast cells (Fig 6D). Therefore, this 

data suggests that, while elevated neutrophil infiltration is highly detrimental to patient RFS 

for KRAS wt patients with mCRC, their absence does not always lead to elevated T cell or mast 

cell infiltration/activation, and this may be due principally to TGFβ2. However, the application 

of molecules blocking both TNF and TGFβ2 would be most effective for rescuing anti-tumor 

immunity in KRAS wt mCRC patients.  
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Figure 5 T cells and mast cell phenotype are impacted by the unique chemokine and cytokine profile in 

KRASwt tumor with elevated neutrophil infiltration. A/ Comparison in the quantification of CD4+T, CD8+T and 

mast cells in resected intra-tumor tissue between patients with low neutrophils and good prognosis (grey circles), 

versus patients with high neutrophils and poor prognosis (green circles) (Mann-Whitney test, *, P < 0.05). B/ 

Comparison in the expression of activation marker CD69 on CD4+T and CD8+T cells, and activation marker CD203c 
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on mast cells in resected intra-tumor tissue between patients with low neutrophils and good prognosis (grey circles), 

versus patients with high neutrophils and poor prognosis (green circles) (Mann-Whitney test, *, P < 0.05). C/ 

Comparison in the expression of exhaustion marker PD1 and co-stimulation marker ICOS on CD8+T cells in resected 

intra-tumor tissue between patients with low neutrophils and good prognosis (grey circles), versus patients with 

high neutrophils and poor prognosis (green circles) (Mann-Whitney test) D/ Spearman correlation test between 

secreted CXCL8, TNF, and TGFβ2 and CD4+T and CD8+T cell infiltration in resected colorectal cancer liver 

metastases. E/ Spearman correlation test between secreted CXCL8, TNF, and TGFβ2 and CD203c expression on 

infiltrating mast cells in resected colorectal cancer liver metastases.  

 

Figure 6 Low neutrophils infiltration in addition to decreased TGFβ2 levels are the limiting factors for 

elevated mast cell and T cell infiltration and increased RFS. A/ Kaplan-Meier curve for Relapse-free survival, 

stratified by Neutrophil and Mast cell infiltration in KRAS WT patients (Log-Rank test). B/ Kaplan-Meier curves for 

Relapse-free survival, stratified by Neutrophil and T cell infiltration in KRAS WT patients (Log-Rank test). C/ Intra-

tumor secretion of TGFβ2 and TNF in KRAS wt tumors stratified by Neutrophil and T cell infiltration (Kruskal-Wallis 
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test). D/ Intra-tumor Mast cell frequency and Histamine secretion in KRAS wt tumors stratified by Neutrophil and 

T cell infiltration (Kruskal-Wallis test). 

Discussion 
 

In this prospective study of mCRC patients undergoing elective surgery for liver metastases, 

elevated tumor infiltration of neutrophils was associated with decreased relapse-free survival 

after surgical resection of liver metastasis. For the first time, we demonstrate that this 

detrimental role of neutrophils is specific to patients with KRASwt mCRC. In these patients, 

elevated tumor infiltrating neutrophils was correlated with decreased radiologic response 

before resection, and positively correlated with systemic absolute neutrophil counts (ANC) in 

the blood. Previous reports have also highlighted the detrimental impact of elevated systemic 

ANC and survival in CRC and mCRC patients.293,311 We also measured variable infiltration of 

neutrophils in KRASmut tumors, but it did not significantly impact survival in this subgroup.  

This may be attributed to other immune escape mechanisms at play in KRASmut tumors. 

Neutrophils infiltrating KRASwt tumors were negatively correlated with CD4+T and CD8+T cell 

as well as mast cell infiltration. Notably, both T cell and mast cell infiltration in mCRC were 

associated with increased RFS in this cohort. These findings corroborate results from previous 

retrospective studies that relied on immunohistochemistry staining and quantification of T 

cells and mast cells infiltration in resected mCRC.165,210 Neutrophil infiltration in liver tumors 

was neither impacted by the treatment received prior to surgical resection, nor by the presence 

of TP53 mutations among KRASwt patients. These results demonstrate that the infiltration of 

neutrophils in KRASwt metastatic tumors may more likely reflect an innate or adaptive 

resistance mechanism of the tumor cells regardless of treatment type, with consequences 

including diminished immune mediated anti-tumor responses and increased relapse-risk. 

 

The increase in neutrophil infiltration in KRASwt tumors with poor prognosis was also 

significant at the margin and even within extra-tumor tissue, indicating a systemic mobilization 

of neutrophils in these patients. Chronic inflammation is implicated in the pathogenesis of 

cancer, and cancer-related inflammation is considered one of the hallmarks of cancer.284,312 

Inflammatory cytokines and chemokines from cancer cells are responsible for the mobilization 

of neutrophils and other MDSC systemically, which promotes tumor progression and 

metastasis development in distant sites.286 We tested multiple chemokines and cytokines 
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involved in tumor-related inflammatory response and identified elevated secretion of CXCL8, 

TGFβ2 and TNF in KRASwt tumors with high neutrophil infiltration and poor prognosis. All 

three proteins were positively correlated with neutrophil infiltration and inversely correlated 

with T cell infiltration, while TGFβ2 was inversely correlated with mast cell activation. Of the 

three, TNF was the most striking because of no overlap between the patient subgroups.  

 

CXCL8, TGFβ2 and TNF secretion have all been reported to play tumor-promoting roles in 

colorectal cancer, including primary malignancy formation, chemotherapy resistance and 

metastatic progression.178,313–317 These mediators released during CRC progression are also 

established chemoattractants of neutrophils, linked to their recruitment and modulating their 

function within the tumor microenvironment to promote immune evasion and liver metastatic 

spread of CRC.287,288,318,319 The Immune suppressing roles of neutrophils within the tumor 

microenvironment are multiple. Studies in pre-clinical models have demonstrated tumor-

derived CXCL8 to elicit the extrusion of neutrophil extracellular traps (NETs), which, in turn 

favors metastatic tumor seeding in the liver.288,320 Furthermore, NETs extruded from 

neutrophils coat tumor cells, ultimately obstructing infiltration and contact from cytotoxic 

CD8+T cells and NK cells.321 Other studies have reported that TGFβ, including TGFβ2 is 

responsible for promoting the generation of neutrophils with pro-tumor function, and TGFβ 

blockade can divert neutrophils towards an antitumor phenotype and improve anti-tumor 

immune responses.287,322–324 Furthermore, elevated TGFβ2 in the tumor microenvironment of 

CRC is a primary mechanism of immune evasion promoting T cell exclusion in orthotopically 

transplanted tumors.178,287 In liver tumors, cancer-associated fibroblasts (CAFs) are also a major 

source of TGFβ and promotes the recruitment of pro-tumorigenic neutrophils, leading to a 

positive feedback loop for TGFβ production.255,256,325 During chronic inflammation, elevated 

levels of TNF is involved in the enhanced recruitment of PMN-MDSC, blocking their natural 

differentiation and enhancing their immune suppressive functions.326,327 As well as modulating 

neutrophil function, tumor-associated neutrophils express TNF and induce apoptosis of non-

activated CD8 T cells.328 More recently, CXCL1 and TNF production from PMN-MDSCs has been 

shown to orchestrate therapeutic resistance through CAFs activation and promote liver 

metastasis in a mouse model of pancreatic ductal adenocarcinoma.329,330 TNFR2 blockade with 

Etanercept reduced CAF inflammation and enhanced chemosensitivity. Importantly, TNF 

production in PMN-MDSCs was dependent on CXCR2-MAPK signaling, and CXCR2 blockade 
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was sufficient to activate T cells within the TME in this model. In summary, these studies 

highlight the various mechanisms through which tumor-infiltrating neutrophils (or PMN-

MDSC) can promote tumor progression and block anti-tumor immunity via the mediators, 

CXCL8, TGFβ and TNF. The question remains whether one serves as the key driver of the others 

or if they all work in tandem to facilitate tumor immune escape within mCRC. 

 

Subdividing patients in subgroups based on neutrophil and T cell infiltration gave us some 

insight into which was the major factor associated with neutrophils infiltration, which was 

largely driven by TNF. Secondly, tumors with low neutrophils did not always facilitate T cell 

infiltration. A subgroup of patients with low neutrophils and low T cells maintained slightly 

elevated levels of TGFβ2 despite having decreased levels of TNF in the tumors. This suggests 

that the blocking of only TNF signaling may not restore effective intra-tumoral T cell infiltration 

or mast cell function and relies on the blocking of both TNF and TGFβ2 signaling pathways. 

  

There are several limitations to the current study. We cannot rule out the role of other gene 

amplifications which may have occurred in KRASwt mCRC patient tumors resistant to pre-

operative therapy, which was beyond the scope of this prospective study. Also, we are 

uncertain whether neutrophils directly inhibit T cells or if their effects are mediated indirectly 

through various cytokines and other unidentified cells within the TME of mCRC. Moreover, the 

precise mediator (CXCL8, TGFβ, TNF, or all three) of enhanced mobilization and infiltration of 

neutrophils in KRASwt mCRC patients remains to be elucidated, as well as the direct source of 

these mediators, which could be cancer cells, but also could originate from stromal cells 

including endothelial cells, CAFs and liver-resident macrophages. Understanding which 

downstream molecules are activated and shared between CXCL8, TGFβ and TNF signaling 

pathways and in which cell type will also guide the optimal mode and target of treatment, 

which remains unclear and requires further investigation. 

In summary, our findings suggest that neutrophils play a negative role in KRASwt mCRC and 

are associated with poor response to pre-operative therapy and increased relapse-risk post 

surgical resection. With further validation in external cohorts, these patients could potentially 

be identified by elevated systemic neutrophils or quantification of elevated secretion of CXLC8, 

TGFβ2 and TNF by resected tumors. The precise function and mode of recruitment of 
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neutrophils in KRASwt mCRC patients remains to be elucidated, necessitating a deeper 

understanding of the exact mechanisms involved and potential interventions. These insights 

may lead to novel targeted treatment strategies for KRASwt mCRC patients with poor RFS that 

could enhance the prospects for patients with mCRC in the future. 
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Supplementary Figures 
 

  

Supplementary Figure 1. Flow Cytometry Panel Gating Strategy 

Depiction of gating strategy for 18-color clow cytometry panel is depicted and includes the following cell 

populations in order: Myeloid cells (CD11c+CD14+), Dendritic cells (CD14-CD11chighHLADR+), and Mast cells 

(CD117highFcεRI+), including CD203c expression on mast cells; Neutrophils (CD11b+CD14-CD45lowCD15+CD16b+), 

total T cells (CD3+CD56-), NK cells (CD3-CD56+), NKT cells (CD3+CD56+), CD8+T cells, CD4+T cells, and Tregs 

(CD25highCD39+). 
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Supplementary Figure 2. A/ Kaplan-Meier curves for Relapse-free survival, stratified by High or Low intra-tumor 

frequency of T cells (left panel) and stratified by High or Low intra-tumor frequency of mast cells (right panel) is 

depicted. (Log-Rank test) B/ Quantification of the number and size of liver metastase (left panel).  The number of 

metastatic lesions was counted in the liver and the diameter of largest lesions was measured in mCRC patients with 

‘low intra-tumor neutrophils’ (grey circles) versus ‘High intra-tumor neutrophils’ (green circles); ’Spearman 

correlation test between Blood Absolute Neutrophil Count (ANC) and Blood LDH levels and Tumor Neutrophils 

(right panel). C/ Quantification of intra-tumor infiltration with neutrophils in KRAS mut patients treated without or 

with preoperative chemotherapy (left panel); and Response of target lesions to pre-operative treatment in KRAS 

mut patients. NR (Non-responders) refers to patients with stable disease or progressive disease; and R (Responders) 

refers to Partial Response, according to RECIST 1.1 guidelines (Eisenhauer EA EJC 2009) in KRAS wt patients with 

high versus low intra-tumor mast cells (N= 11, Chi-squared test). 
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Supplementary Figure 3. A/ Spearman correlation test between Tumor CD8+T, CD4+T, mast cells and Tumor 

Neutrophils infiltration in resected colorectal cancer liver metastases from KRAS wt patients. B/ Spearman 

correlation test between Blood Lymphocyte count and Tumor T cells (left panel), and Blood ANC and Tumor 

Neutrophils (right panel) in KRASwt patients. C/ Comparison in the quantification of secreted inflammatory 
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chemokines and cytokines in resected extra-tumor tissue (top panel) and margin tissue (bottom panel) between 

patients with low neutrophils and good prognosis (grey circles), versus patients with high neutrophils and poor 

prognosis (green circles) in KRASwt patients (Mann-Whitney test, *, P < 0.05; **, P < 0.01; ***, P < 0.001). D/ 

Comparison in the quantification of secreted inflammatory chemokines and cytokines in resected intra-tumor tissue 

between patients with low neutrophils (grey circles), versus patients with high neutrophils (pink circles) in KRASmut 

patients with poor prognosis (Mann-Whitney test). E/ Comparison in the quantification of secreted TNF, TGFβ2 and 

CXCL8 in resected tumor tissue in patients with low neutrophils (grey circles), high neutrophils (green circles), and 

tumor organoids supernatant derived from N=2 mCRC KRASwt patients (Kruskal-Wallis test, *, P < 0.05; **, P < 

0.01).  
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Introduction 
 

Hepatocellular carcinoma (HCC) is the most common form of liver cancer and is the third 

leading cause of cancer-related death worldwide.1 While surgical resection is the mainstay 

treatment for primary HCC leading to improved survival rates, the risk of recurrence is 

high.331,332 Recent advances in the application of immunotherapies targeting cytotoxic T 

lymphocyte-associated antigen-4 (CTLA-4), programmed death-1 (PD-1), and programmed 

death ligand-1 (PD-L1), have profoundly modified the standard of care of HCC.67,69 Clinical 

trials testing peri-operative immunotherapy in resectable HCC are currently ongoing and show 

promise in patients that display a major objective response to treatment.75,230 However, only 

20-30% of patient show objective response rates in both early-stage and advanced HCC 

setting. Therefore, a better understanding of the immunopathologic contexture of primary 

HCC is needed to improve patient stratification and responses. 

The immune microenvironment of HCC plays a crucial role in tumor development and 

progression.221,333,334 Leading risk factors include chronic hepatitis B (HBV) or hepatitis C (HCV) 

infections, alcohol-related toxicity (ASH) and nonalcoholic fatty liver disease (NAFLD).335,336 In 

chronic-HBV/HCV derived HCC, aberrant immune responses that fail to clear hepatotropic 

viruses promote tumorigenesis.224,337–339 In alcoholic liver disease (ASH), increased macrophage 

infiltration and reduction in liver CD8+T cells, exacerbates liver fibrosis, cirrhosis and promotes 

cancer growth.340 In the context of NAFLD, chronic inflammation induced by fat accumulation 

activates ‘auto-aggressive’ T cells that cause chronic tissue damage and promote cancer 

growth.219–221  

Recent reports on whole exome, transcriptome, and single cell RNA sequencing have 

proposed new classifications of HCC subtypes which could explain the heterogeneity of HCC 

responses to immune checkpoint blockade.217,218,341,342 Other studies have leveraged results 

from different clinical trials to determine correlates of response to different immunotherapies 

and their various combinations at the molecular and cellular level.75,227–229 Monotherapy anti-

PD1 treatment has demonstrated its efficacy specifically in resectable HCC patients harboring 

elevated immune infiltration in their tumors.75,230 Using a deconvolution approach on RNA-

sequencing data in advanced HCC, elevated infiltration of immunosuppressive Regulatory T 

cells (Tregs) was negatively associated with response to anti-PD1 monotherapy treatment.228 

Another study showed HCC patients with elevated Treg signature, myeloid cells signature and 
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angiogenesis marker KDR (VEGFR2) benefited from combination treatment Atezolizumab 

(anti-PDL1) and Bevacizumab (anti-VEGF) compared to Atezolizumab alone.227 In a separate 

study, patients with resistance to anti-PD1 therapy were not a homogenous subgroup but 

represented three subgroups of patients, ‘T cell enriched,’ ‘Angiogenesis’ and ‘Cell-cycle’ 

subgroups.231 Among T-cell enriched ‘non-responders’ to anti-PD1, a recent study has 

identified clonal expansion of PD1highCD39positive ‘terminally-exhausted’ CD8 T cells and 

Tregs.229 Another study has demonstrated the largely heterogenous nature within poorly 

infiltrated and ‘immune-excluded’ tumors in HCC, highlighting its complexity and proposing 

more adapted treatment strategies for each subgroup (Job S et al., submitted). Overall, these 

studies highlight the heterogenous nature of each responsive and non-responsive immune 

profiles in HCC dependent on the type of immunotherapy treatment received.  

Based on the largely molecular focus of these studies, and because of the relevant overlap in 

gene expression between several immune cell types, gene expressions may not necessarily 

correlate with the expression of membrane or extracellular proteins targeted by anti-

checkpoint antibodies. We therefore wanted to perform a characterization of immune profiles 

specifically in early-stage, non-treated HCC, at both the protein (cell surface and extracellular) 

and transcriptomic level. Our overarching objective is to find clear distinctive immune 

phenotypes with specific molecular signatures that could be used in routine diagnostic and 

prognostic assessment in the clinic for improved HCC patient management. 

In this chapter, we present our preliminary findings in a prospective cohort of N=28 primary 

resected HCC patients in collaboration with the Hepatobiliary center at Paul Brousse Hospital.  
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Materials and Methods 
 

Patient samples 

Resected primary liver cancer (intra-tumor and margin) and non-cancerous (extra-tumor) liver 

tissue was collected prospectively from N=28 surgically treated patients from the pathology 

department at the Hepatobiliary Center in Paul Brousse Hospital from October 2020 to March 

2023.  Patient information and sample collection was authorized by the Ministry of Higher 

Education and Research (DC-2021-4572), and in respect of the reference methodology MR-

004 of the French data protection authority (CNIL).  Inclusion criteria comprised of (i) patients 

having not received pre-operative therapy for liver cancer, (ii) complete surgical resection of 

primary liver cancer for curative intent, and (iii) the availability of clinical, biological and follow-

up data post surgical resection. Relapse-free survival was defined as the interval from the date 

of surgical resection to the date of relapse of metastasis to the liver or within extrahepatic 

sites. 

Tumor staging of patient HCC was performed using the AJCC T classification, and Barcelona 

Clinic Liver Cancer Staging.63 

Liver function score using the Albumin-Bilirubin (ALBI) grade was calculated with the following 

formula: (log10 bilirubin (umol/L) x 0.66) + (albumin (g/L) x -0.0852).343 

Liver fibrosis and Liver steatosis measurements were collected from Vibration-Controlled 

Transient Elastography (FibroScan-Echosens, Paris, France) measurements of Liver stiffness 

measurement in kPa and Controlled Attenuation parameter (CAP) in dB/m, respectively.  

 

Peripheral Blood Samples 

Results from peripheral blood tests performed preoperatively were obtained to record liver 

enzymes Alkaline Phosphatase (AP), Alanine Transaminase (ALT), Aspartate Aminotransferase 

(AST), gamma-glutamyl transferase (GGT) and Lactate Dehydrogenase (LDH), liver proteins 

Albumin and Bilirubin for ALBI grade measurement. Other measurements included tumor 

marker Alpha-fetoprotein (AFP), and systemic markers of inflammation C-reactive protein 

(CRP), Neutrophil-lymphocyte ratio (NLR) and derived Neutrophil-leucocyte ratio (dNLR).  

 

Histology 

Resected intra-tumor, margin and extra-tumor liver tissue were fixed in 10% buffered formalin 

and embedded in paraffin. Sections were stained with H&E. Histopathologic evaluation was 
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assessed by certified pathologist (C.G) and included AJCC scoring, satellite nodules, 

microvascular invasion, and liver fibrosis scores. 

 

Sample preparation for RNA-sequencing and Whole Exome Sequencing 

Intra-tumor, margin and extra-tumor tissue areas were drawn out by certified pathologist (C.G) 

and 10-15 FFPE tissue sections of 10µm thickness were prepared (H.H) in Eppendorf tubes for 

downstream RNA-sequencing and Whole exome sequencing analysis of each tissue zone by 

BGI Genomics. 

 

Preparation of intra-tumor, margin, and extra-tumor liver tissue storage solution for 

secreted soluble factor measurement 

Resected intra-tumor, margin and extra-tumor liver tissue solution was prepared by storing 

immediately each respective tissue in 3-5 milliliters of physiologic solution at 4°C. Following 

4-hour storage, the supernatant was harvested by centrifugation at 1800RPM for 10 minutes 

and stored in aliquots at -80°C, and the tissue was stored overnight at 4°C in tissue storage 

solution before dissociation. 

 

Tumor dissociation and flow cytometry staining 

Fresh samples of intra-tumor, margin and extra-tumor liver tissue were weighed and cut into 

small fragments of 1-2mm in diameter using a sterile scalpel blade and petri dish. Tissue 

fragments were transferred to a C-tube (Miltenyi Biotec, DE) and 5-10mL of enzyme digestion 

mixture consisting of RPMI 1640 medium (Gibco, MT), 50 U/mL Collagenase IV, 30 U/mL 

DNase I and 280 U/mL Hyaluronidase (Merck, DE) was added. The tubes were placed on to the 

GentleMACS dissociator (Miltenyi Biotec, DE) and subjected to mechanical and enzymatic 

dissociation using the program TDK_1 (incubation for 1 hour at 37°C). The dissociated tissue 

mixture was then filtered using a 70µm sterile filter and the cell suspension washed 1x in 50mL 

of sterile Phosphate-buffered saline (PBS) followed by a second wash in cold sterile PBS with 

2% Bovine Serum Albumin and 2mM EDTA (staining buffer) and final resuspension in 2mL of 

staining buffer. 

An initial phenotyping and counting step were performed. A 50µl aliquot of the cell suspension 

was stained for 20 minutes at 4°C with anti-CD45 FITC (BD Biosciences, NJ), anti-CD3 BUV395 

(BD Biosciences, NJ), anti-CD56 AF647 (BD Biosciences, NJ), and anti-CD19-PECF594 (BD 

Biosciences, NJ). The cells were washed with 1mL of cold staining buffer and resuspended in 
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50µl of Precision Count Beads (BioLegend, CA). 5ul of 7AAD solution (Miltenyi Biotec, DE) was 

added to the suspension, the cells vortexed and immediately acquired on the BD FORTESSA 

X-20.  

Following the counting step, a minimum of 100,000 CD45+ cells were stained with 5ul of FcR 

block (BioLegend, CA) for 10 minutes, after which the cells were stained using flow cytometry 

antibodies listed in Annex Table 1 and Zombie Aqua Fixable Viability Dye (BioLegend, CA) at 

the dilutions indicated in final volume of 100µl of cold staining buffer at 4°C for 30 minutes. 

After staining, the cells were washed twice in staining buffer. Following the wash step the cells 

were fixed and permeablised with eBioscience™ Intracellular Fixation and Permeabilization 

Buffer Set following the instruction manual. After this step, the cells were stained intracellularly 

for FOXP3 at 4°C for 30 minutes. After staining, the cells were washed twice in permeabilization 

wash buffer and resuspended in PBS for acquisition. 

For N=10 samples with higher numbers of CD45+ cells, a further 100,000 CD45+ cells were 

stained with 5ul of FcR block (BioLegend, CA) for 10 minutes, after which the cells were stained 

using flow cytometry antibodies listed in Annex Table 2 and Zombie Aqua Fixable Viability Dye 

(BioLegend, CA) at the dilutions indicated in final volume of 100µl of cold staining buffer at 

4°C for 30 minutes. These antibodies were specific for monocytes/macrophages, dendritic 

cells, and granulocytes including neutrophils. After staining, the cells were washed twice in 

staining buffer. Following the wash step the cells were fixed and permeablised with 

eBioscience™ Intracellular Fixation and Permeabilization Buffer Set following the instruction 

manual. After this step, the cells were stained intracellularly for CD68 and CD163 at 4°C for 30 

minutes. After staining, the cells were washed twice in permeabilization wash buffer and 

resuspended in PBS for acquisition. 

All events were acquired on the BD FORTESSA X-20 cytometer equipped with BD FACSDiva 

software (BD Biosciences, NJ), and data were analyzed using FlowJo software (Tree Star, OR). 

For unsupervised analysis of cell phenotypes, Euclidean distance and hclust method were 

applied with Pheatmap package in R. 

 

Secreted soluble cytokine, chemokine, and growth factor measurement 
Soluble cytokines, chemokines and growth factors secreted by intra-tumor, margin and extra-

tumor liver tissue were measured in physiologic solution using Mesoscale Discovery biomarker 
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electrochemiluminescence detection assay kits according to the manufacturer’s instructions 

(MSD, MA). 

For unsupervised analysis of cytokine secretion, Euclidean distance and Average clustering 

method were applied with Pheatmap package in R. 

 

Bioinformatics analysis 

Normalised read-count values from bulk RNA-seq data in 26 HCC tumors was retrieved from 

Dr. Tom Data Visualisation tool (BGI Genomics) for Gene Set Enrichment Analysis (GSEA) for 

enriched pathways and gene signatures using the MSigDB gene set database. 

Differential expression analysis was performed within the Dr. Tom Data Visualisation tool (BGI 

Genomics) with DESeq2, selecting differentially expressed genes with minimum fold change 

of 1.3 and adjusted p-value and Q-value <0.05. 

 

Statistical analysis 

Differences between two groups was analyzed using Wilcox t-test, and Kruskal-Wallis test 

when differences between more than two groups were assessed. Correlations between 

parameters were assessed using Spearman correlation test. 

Statistical tests were performed using Prism 9 software and R studio version 2022.12.0.  

All tests were 2 sided, with P < 0.05 considered as statistically significant.  

 

Annex 

 

Table 1. Flow Cytometry Reagents – Immune cells Panel 

Reagent Clone Reference Dilution 

BD Horizon™ BUV805 

Mouse anti-human 

CD45 

HI30 612891 

RRID: AB_2870179 

1/50 

BD Horizon™ BUV496 

Mouse anti-human CD4 

SK3 612936 

 

1/50 

BD Horizon™ BUV396 

Mouse anti-human CD3 

UCHT1 563546 

RRID: AB_2744387 

1/50 

 

BD Horizon™ BUV650 

Mouse anti-human 

CD56 

HCD25 564057 

RRID: AB_2738568 

1/50 

BioLegend® BV711 

Mouse anti-human 

CD69 

FN50 310944 

RRID: AB_2566466 

1/30 

BD Optibuild™ BV786 

Mouse anti-human 

CD11b 

ICRF44 742642 

RRID: AB_2740935 

1/50 
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BD Pharmingen™ APC-

H7 Mouse anti-human 

CD8 

SK1 560179 

RRID: AB_1645481 

1/50 

BioLegend® AF700 

Mouse anti-human HLA-

ABC 

W6/32 311438 

RRID: AB_2566306 

1/50 

BioLegend® PC7 Mouse 

anti-human CD25 

BC96 302612 

RRID: AB_314282 

1/50 

BD Pharmingen™ PE 

Mouse anti-human 

CD14 

M0P9 562691 

RRID: AB_2737725 

1/50 

BD Pharmingen™ 

PerCPCy5.5 Mouse anti-

human HLA-DR 

G46-6 552764 

RRID: AB_394453 

1/50 

eBiosciences® APC 

Mouse anti-human 

FOXP3 

PCH101 17-4776-42 

RRID: AB_1603280 

1/30 

Zombie Aqua™ Fixable 

Viability kit 

BioLegend® 423102 1/1000 

 

 

Table 2. Flow Cytometry Reagents – Myeloid/Granulocytes Panel 

Reagent Clone Reference Dilution 

BD Horizon™ BUV805 

Mouse anti-human 

CD45 

HI30 612891 

RRID: AB_2870179 

1/50 

BD Horizon™ BUV395 

Mouse anti-human CD3 

UCHT1 563548 

RRID: AB_2744387 

1/50 

BD OptiBuild™ BUV737 

Mouse anti-human 

FceR1a 

AER-37 749338  

RRID: AB_2873712 

1/50 

 

BD Horizon™BUV496 

Mouse anti-human 

CD16 

3G8 612944 

RRID: AB_2870224 

1/50 

BioLegend® Pacific 

Blue™ Mouse anti-

human CXCR2 

5E8 320724 

RRID: AB_2800843 

1/50 

BD Horizon™ BV605 

Mouse anti-human 

CD117 

104D2 562687 

RRID: AB_2737721 

1/50 

BioLegend® BV650 

Mouse anti-human PDL1 

29E.2A3 329740 

RRID: AB_2629614 

1/50 

BD Horizon™ BV711 

Mouse anti-human 

CD33 

WM53 563171 

RRID: AB_2738045 

1/50 

BD OptiBuild™ BV786 

Mouse anti-human 

CD11B 

ICRF44 740965 

RRID: AB_2740590 

1/50 

BD Pharmingern™ APC-

H7 Mouse anti-human 

HLA-DR 

G46-6 561358 

RRID: AB_10611876 

1/50 

BD Horizon™ PECF594 

Mouse anti-human 

CD15 

W6D3 562372 

RRID: AB_11153311 

1/50 
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BD Pharmingen™ PE 

Mouse anti-human 

CD14 

M0P9 562691 

RRID: AB_2837725 

1/50 

BioLegend® PE-Cy7 

Mouse anti-human 

CD11c 

3.9 301608 

RRID: AB_389351 

1/50 

BioLegend® APC Mouse 

anti-human CD68 

Y1/82A 333810 

RRID: AB_2275735 

1/50 

BD Pharmingen™ FITC 

Mouse anti-human 

CD163 

GHI/61 563697 

RRID: AB_2738379 

1/50 

Zombie Aqua™ Fixable 

Viability kit 

BioLegend® 423102 1/1000 
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Results 
 

Primary resected Hepatocellular Carcinoma patient cohort  

28 patients with primary resected Hepatocellular Carcinoma (HCC) were included in the study 

(2 women and 26 men; median age 72 years). Patient demographics and tumor characteristics 

are described in Table 1. Most patients (64%) were diagnosed with early-stage (BCLC stage A) 

HCC and had good liver function as measured by the ALBI test.  AJCC staging was divided 

mostly between T1b and T2 stages. T1b represents a single tumor lesion of more than 2cm 

and no microvascular invasion; T2 represents a single tumor lesion of more than 2cm with 

microvascular invasion or more than one lesion less than 5cm. For the most part (70%), T2 

stage patients in this cohort had a single tumor lesion with intra-tumor microvascular invasion. 

The median follow-up was 14.5 months (range 1 – 30 months). Following surgical resection, 

only 5 patients (18%) suffered relapse and therefore a median survival time was not defined 

for this study. 80% of relapses occurred in the liver. 

Characterization of the liver immune microenvironment  

Resected intra-tumor, margin and extra-tumor liver tissue were prospectively collected from 

patients treated with surgical resection of primary HCC (Fig 1). Each resected tissue was initially 

stored in physiologic solution for 4 hours. This solution was then harvested for downstream 

analysis of secreted soluble factors (i.e. cytokines, chemokines and growth factors) by the 

respective tissue. The resected tissue was then processed by mechanical and enzymatic 

dissociation for downstream flow cytometry analysis. A multiparametric flow cytometry panel 

was designed to assess the frequency and distribution of lymphocytes (including CD8 T, CD4 

T, regulatory T cells (Tregs), NK, and NKT cells), and myeloid cells (including 

Monocytes/Macrophages/Dendritic cells, and Neutrophils) to gain a comprehensive view of 

the liver immune microenvironment. The gating strategy is described in Supp. Figure 1. For 

N=10 patients with sufficient CD45+ leucocyte cell infiltration, an additional panel 

characterizing myeloid cell subsets, dendritic cells and neutrophils was also performed. The 

gating strategy for this panel is described in Supp. Figure 2. 

Monocytes/Macrophage/Dendritic cells were identified as CD11B+HLADR+ cells and were 

strongly correlated with CD68+CD163+ double-positive macrophages (Supp. Fig 3A).  

Furthermore, their frequencies were similar in paired samples. This cell profile also positively 

correlated with CD68+ single-positive macrophages as well as CD14-CD11C+HLADR+ dendritic 

cells. Neutrophils were identified as CD11B+HLADR- cells and were strongly correlated with 
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Neutrophils identified in the myeloid panel as CD45lowCD15+CD16b+ cells (see Supp Figure 2 

for the gating strategy of myeloid cells).  

 
Figure 1: Prospective study of the immune microenvironnement in surgically resected primary 

liver cancer Fresh samples of resected tumor from 28 patients undergoing curative resection for 

primary liver cancer were prospectively collected, and when possible, at the margin and in extra-tumor 

liver tissue. Characterization of the immune microenvironment was undertaken by (i) 18-color flow 

cytometry analysis of liver-infiltrating lymphocytes and myeloid cell populations, (ii) 

Electrochemiluminescence measurement of secreted protein, and (iii) transcriptomics analysis. 

 

The frequency of immune cell subsets in HCC are differentially enriched and 

define four distinct subgroups of patients.  

Comparative analyses were performed between intra-tumor, margin and extra-tumor samples 

obtained from HCC patients treated with surgical resection (Fig 2A & 2B). The frequency of 

CD4+ T cells, Tregs and Monocytes/Macrophage/Dendritic cells (CD11B+HLADR+ cells) were 

significantly higher compared to the extra-tumor immune infiltrate. Among innate lymphoid 

cells, the frequency of NKT cells were significantly lower in the tumor compared to the 

peritumor and extra-tumor infiltrate. The frequencies of Neutrophils (CD11B+HLADR- cells), 

CD8+ T cells, Innate T (CD4- CD8-) cells and NK cells did not differ. The profiles of each immune 

cell subtype showed high variability across patients, indicating differential enrichment of cell 

subsets. Therefore, unsupervised hierarchical clustering was applied to determine distinct 

immune subclasses within the HCC tumors (Fig 2C). With this method, four immune subclasses 

were identified, #CD8, #CD4, #NK and #M-DC cell clusters. Each cluster was named by the 

dominant immune cell subset enriched within the respective cluster (Fig 2D). The #CD4 cluster 

was predominantly patients with Alcoholic Steatohepatitis etiology (70%) and AJCC T2 stage 

tumors (P = 0.01, chi-squared test). The #CD8 cluster had a higher percentage of CD45+ cells 

infiltration compared with #NK and #M-DC clusters (Supp Fig 4), while the #CD4 cluster had 

a more variable level of CD45+cell infiltration. Systemic levels of AFP in patients within the 

#CD8 and #CD4 clusters were significantly increased compared to patients within the #NK 
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Intra-tumor

Margin

Extra-tumor

Prospective collection of Primary HCC
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cluster. However, AFP levels for only four patients were elevated (above normal limit of 10ug/L) 

and we do not know if the differences in AFP levels below the normal upper limit of 10ug/L 

are also clinically significant. We did not find other biological or clinical markers that were 

significantly associated with the immune subclasses (Supp. Fig 4). This can in part be explained 

by the fact that most systemic tumor inflammation markers (LDH, NLR and dNLR) were below 

the normal upper limit level. Therefore, the immune subclasses in this cohort were more likely 

influenced by the respective liver immune and tumor microenvironment within each subtype. 
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Figure 2: Tumor immune infiltration of lymphocytes, neutrophils and myeloid cells in primary 

resected HCC A/ The mean frequency among CD45+ cells of Neutrophils (CD11B+HLADRneg), 

Monocytes/Macrophages/Dendritic cells (CD11B+HLADRpos), CD4+T cells, Tregs, CD8+T cells, Innate T 

cells, NKT cells, and NK cells are depicted as pie charts in extra-tumor, margin and intra-tumor liver 

tissue (top panel) and depicted per patient (bottom panel). Each dot represents an individual sample. B/ 

Dot plots showing the frequency of cells in A in extra-tumor, margin and intra-tumor tisue (*, P < 0.05; 

**, P < 0.01; ***, P < 0.001Kruskal-Wallis test). C/ Unsupervised clustering of major tumor-infiltrating 

immune cell subsets distinguishes patients into 4 subgroups, from left to right, Cluster#CD8, 

Cluster#CD4, Cluster#NK and Cluster#M-DC (myeloid and dentritic cell) cluster. D/ The frequency of 

Intra-tumor CD8+T cells, CD4+T cells, NK cells, and Monocytes/Macrophages/Dendritic cells 
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(MonoMacDC) among CD45+ cells are presented across patients and compared between intra-tumor 

clusters from C (Wilcox test). 

 

Unsupervised hierarchical clustering was also applied on immune cell frequencies at the 

margin and extra-tumor zones to determine whether there were direct associations with intra-

tumor immune clusters (Supp Fig 5A-C). We observed that the intra-tumor #CD8 and #CD4 

clusters were associated with elevated CD8 and CD4 T cell infiltration at the tumor margin 

(Supp Fig 5A). The intra-tumor #NK cluster was associated with elevated NK cell infiltration 

at both margin and extra-tumor liver tissue (Supp Fig 5A-C). Interestingly, liver fibrosis, 

graded in the extra-tumor liver tissue, was associated with elevated CD8 and NK cells, whereas 

patients with low fibrosis had elevated neutrophils within extra-tumor liver tissue. 

 

Resident, activation, and exhaustive state of T cells are different across 

immune clusters 

CD69 and PD1 expression on lymphocyte subsets infiltrating HCC was assessed to characterize 

the resident/activation phenotype and functional state, respectively (Fig 3A). The mean 

fraction of PD1 expression on CD69pos and CD69neg subsets of CD8+T cells, CD4+T cells and NK 

cells across the intra-tumor immune clusters (#CD8, #CD4, #NK, and #M-DC) were compared. 

Overall, the #M-DC cluster contained the lowest fraction of CD69posCD8+T cells, and these cells 

poorly expressed PD1. This may indicate poor activation and recruitment of CD8+T cells within 

the tumor (Fig 3B). CD69 expression on CD8+T cells are identified as tissue-resident memory 

cells in the liver.138,139 They are functionally competent cells associated with improved PFS in 

HCC patients treated with anti-PD1.226 However, the frequency of this subset of cells was highly 

variable in the #CD8 cluster. This implies that the patients within the #CD8 cluster contain may 

contain two subgroups according to CD69posPD1pos CD8+T cells. 

The #CD4 cluster was characterized by the strongest infiltration of CD69pos CD4+T cells that 

expressed high levels CD69 and PD1 (Fig 3A & 3C). Previous studies have demonstrated 

CD69pos CD4+T cells are resident T cells of the liver and possess strong cytotoxic properties.140 

However, their high expression of PD1 suggests that the cells may be chronically stimulated 

and therefore exhausted within the #CD4 cluster. A previous study has reported the hypo-

responsiveness of CD4+ T cells infiltrating HCC although not all cells are functionally 

impaired.344 The #CD4 cluster also demonstrated an increased infiltration Tregs and of PD1-

positive Tregs compared the #NK cluster, underlining an immunosuppressive nature specific 
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to the #CD4 cluster, despite its high infiltration of lymphocytes. We compared the ratio 

between the frequency of PD1posCD69posCD8+T cells and PD1+ Tregs between clusters and 

observed that this ratio was lowest in the #CD4 cluster compared to either the #CD8 and #NK 

clusters (Fig 3E). 

Regarding the NK cells residency phenotype, relatively equal proportions of tumor-infiltrating 

NK cells were CD69pos and CD69neg across the clusters (Fig 3A). CD69 is known to be expressed 

on resident NK cells of the liver.345  Liver-resident NK cells have an immature phenotype and 

expressing high levels of CD56 and produce fewer cytotoxic mediators than non-resident NK 

cells. Therefore, the main difference in the NK cluster was the increased frequency of both 

resident and non-resident NK cells infiltrating the tumor. 
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Figure 3. Intra-tumor profiles of T cell activation and exhaustion are distinct across intra-tumor 

clusters A/ Contour plot of CD69 and PD1 expression on CD8+ T cells, CD4+ T cells and NK cells (left 

panel); pie charts reflecting the mean fraction of PD1 expression on CD69pos and CD69neg subsets of 

CD8+ T cells, CD4+ T cells and NK cells across the intra-tumor immune clusters (#CD8, #CD4, #NK, and 

#M-DC). B/ The frequency of CD69pos CD8+ T cells and PD1posCD69pos CD8+ T cells compared across 

resected HCC immune clusters (wilcox t-test). C/ The frequency of CD69high CD4+ T cells and 

PD1posCD69high CD4+ T cells compared across resected HCC immune clusters (wilcox t-test). D/ The 

frequency of T-regulatory cells and PD1pos T-regulatory cells compared across resected HCC immune 
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clusters (wilcox t-test). E/ The ratio between PD1posCD69pos CD8+ T cells and PD1pos T-regulatory cells 

compared across resected HCC immune clusters (wilcox t-test). 

 

Different profiles of secreted soluble factors within HCC tumors  

Secreted chemokines, cytokines and growth factors were quantified within the intra-tumor 

physiologic storage solution to measure differences in inflammatory profiles across patients. 

Unsupervised hierarchical clustering was performed on the normalized values to the total 

secreted protein to compare tissue samples (Fig 4A). This clustering permitted us to see three 

subgroups of patients emerge, although there was no precise distinction between the intra-

tumor immune clusters identified by flow cytometry, particularly for the #CD4, #CD8 and #NK 

clusters. The left subgroup contained all patients identified within the #M-DC cluster and some 

patients from the #NK cluster (Fig 4B). Apart from MIF, SCF, and VEGFD this subgroup 

secreted lower levels of all other detected cytokines and chemokines and was called ‘non-

inflammatory’. Macrophage migration inhibitory factor (MIF) has been recently reported as an 

important regulator in the promotion of tumor metastasis and invasion as well as tumor-

associated macrophage infiltration in HCC and represents a promising therapeutic target.346 

The second, middle subgroup contained a mixture of patients from the #CD4, #CD8 and #NK 

cluster and secreted high levels of multiple cytokines and chemokines notably Perforin, 

Granzyme B, CXCL10, CCL17 and VEGF-A and was called ‘cytotoxic’ (Fig 4C). These chemokines 

and cytokines were comparatively less expressed in the third subgroup, which also contained 

a mixture of patients from the #CD4, #CD8 and #NK clusters and was therefore called ‘non-

cytotoxic’.  This subgroup secreted elevated levels of pro-inflammatory cytokine IL18 and less 

of its natural inhibitor IL18 Binding Protein (IL18BP) compared to the ‘cytotoxic’ group (Fig 

4D). We checked for differences in PD1 expression on lymphocytes between the ‘cytotoxic’ 

and ‘non-cytotoxic’ subgroups based on the secretory profile and observed a higher frequency 

of PD1 expression on CD4+ T cells and Tregs in the ‘cytotoxic’ subgroup (Fig 4E). There was a 

trend towards increased PD1+ CD8+ T cells although this difference was not statistically 

significant. Therefore, the ‘cytotoxic’ subgroup contains a mixture of patients from #CD8, #CD4 

and #NK clusters and may represent patients with an activated but exhausted signature, with 

immunosuppressive mechanisms driven by the enhanced activation of Tregs and/or through 

VEGF-A mediated immunosuppression. 
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Figure 4: Distinct secretory profiles correlated with HCC tumor immune clusters A/ Unsupervised 

clustering of the secreted factors in HCC B/ Box plots showing the quantity of CXCL1, IL-6 and IL-8 

secretion in HCC tumors between intra-tumor immune clusters (Wilcox t-test). C/ Box plots showing the 

quantity of sPD1, sPD-L1 and VEGF-A secretion in HCC tumors between intra-tumor immune clusters 

(Wilcox t-test). D/ Box plots showing the quantity of MIF and VEGF-D secretion in HCC tumors intra-

tumor immune clusters (Wilcox t-test).  

 

We also undertook a supervised analysis between clusters to determine whether there were 

distinctive differences between intra-tumor immune clusters in secreted cytokines (Fig 4F). 

We found that CXCL1 and IL-8 secretion was significantly increased in patients within the #CD4 

cluster, although this was driven largely by 4/6 patients. CXCL1 is known to be involved in 

hepatic stellate cell activation, fibrogenesis and angiogenesis in the liver.347–349 The fibrotic 

response in HCC has known immunosuppressive effects on immune cells in chronic liver 

disease and liver cancer. Elevated IL-8 secretion may also be associated with a more aggressive 
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tumor type in this subset of patients. Soluble PD1 and VEGF secretion was increased in both 

#CD8 and #CD4 cluster compared to the #MDC cluster. Soluble PD1 is likely derived from 

activated T cells and has been shown to be indicative of response to immunotherapy. However, 

considering the elevated secretion of VEGF-A in the #CD8 cluster and particularly of CXCL1 

and IL-8 in the #CD4 cluster imply different mechanisms which may drive immune escape in 

these two patient subgroups.  

 

Enriched signaling pathways in #CD8, #CD4, #NK and #M-DC intra-tumor 

clusters in HCC  

 

Molecular characterization using Gene Set Enrichment analysis (GSEA) was undertaken to 

identify enriched Hallmark pathways within each intra-tumor cluster. Enrichment was reported 

for pathways with a P-value and False Discovery Rate (FDR)-value below 0.05. Hallmark GSEA 

identified that the #CD8, #CD4 and #NK clusters commonly shared Allograft rejection 

pathway. The allograft rejection pathway consists of genes upregulated during transplant 

rejection. Commonly enriched genes in the three clusters are listed in Table 2. The #CD4 and 

#NK clusters shared innate immunity pathways and #CD4 and #CD8 clusters shared Epithelial 

mesenchymal Transition and Angiogenesis pathways (Fig 5B). Uniquely enriched pathways in 

the #CD4 cluster included TNF signaling, Inflammatory response, IL6-JAK-Stat3, IL2-Stat5, 

complement and TGFβ signaling pathways (Fig 5C). In contrast, multiple metabolic pathways 

including Oxidative phosphorylation, Bile acid, Fatty acid, Xenobiotic and Heme metabolism 

pathways were enriched in the #M-DC cluster (Fig 5D).  

We also performed GSEA to identify enriched biological processes within each lymphocyte 

clusters to gain further insight on immune activation and immune escape pathways (Fig 5E). 

Altogether, the #CD4 #CD8 and #NK cluster shared 2 commonly enriched pathways, T cell 

selection and NK cell mediated immunity. Common pathways shared between #CD8 and #CD4 

clusters were multiple pathways in the adaptive immune response, whereas common pathways 

shared between #CD4 and #NK cluster were cytotoxicity regulation and lymphocyte immunity, 

and between #CD8 and #NK cluster natural killer cell mediated cytotoxicity (Table 3). 
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We turned to unique pathways within each cluster for hypothetic immune escape mechanisms 

(Table 4). Multiple pathways including myeloid dendritic cell and dendritic cells chemotaxis, 

but also tolerance induction and negative regulation of immune responses were associated 

with the #CD4 cluster. In addition, collagen biosynthesis and activation as well as TGFβ, VEGF 

and IL-6 production pathways were also enriched. These preliminary results demonstrate that 

the inflammatory microenvironment of patients in the #CD4 cluster contains both 

immunostimulatory and immunosuppressive pathways constituting a subgroup of patients for 

which a combination treatment strategy may be more impactful than anti-PD1 monotherapy. 
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Unique to the #CD8 cluster included several pathways in nerve development, neuropeptide 

signaling and norepinephrine secretion and production. Commonly enriched genes in these 

signaling pathways included SEMA3A, ADRA2C, OXTR, STX1A, and LRIG2. Among these 

SEMA3A is a known prognostic markers of worse prognosis in liver cancer associated with liver 

cancer tumor growth and progression.350 Adrenergic receptors including ADRAC2 are known 

to be involved in liver fibrosis pathology and their blockade can improve liver permeability.351  

 

Differential Gene expression and enrichment pathway analysis between 

‘noninflamed’, ‘cytotoxic’, and ‘non-cytotoxic’ patient subgroups identified 

by cytokine secretion 

 

Unsupervised clustering with the intra-tumor secreted cytokines permitted us to distinguish 

non-inflamed, cytotoxic, and non-cytotoxic patient subgroups within the lymphocyte-enriched 

tumors. We therefore wanted to test whether these differences would be also reflected in the 

RNAseq data from these patients and if we could identify enriched pathways involved in 

immune activation versus immune escape.  

463 genes were upregulated in the ‘cytotoxic’ subgroup and 302 genes were upregulated in 

the ‘non-cytotoxic’ subgroup compared to the ‘non-inflamed’ patients’ subgroup (Table 5 & 

6). 305 genes were uniquely upregulated in the cytotoxic subgroup versus 144 in the ‘non-

cytotoxic’ subgroup. Among those unique to the ‘cytotoxic’ subgroup included immune 

checkpoints BTLA, CTLA4, PD1, IL4I1, CD73, and GITR. Other genes related to immune 

activation included GZMA, CD80, CD8A, CD2 and HLA-DOB. Genes upregulated uniquely in 

the ’non-cytotoxic’ subgroup included SEMA3A, CXCL1 and HIF1A among others. However, 

enrichment pathway analysis did not draw clear differences based on the differentially 

expressed genes in each subgroup.  

 

  



 145 

Discussion 
 

The diversity of tumor immune microenvironments within HCC partly contributes to the 

heterogeneity of responses to immunotherapy treatment in the current clinical setting. Low 

levels of objective response rates from phase I/II clinical trials in early-stage HCC warrants the 

investigation of immune microenvironment subtypes in early-stage HCC.  In this preliminary 

study, we identified four intra-tumor immune clusters in early-stage HCC using flow cytometry: 

one myeloid-enriched cluster (#M-DC), and three lymphocyte-enriched clusters (#CD8, #CD4 

and #NK). The lymphocyte clusters had shared enrichment for CD69posCD8+PD1+ T cell 

infiltration, while the #M-DC cluster was poorly infiltrated with this cell subset. The #CD4 

cluster was strongly enriched for CD69posPD1+CD4+ T cells. Both cell types may represent 

infiltration in part by resident-memory cells based on their expression of CD69. However, 

recent studies have described CD103+ expression among PD1+ CD8+ T cells as an important 

marker of functional tumor reactive cells within HCC tumor microenvironment in the response 

to immune checkpoint blockade.226 Other markers of resident memory CD8+ T cells in the liver 

include CXCR3 and CXCR6 expression.352 CXCR6 has been recently identified as a marker of 

tumor-reactive T cells in HCC and associated with response to immune checkpoint 

blockade.353,354 However, CXCR6 expression on PD1hi CD8+ T cells in the liver is also associated 

with auto-aggressivity and increased incidence of NASH-HCC in mice.219,221 Therefore, 

consideration for both disease etiology as well as exhaustion levels must be taken into 

consideration in the assessment for appropriate cellular biomarkers of immunotherapy 

response, particularly in HCC.  For 18/28 patients, we have included flow cytometry antibodies 

for CXCR6 and CD103 surface markers to identify residency phenotypes across the lymphocyte 

subsets. For this preliminary study, we preferred to perform clustering on the major immune 

cell subsets shared across the entire cohort to keep the maximum number of included patients 

and to assess the feasibility of discriminating patients according to the relative proportions of 

cells. Nevertheless, the inclusion of CXCR6 and CD103 residency markers on lymphoid subsets 

remains vital to discriminate the quality of immune response over the quantity and how they 

correlate with each other, as well as with secreted proteins and corresponding transcriptome. 

 

Unsupervised analysis of cytokine secretion demonstrated another level of complexity, as it 

did not permit us to find clear distinctions between the #CD8, #CD4 and #NK lymphocyte 
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clusters. Instead, patients from #CD8, #CD4 and #NK clusters were mixed and distinguished 

by the level of cytotoxic molecules Granzyme B and Perforin, and cytokines CXCL10, CCL17 

and VEGFA, demonstrating that the description of subgroups solely based on the prevalence 

of a particular cell type may not be sensitive enough. Patients within the ‘cytotoxic’ subgroup 

displayed increased PD1 expression on intra-tumor CD4+ T cells and Tregs. Therefore, tumor 

infiltrating T cells within the ‘cytotoxic’ subgroup of patients may be chronically activated and 

exhausted compared to the cells within the ‘non-cytotoxic’ subgroup.  Indeed, uniquely 

upregulated genes within patients from the ‘cytotoxic’ subgroup included checkpoint 

molecules BTLA, CTLA4, PD1, IL4I1, CD73, and GITR. However, we do not know whether the 

cytotoxic group contains more tumor-reactive T cells or not, as recent studies in HCC patients 

treated with immunotherapy have demonstrated not all ‘T cell-enriched’ tumors respond to 

anti-PD1 immunotherapy, caused by a clonal expansion of PD1highCD39positive ‘terminally-

exhausted’ CD8 T cells in non-responders.229 Furthermore, in responders, clonally expanded 

PD1+ effector-like CD8+ T cells appeared to originate from ‘progenitor-exhausted’ CD8+ T cells 

in pretreatment biopsies.229 Furthermore, these cells were in proximity with CXCL13+ T-helper 

cells and mature regulatory dendritic cells, implying the need to consider a pre-existing co-

stimulatory source within the tumor microenvironment prior to PD-1 monotherapy treatment 

as well as consideration for the level of T cell exhaustion.229 Progenitor stem-like cells have 

been identified in HCC tumors as PD1-intermediate expressing cells and associated with 

improved survival.355 In this preliminary study, PD1 expression levels was not discriminated by 

the intensity of staining per sample. Although it would need validation, the level of PD1 

expression could also be included among CD8+ T cells to discriminate the quality of the cell 

subtypes within immune clusters over the quantity.  

 

We identified potential secreted factors associated with immune escape, including elevated 

VEGF-A secretion in the ‘cytotoxic’ subgroup of patients and MIF in the ‘non-inflamed’ 

subgroup. Furthermore, supervised analysis showed that specific to the #CD4 cluster was 

elevated CXCL1 and IL-8, as well as VEGF-A secretion in both #CD8 and #CD4 clusters. VEGF 

is a potent immunomodulatory molecule, inducing Treg proliferation, increasing PD1 

expression on T cells, inhibiting dendritic cell maturation, and driving the accumulation of 

immunosuppressive cell types, such as MDSCs.356–360 The #CD4 cluster was also significantly 

associated with T2 stage tumors. A previous study comparing immune profiles in HCC across 
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tumor stages noted that immune evasion peaks at T2 stage of HCC, with increasing 

frequencies of Tregs and exhausted T cells, and decreasing frequencies of activated CD8+ and 

NK cells.333 Progressive evolution of immune responses in HCC also coincided with tumor 

progression, including transcriptomic upregulation of Wnt signaling pathway in T2 HCC. This 

signaling pathway is known to promote immune escape and resistance to immune checkpoint 

blockade in HCC.361,362 A separate study of immunogenomic classification of HCC 

demonstrated that highly infiltrated ‘inflamed’ HCC has three components: immune active, 

immune-like and immune exhausted components.218 The immune-like subclass was enriched 

for Wnt-Beta catenin signaling pathway, whereas the immune-exhausted subclass was 

enriched for Wnt/TGFβ signaling. We observed enrichment for TGFβ signaling pathway 

specifically in the #CD4 cluster. TGFβ regulates cancer associated fibroblast activation, 

angiogenesis, metastasis and also suppresses anti tumor immune responses through T cell 

exhaustion and exclusion.363,364 

 

Limitations of this preliminary study include the small cohort and lack of clinical follow-up data 

to correlate the immune profiles to patient prognosis such as recurrence-free survival. In 

addition, while flow cytometry can permit the evaluation of the main cell subsets within 

tumors, we do not have an appreciation for the specific myeloid and dendritic cell subtypes 

for most patients. At this point, N=10 patients have been stained for the additional panel on 

myeloid cells which is not sufficient yet for comparison between the #CD8, #CD4, #NK and 

#MDC clusters. Also, it should be noted that the myeloid panel is applied to tumor samples 

with sufficient CD45+ cells to apply two panels, and we do not know if we are biased because 

of our assessment of myeloid cells within tumors that are more ‘highly’ infiltrated. 

 

Multiple oncogenic pathways can influence the immune profile in HCC. Resistance to 

immunotherapy involves the perturbation of neoantigen expression, processing, or 

presentation, as well as induction of T cell dysfunction through the recruitment of 

immunosuppressive cell subsets or alternative immunosuppressive molecules.365 Some driver 

mutations may also inherently resist immunotherapy. Specifically in HCC, changes in several 

oncogenic pathways such as Wnt/Beta-catenin, PI3K and TGFβ can impact T cell recruitment 

and function.217,361,366–370 We have conducted gene set enrichment analysis to gain an overview 

of molecular pathways that are common or unique to various intra-tumor immune clusters 
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and the cytotoxic and non-cytotoxic subgroups. However, considering the intricate nature of 

cell phenotypes and inflammatory signals for each patient, it would be more appropriate to 

employ single-sample GSEA or Gene Set Variation Analysis (GSVA) for patient subgrouping 

based on immune infiltration and signaling pathways. Moreover, we find it relevant to utilize 

published signatures specific to innate and adaptive immune pathways, and fibroblast 

activation, sourced from liver pathologies and HCC datasets for a more precise stratification. 

Furthermore, we will utilize signatures from the Hoshida and Chiang classifications which 

categorize and classify different molecular subtypes of HCC, associated with different clinical 

outcomes.371,372  

 

In addition, Whole Exome Sequencing (WES) has also been performed on paired intra-tumor 

and extra-tumor samples from patients included in this study, of which the data has not yet 

been analyzed.  This data will be used in part for the quantification of neoantigens, somatic 

copy number mutations, copy number alterations and TCR repertoire analysis.373 Copy number 

alterations can lead to loss of genes involved in antigen presentation in HCC and may be 

involved in immune exclusion or lack of tumor recognition by adaptive immune system.218,374  

The molecular subgroups identified by single sample GSEA in parallel with WES analysis, could 

then be correlated to the flow cytometry and cytokine secretion profiles. This will ultimately 

permit us to identify the immune escape phenotype they converge towards. These subgroups 

could then be validated in external cohorts of HCC patients undergoing immunotherapy 

treatment at Gustave Roussy Hospital, with the goal of predicting response to different 

combination treatment approaches.  However, we acknowledge that the use of transcriptomic 

data analysis though more exhaustive may not be suitable for routine clinical practice. 

Nonetheless, the use of flow cytometry and cytokine secretion holds the promise to be 

standardized and optimized with a rapid turnover in the application of improved HCC patient 

management in the advent of immunotherapy treatment.  

We also have flow cytometry, cytokines secretion and transcriptomics data from the margin of 

the resected HCC tumors. Our results showed interesting correlations between intra-tumor 

HCC clusters with margin and extra-tumor clusters. These tissues and cytokine secretion will 

provide insight into other immunosuppressive mechanisms that may influence the 
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microenvironment adjacent to the tumor, and whether these signatures are complementary 

or more impactful in deciphering the immune profile of HCC tumors.  

 

A further 20 patients are expected to be recruited and this could be an opportunity to apply 

more rigorous phenotyping for immune checkpoints to identify the exhaustive nature as well 

as functional assays to test the cytotoxic capacity of lymphocytes according to which cluster 

they belong.  
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Tables 
Table 1. Patients’ demographic and clinical characteristics 

  

Characteristic Patients (n=28)
Median Age (range) 72 (41-86)

Sex - no. (%)

        Female 2 (7%)

        Male 26 (93%)

Median Body Mass Index (range) 26 (22-35)

BCLC stage - no. (%)

        0 2 (7%)

        A 18 (64%)

        B 2 (7%)

        C 1 (4%)

        NA 4 (14%)

AJCC - no. (%)

        T1a 3 (11%)

        T1b 11 (39%)

        T2 13 (46%)

        NA 1 (4%)

Satellite Nodules - no. (%)

        No 19 (68%)

        Yes 6 (21%)

        Missing 3 (11%)

Microvascular Invasion - no. (%)

        No 21 (75%)

        Yes 6 (21%)

        Missing 1 (4%)

Positive Margins - no. (%)

        No 21 (75%)

        Yes 6 (21%)

Liver Disease - no. (%)

        Viral 9 (32%)

        Steatosis 4 (14%)

        Alcoholic Steatosis (ASH) 9 (32%)

        Non-alcolic Steatohepatitis (NASH) 6 (21%)

        No Liver Disease 1 (4%)

Fibrosis Score - no. (%)

        F1/F2 8 (29%)

        F3/F4 17 (61%)

        NA 3 (11%)

Elastometry (kPa) - median (range) 8.0 (3.7 - 23.2)

CAP (kPa) - median (range) 310 (201-351)

Blood values - median U/L (range)

        ALT 29 (7-143)

        AST 31 (19-69)

        GGT 43 (13-556)

        LDH 187 (140-284)

Albumin - median g/L (range) 41 (30-49)

Bilirubin - median umol/L (range) 9 (4-17)

AFP levels

       < 10 ng/mL 23 (82%)

       10 - 100 ng/mL 2 (7%)

       100 - 1000 ng/mL 1 (4%)

       > 1000 ng/mL 1 (4%)

       Missing 1 (4%)

CRP (mg/L) - median (range) 2 (0.2-19.7)

NLR - median (range) 2.3 (0.9-6.1)

dNLR - median (range) 1.6 (0.6-3.1)

Local Recurrence post-surgery - no. (%) 5 (18%)



 151 

 Table 2. Common and uniquely enriched genes in Allograft Rejection Pathway 

  

 

 

 

 

Shared 

#CD8/#CD4/#NK
Shared #CD8/#CD4 Shared #NK/#CD8 Shared #NK/#CD4 Unique #CD8 Unique #CD4 Unique #NK

CD96 ABI1 GCNT1 IGSF6 ACHE TLR6 STAB1

CXCL13 ELF4 APBB1 CCR1 TGFB2 NLRP3 ICOSLG

GLMN HLA-DOB IL11 F2 CCND2 EREG IKBKB

MAP4K1 IFNG IL12A FCGR2B CD7 FGR IRF7

CCR5 IL7 IL12RB1 IRF8 CARTPT FLNA MBL2

CTSS IRF4 PRF1 IFNAR2 SOCS5 HCLS1 MTIF2

ETS1 LCK CCL5 IL2RA HIF1A NOS2

F2R LTB TAP1 IL4R HLA-DMB TAP2

FYB1 NPM1 TLR3 IL13 HLA-DOA ST8SIA4

GBP2 PRKCG TRAF2 IL16 HLA-DQA1 CD40

SIT1 RPS9 ZAP70 ITGB2 ICAM1

CXCR3 CCL19 JAK2 IL1B

GZMA TNF LCP2 IL2

HLA-G CCR2 CCL2 ITK

FASLG UBE2D1 SPI1 LY75

IL2RB RIPK2 WARS1 LYN

IL6 CD3E WAS MMP9

IL18 CD40LG EIF3D CFP

INHBA CD247 SRGN

INHBB CD86 BCAT1

ITGAL CCL7

CXCL9 CCL22

NCF4 STAT4

TRAT1 TLR2

CRTAM TPD52

PSMB10 DEGS1

PTPN6 EIF3J

PTPRC IL18RAP

RPS19 BCL10

CCL4 CD4

CCL11

CCL13

STAT1

TGFB1

THY1

TIMP1

TLR1

CAPG

DYRK3

CCND3

CD2

CD3D

CD3G

CD8A

CD8B

CD28

CD80

LY86

CD79A

HDAC9
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Table 3. Commonly enriched Biological Processes in #CD8, #CD4 and #NK clusters in 

HCC 
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Table 4. Uniquely enriched Biological Processes in #CD8, #CD4 and #NK clusters in HCC 
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Supplementary Figures 
 

 

 

Supplementary Figure 1 Flow Cytometry Panel Gating Strategy for Immune Cells. Depiction of 

gating strategy for Immune cells panel is depicted and includes the following cell populations in order 

from ‘Among CD45+ cells’:  Monocyte/Macrophage/Dendritic cells (CD11b+ HLADR +), Neutrophils 

(CD11b+ HLADR -); ‘Among Lymphocytes’: total T cells (CD3+CD56-), NK cells (CD3-CD56+), NKT cells 

(CD3+CD56+); ‘Among CD3+ cells’: CD8+T cells, CD4+T cells, and Innate T cells (ILC); ‘Among CD4+ cells’: 

Tregs (CD25highFOXP3+). 

Live CD45+ cellsLymphocytes

CD3

C
D

4

Single cells

NKT

NK

Tregs

ILC

HLADR

C
D

1
1

B

Among CD45+ cells

Among Lymphocytes

CD45

L
iv

e
/D

e
a

d

Among CD3+ cells Among CD4+ cells

C
D

3

CD56 CD8 CD25

F
O

X
P

3

CD8p

CD4p

FSC-AFSC-A

S
S

C
-A

F
S

C
-H

CD69 PD1



 155 

 

Supplementary Figure 2 Flow Cytometry Panel Gating Strategy for Myeloid and Granulocytic cell 

subsets. Depiction of gating strategy for Myeloid/Granulocyte panel is depicted and includes the 

following cell populations in order from ‘Among CD45+ cells’: Total Myeloid cells (CD11b+ CD14 +), 

Monocyte/Macrophages (CD11b+CD14+CD33+HLADR+); MDSC (CD11b+CD14+CD33+HLADR-), CD68SP 

Macrophages (CD68+CD163-), CD68/CD163DP Macrophages (CD68+CD163+), Monocytes (CD68-CD163-

), Dendritic cells (CD11c+HLADR+), Mast cells (CD117+FcεRI+), Neutrophils (CD45lowCD15+). 
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Supplementary Figure 3. A/ Spearman correlation in paired tumor samples from patients between 

myeloid cell subsets (CD68+CD163+ Double-positive macrophages, CD68+ Single-positive 

Macrophages, Dendritic cells, Myeloid-derived Supressor cells (MDSC) and Monocytes with global cell 

population CD11B+HLADR+ (MoMacDC). B/ Spearman correlation in paired tumor samples from 

patients between Neutrophils (CD11B+CD16b+CD15+) with global cell population CD11B+HLADR- cells. 
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Supplementary Figure 4. Box plot of biological and clinical parameters. A/ The frequency of 

CD45+cells, CD45+ cell density, and HCC tumor lesion size compared across resected HCC immune 
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clusters (wilcox t-test). B/ Measurement of liver fibrosis (Elastometry) and Steatosis (CAP) by Magnetic 

Resonance Elastography and compared across resected HCC immune clusters (wilcox t-test). D/ Blood 

measurement of liver enzymes (AST, ALT, GGT and LDH), Bilirubin, Albumin, AFP, CRP, NLR, dNLR and 

compared across resected HCC immune clusters (wilcox t-test). 

 

Supplementary Figure 5. A/ Unsupervised clustering of margin infiltrating immune cell subsets. B/ 

Unsupervised clustering of extra-tumor liver tissue infiltrating immune cell subsets C/ Sankey diagram 

of patients with paired extra-tumor, margin, and intra-tumor immune phenotyping. The corresponding 

immune cluster per tissue zone is indicated.

C
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Discussion and Perspectives 
 

General Discussion – Chapters 1 & 2 
 

The liver is a frequent site of metastasis for patients with advanced colorectal cancer and has 

long been associated with poor prognosis in clinical practice. Significant advancements have 

been made over the past 20 years, increasing five-year survival rates from less than 5% to near 

50%. These improvements can be attributed to advancements in imaging techniques, surgical 

procedures, and the application of neo-adjuvant and adjuvant therapies. Although the current 

selection of biomarkers in MSS mCRC relying on RAS/BRAF mutational status has led to better 

outcomes for some subtypes, a considerable number of patients experience disease 

recurrence and refractory disease following surgical resection and will eventually succumb to 

liver metastatic disease. Therefore, the identification of reliable biomarkers of prognosis and 

new avenues for therapy treatment are desperately needed to combat these mechanisms of 

resistance in patients with mCRC. 

 

The first two chapters of the thesis addressed this question through a comprehensive 

assessment of tumor immune infiltrate, secreted factor measurement and multiplex 

immunohistochemistry within prospectively collected surgically resected colorectal cancer 

liver metastasis tissue from KRAS/BRAF mutated and KRAS/BRAF wildtype mCRC patients.  

Our observations revealed that increased mast cell and T cell infiltration correlated with 

prolonged RFS in chapter 1, while elevated neutrophil infiltration was associated with 

decreased RFS in chapter 2. Intriguingly, both effects were specific to KRAS/BRAF-wildtype 

patients. The high infiltration of mast cells correlated with response to pre-operative 

chemotherapy, whereas neutrophil infiltration was associated with stable disease or 

progressive disease in response to treatment. We did not find an impact of mast cells, 

neutrophils, or T cells on RFS in KRAS mutated patients. KRAS mutation is a poor prognostic 

marker in mCRC.182 KRAS mutation in colorectal cancer is associated with immune escape 

mechanisms including modulation of inflammatory pathways leading to immune escape, T cell 

dysfunction and activation-induced cell death.184,185 However, we did not delineate a specific 

immune escape mechanism in KRAS mutated tumors in this study as none of the patients 
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included had a prolonged RFS, despite their variable immune infiltration profiles. Also, it is 

relevant to mention that the comparison of immunologic profiles in KRAS mutated patients to 

those of KRAS/BRAF wildtype patients with decreased RFS may not be ideal as the patients 

more commonly receive chemotherapy combination with bevacizumab (anti-VEGF), which has 

its own immunomodulatory effects in mCRC.357 In KRAS/BRAF wildtype patients, tumor 

infiltration with mast cells or neutrophils was not impacted by treatment type. However, mast 

cell infiltration was significantly increased in chemotherapy-treated tumors. This result is in 

line with a previous retrospective study of the prognostic impact of immune responses in CRC 

liver metastasis treated by surgery alone or surgery with perioperative FOLFOX.165 They 

observed significant increase in mast cell infiltration in tumors, and this was positively 

correlated with prolonged RFS.165 The T-cell score in this study based on the numeration of 

CD3+T and CD8+T cells in the tumor and at the invasive front (margin) of the tumor was also 

associated with increased RFS. They found no effects of CD8+T cells alone on RFS in the study. 

This could be because there was no distinction performed between KRASwt and KRASmut 

tumors, of which we observed KRASmut tumors to all be low in mast cells, but to contain 

similar levels of CD8+T cells as KRASwt tumors, but with poor prognosis. We hypothesize that 

this may be due to other immune escape mechanisms present in KRASmut tumors despite an 

elevated CD8+ T cell infiltrate. 

 

Immunogenic cell death of cancer cells because of Flurouracil and Oxaliplatin chemotherapies 

have been linked to T cell infiltration, clonal expansion, and improved survival in CRC liver 

metastasis.170,171 Other studies have demonstrated their impact on enhanced cross 

presentation of tumor antigens by myeloid dendritic cells.375 Furthermore, cetuximab can 

enhance infiltration of T cells and antibody-dependent cellular cytotoxicity in patients who 

respond to treatment.169,375 Oxaliplatin is a platinum-based chemotherapy drug in the same 

family as cisplatin and carboplatin.  It has been previously reported that mast cells are activated 

by cisplatin in mouse models of kidney injury.376 However, we do not know whether this could 

be also directly activating mast cells in mCRC in the liver or whether mast cells are responding 

to secreted factors or immunostimulatory molecules in these tumors as a consequence of 

immunogenic cell death and T cell infiltration.   
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A proposed model of the tumor-immune microenvironment in KRAS wt mCRC patients with 

poor versus good prognosis is proposed in Figure 1. In mCRC patients with positive prognosis, 

higher mast cell infiltration was linked to their activation, as evidenced by increased histamine 

secretion. This activation positively correlated with CD8+T cell infiltration, CD69 expression and 

T effector memory RA (TemRA) phenotype. Further in vitro experiments using blood-derived 

mast cells pre-conditioned with tumor storage solution from patients with prolonged RFS 

increased granzyme B and IFNg expression in autologous lymphocytes. These results suggest 

a costimulatory role for mast cells in KRASwt patients with prolonged RFS. However, their 

precise role and function in vivo remains to be determined. Due to the limited number of cells 

in each sample, we could only perform one phenotyping panel of immune cells in mCRC which 

included the surface activation markers FcεRI and CD203c. The possibility to apply Nanostring 

GeoMxTM on mast cells in FFPE tissue sections was explored to look for differences in intra-

tumor mast cell transcriptome, however due to the low number of mast cells/mm2 in patients 

with high mast infiltration, it would not have been technically possible to obtain a sufficient 

transcriptomic depth on such low numbers of cells. Furthermore, recent proteomics analysis 

on human mast cells has demonstrated the disparity between transcriptomic and proteomics 

assessment on mast cells.  

 

Figure 1 Proposed model of the tumor-immune microenvironment within KRAS wildtype 

metastatic CRC patients with poor versus good prognosis. In patients with poor prognosis, elevated 
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TGFβ2 and TNF drive neutrophil infiltration, and T cell and mast cell exclusion. Neutrophils, fibroblasts, 

and tumor cells likely participate in a cellular crosstalk that fuels their proliferation and pro-tumor 

functions. Furthermore, activated fibroblasts are likely to be the major source of TGFβ that can also drive 

the proliferation and activation of Tregs, while suppressing dendritic cell maturation. In contrast, in 

patients with good prognosis, decreased levels of TGFβ2 and TNF are associated with increased 

prevalence and activation of mast cells, and T cells, and decreased prevalence of Tregs. Degranulated 

factors from mast cells such as histamine, could influence the activation and maturation of both 

dendritic cells and T cells and block the suppressive role of Tregs. 

 

Although we measured elevated histamine levels associated with mast cell presence, we do 

not know which cells are responding specifically to histamine. Histamine has pleiotropic effects 

on the immune system and depending on the receptor can differentially modulate immune 

responses.260 Histamine signaling through H1R on Tregs can suppress their function.202 

Histamine has also been reported to modulate dendritic cells to enhance their priming of T 

effector cells in mice.275 Mast cells have also been reported to be in proximity with dendritic 

cells and to form immunological synapses with them to promote T cell activation.377 It is also 

possible that mast cells play a direct costimulatory role toward T cells or protect effector T cells 

from myeloid cell-derived reactive oxygen species, which can restore their function and 

activation within the tumor microenvironment.276,277 To answer these questions, further work 

is required, notably experiments in mice. Several ideas include a liver metastasis model in OT-

1 mice crossed with Mast-cell specific knock-out mice, in which MSS CRC cell line over-

expressing OVA can be injected intra-hepatically. The subsequent injection of these mice with 

Mast cells pre-exposed to OVA peptide could help answer the question of whether mast cells 

can stimulate an anti-tumor immune response in vivo against intra-hepatically injected tumors. 

The modulation of the mast cells to be histamine deficient (Hdc-/-) in this model and the 

consequences on intrahepatic T cell activation and myeloid or dendritic cell maturation could 

also help answer our question on whether histamine from mast cells is critical in anti-tumor 

mediated immunity in liver tumors. 

 

The good impact of mast cells and elevated histamine goes against a recent publication that 

demonstrated elevated systemic levels of histamine due to allergies in breast and melanoma 

cancer patients was associated with decreased response to Immunotherapy treatment.279 

However, the direct causal link between allergies and cancer are controversial. For example, 

allergic diseases are associated with a decreased cancer risk in CRC, and inversely correlated 

with CRC mortality.378,379 However, elevated serum IgE concentrations are associated with 
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decreased survival in Estrogen-Receptor positive breast cancer.380 This demonstrates how the 

tumor immune microenvironment in different tissues could differentially program mast cells 

and lead to different patient outcomes. Also, the benefit of histamine may be specific to the 

liver. Notably, Stage IV melanoma patients treated with subcutaneous histamine and low-dose 

IL-2 had increased frequency of circulating IFNg+ T cells compared to patients treated with 

IL2 alone.381 Interestingly, patients with liver metastatic melanoma showed greatest 

improvement in survival rates under the Histamine/IL-2 treatment arm compared to liver 

metastatic patients treated with IL2 alone, whereas the survival of patients without liver 

metastasis did not significantly differ between groups.382,383 

 

Although TemRA cells have been reportedly associated with enhanced cytotoxicity,257,259 we 

cannot conclude that these cells are truly tumor-antigen specific and functional cells in our 

cohort. Ideally, single-cell RNA sequencing in combination with TCR sequencing could help 

identify which T cell subset is associated with clonal expansion and anti-tumor immunity. We 

had considered BD RhapsodyTM single cell gene expression profiling, however logistically it 

required cell sorting CD45+ cells and proceeding with freeze-thaw steps, both of which are not 

possible with neutrophils and mast cells, as they are highly sensitive to cell sorting and 

cryopreservation.  

 

Due to the small sample sizes and low number of cells, it was not possible to cell sort intra-

tumor mast cells and T cells in the cohort for invitro assessment of costimulatory phenotype 

of the mast cells or the cytotoxic capacity of the T cells. Therefore, the invitro assessment of 

the costimulatory role of mast cells was performed with blood-derived mast cells 

preconditioned in tumor storage solution from resected tumors. Although this experiment 

provided interesting results to support the notion of mast cell costimulatory function in mCRC 

specifically in patients with prolonged RFS, the exact mechanism remains to be elucidated. 

Although we were able to identify TGFβ2 as the main factor associated with decreased mast 

cell activation, we do not know what the driver of mast cell infiltration and activation in tumors 

is. Contrary to our expectations, soluble SCF and IL3 were not different between the patients. 

However, it is known that membrane SCF is an important driver of mast cell infiltration and 

maturation, which could explain this disparity. Given the inverse correlation of secreted TGFβ2 

on mast cell activation phenotype, it would be of interest to repeat the in vitro experiment 
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with TGFβR blocking on mast cells preconditioned in tumor storage solution from patients 

with poor prognosis to assess whether T cell activation can be restored. 

 

In KRASwt patients with poor prognosis, we observed significantly increased neutrophil 

infiltration in tumors, which positively correlated with blood absolute neutrophil counts (ANC), 

indicating systemic mobilization of neutrophils. For the first time, we demonstrate in KRASwt 

patients that this elevation of ANC is positively associated with enhanced tumor infiltration of 

neutrophils and that these cells are specifically prognostic for decreased RFS. Furthermore, we 

showed that the neutrophils appeared to derive from LOX1+ PMN-MDSC type neutrophils in 

the blood that migrated to the tumors. These cells are known to be highly 

immunosuppressive.308 In the tumors, neutrophils negatively impacted T cell and mast cell 

infiltration and positively correlated with the secretion of CXCL8, TGFβ2, and TNF. These three 

molecules negatively correlated with T cells, while TGFβ2 was negatively associated with mast 

cell activation. The absence of neutrophils in KRASwt patients did not always associate with 

elevated T cells or mast cell infiltration/activation, as we saw RFS was adversely affected in 

KRASwt patients with low neutrophils and low T cells or mast cells. This was primarily due to 

elevated TGFβ2 levels in tumors, which, when decreased, correlated with T cell infiltration, mast 

cell activation/histamine release and improved RFS. Therefore, in the absence of neutrophils 

and histamine, T cell infiltration was not rescued, and this may be due to TGFβ2 impact on 

mast cell activation. 

 

Future Directions – Chapters 1 & 2 
 

Proteomics profiling of tumor tissue storage solution 
In collaboration with Proteom’IC platform at Institut Cochin, mass spectrometry assessment of 

the tumor tissue storage solution and extra-tumor storage solution has been recently 

performed on N=10 KRASwt and N=5 KRASmut patients with good versus poor prognosis, 

detecting a total of more than 6500 proteins. A proteomic functional analysis could provide 

further insight on the biological processes associated with mast cell activation as well as TNF 

and TGFβ2 secretion in these samples 
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Testing and validating the secreted factors in liver metastatic biopsies 

from KRAS wild-type patients to predict RFS 
The secreted factors within the tumor microenvironment, termed the ‘secretome’, refers to all 

secreted factors ensuing from the crosstalk between the cancer cells, the tumor 

microenvironment (TME), as well as the tumor-infiltrating lymphocytes and other immune cell 

components.384 The secretome can provide information on carcinogenesis, neoangiogenesis, 

tumoral invasion and metastasis as well as chemotherapy resistance.385,386 Currently in the 

laboratory of research in translational immunology (LRTI) at Gustave Roussy directed by 

Aurélien Marabelle, are testing the measurement of the Tumor Interstitial Fluid (TIF) or “tumor 

juice” from biopsies of patients enrolled in immunotherapy clinical trials. This non-invasive 

measurement permits the measurement of proteins secreted or shed by tumor cells, stromal 

cells as well as TILs. Briefly, core biopsies are sampled from patients before and during 

treatment and left in 200µl of 0.9% NaCl for a set time before performing secretome 

measurements using the Mesoscale Discovery platform. Recent results (unpublished data) 

have demonstrated the utility of this method as a tool for predicting patient response, dynamic 

monitoring and evaluating the heterogeneity of responses within the same patient at different 

tissue sites.  

Although it would need validation, we could imagine the application of this procedure on liver 

metastatic biopsies in mCRC patients before the start of chemotherapy treatment and before 

resection to assess the levels of secreted proteins including Histamine, TNF and TGFβ2 to 

provide a reflection of the nature of the immune microenvironment in tumors and of possible 

escape mechanisms for which more personalized and targeted approaches could be applied 

to prevent recurrence.  

Identifying the cellular source and downstream effects of CXCL8, TGFβ and 

TNF 
CXCL8, TGFβ2 and TNF are three molecules involved in colorectal cancer malignancy, 

chemotherapy resistance and metastatic progression.178,314,317 They are also known chemo-

attractants of neutrophils, and closely linked to their pro-tumoral function in mCRC.287,288,319 

Furthermore, TGFβ2 and TNF are known to induce CAF activation in different models of liver 

pathologies, including liver metastasis.325,329,330 In our IHC-stained tissue sections, we observed 

a trend toward increased FAP-positivity within the tumor stroma of patients with decreased 
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RFS. A neutrophil-fibroblast crosstalk has been proposed in several pre-clinic models 

gastrointestinal tumors and liver metastasis mediated by TNF or TGFβ.178,329,387,388 The blockade 

of neutrophils and resulting fibrosis reduction in these models suggests a positive feedback 

loop between the cells in orchestrating tumor promotion and immune escape. 

Nanostring GeoMXTM or CosMXTM of the tumor cells, neutrophils as well as fibroblasts could 

help identify the cellular source of CXCL8, TGFβ and TNF as well as the amplified signaling 

pathways downstream of these factors in FFPE tissue sections of resected tumors. IHC 

multiplex staining of the downstream signaling pathways and cell subtypes at the protein level 

could validate and identify the cells responding to these factors. TNF and TGFβ are known to 

have synergistic effects in fibroblast activation, liver fibrosis and in the promotion of cancer 

cell proliferation, epithelial mesenchymal transition, and apoptosis inhibition.389 

The multiple mechanisms through which these factors can orchestrate chronic inflammation 

and poor prognosis leads us to question whether there is one key driver or if they work in 

tandem to facilitate immune escape in mCRC. Different drugs targeting TNF and TGFβ have 

been developed, including etanercept, infliximab, and certolizumab for TNF, and galunisertib, 

fresolimumab, and bintrafusp alfa for TGFβ. In a pancreatic cancer liver metastasis model, 

Etanercept in combination with immunotherapy promoted immune activation.329 In a mouse 

CRC liver metastasis model galunisertib in combination with anti-PDL1 significantly increased 

therapy efficiency.178 However, in early phase trials TGFβ targeted therapy has shown only 

modest effects in the clinic.390 Importantly, TNF levels are increased in colorectal cancer tumors 

resistant to oxaliplatin.391  Moreover, TNF production by tumors can trigger TNF-R1 dependent 

activation-induced cell death of CD8+T cells, as well as the activation and differentiation of 

MDSCs.326,392 As such, combinatorial treatment targeting both TNF and TGFβ may be more 

effective within liver tumors to boost survival and response rates. 
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General Discussion – Chapter 3 
 

In the advent of immunotherapy treatment for HCC, our preliminary study addresses the need 

for a better understanding of the immunopathologic contexture of primary resected HCC with 

the global aim to improve patient stratification for improved response to immunotherapies. 

HCC, being a leading cause of cancer-related death globally, has seen recent advances in 

immunotherapies targeting immune checkpoint molecules like PD-1 and CTLA-4.67,69 These 

therapies have shown promise in a subset of patients, but understanding the immune 

microenvironment is crucial, as only a limited percentage of patients exhibit objective 

responses to treatment. 

In Chapter 3 we addressed this question, through a comprehensive assessment of tumor 

immune infiltrate, secreted factor measurement and transcriptomic analysis within 

prospectively collected surgically resected intra-tumor, marginal and extra-tumor tissue from 

HCC patients. Initially, we identified distinct immune subclasses within HCC tumors based on 

flow cytometry cell phenotyping. These immune clusters, namely #CD8, #CD4, #NK, and #M-

DC, are characterized by the dominant immune cell subsets enriched within them. The 

identified immune clusters present varying different associations with clinical and biological 

factors. For instance, the #CD4 cluster is predominantly characterized by T2 stage tumors, 

while the #CD8 cluster shows higher CD45+ cell infiltration. In addition, the #CD4 cluster, 

though it contains high levels of CD4+ T cells, may be associated with the presence of largely 

exhausted CD4+ T cells, due to the higher prevalence of activated CD4+ Tregs. These findings 

suggest that immune suppressive mechanisms may be driven by increased Treg activation 

within the #CD4 cluster. 

Furthermore, the lymphoid clusters can be further subdivided into 'cytotoxic' and 'non-

cytotoxic' based on their secretome profiles. This division implies that the immune landscape 

within HCC tumors is not solely determined by the presence of immune cell types but also by 

the functional state of these cells, which may influence their response to immunotherapies. 

The 'cytotoxic' subgroup exhibits enhanced expression of specific immune checkpoints and 

cytotoxic factors, indicating a more active immune response, albeit with signs of exhaustion 

on the cells and increased activation of Tregs. On the other hand, the ‘non-inflammatory’ and 
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'non-cytotoxic' subgroup displays a unique set of enriched cytokines, suggesting different 

mechanisms driving immune escape. This observation underscores that the identification of 

specific immunologic subgroups in HCC is more nuanced and comprises both the proportion 

of immune cell types as well as the ensemble of secreted factors which shape the HCC immune 

microenvironment. 

We conducted gene expression analyses to understand the molecular basis behind these 

immune clusters. GSEA results demonstrate enriched pathways related to TNF signaling, 

inflammatory response, IL6-JAK-Stat3, IL2-Stat5 and TGFβ signaling in the #CD4 cluster. These 

pathways collectively indicate complex immune environment characterized by inflammation, 

and immune regulation.   

The 'cytotoxic' subgroup, which is characterized by an elevated secretion of specific cytotoxic 

factors, presents a distinct transcriptomic signature. The upregulation of genes associated with 

immune activation, such as GZMA, CD80, CD8A, CD2, and HLA-DOB, in this subgroup aligns 

with the observed cytotoxic secretome. Furthermore, the increased expression of immune 

checkpoint molecules like BTLA, CTLA4, and PD1 in this subgroup implies ongoing immune 

regulation and potential exhaustion, despite the cytotoxic phenotype.  

Despite some clear distinctions in the secretome profiles between the 'cytotoxic' and 'non-

cytotoxic' subgroups, enrichment pathway analysis on differentially expressed genes did not 

reveal clear differences between the groups. This suggests that the immunological landscape 

in HCC is influenced by different interconnected pathways that do not neatly segregate into 

distinct categories, at least at the transcriptome level when we group patients together. Rather, 

the dynamic interplay between immune activation and suppression may be a continuous 

process within these tumors. In summary, our study provides critical insights into the HCC 

immune microenvironment, where a lymphoid-myeloid dichotomy and a further subdivision 

into cytotoxic and non-cytotoxic subgroups are evident.  

Our research has its limitations, including a relatively small patient cohort. Expanding the 

cohort and obtaining longitudinal clinical data would strengthen the statistical power of our 

findings and allow us to draw more robust conclusions regarding the clinical relevance of the 

immune subtypes we have identified. While we have identified immune clusters, further 
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research is needed to explore the molecular mechanisms that underlie their immune profiles. 

Also, while we successfully characterized the main immune cell subsets within HCC tumors, we 

recognise the need for a more in-depth exploration of myeloid and dendritic cell subtypes as 

they play important roles in co-stimulation as well as co-inhibition of anti-tumor immune cells 

within the liver microenvironment. We have yet to characterize patient subgroups based on 

tissue resident memory markers CXCR6 and CD103. This additional layer of analysis, as well as 

discrimination on the intensity of PD1 expression on the cells, may help find better correlations 

between the ‘non-inflamed’, ‘cytotoxic’, and ‘non-cytotoxic’ profiles based on secretome 

analysis.  

Future Directions – Chapter 3 
 

Multi-Omics approaches for Precision Immunotherapy for HCC 
Our research holds potential to provide a comprehensive understanding of the immune 

landscape in HCC, by integrating various data sources, including flow cytometry, cytokine 

secretion and transcriptomics, along with upcoming Whole Exome Sequencing analysis. The 

incorporation of these diverse datasets can lead to the identification of very specific 

subgroups. The identification of distinct intra-tumor immune clusters and the associated 

immune profiles, as well as the elucidation of the intricate interplay between these clusters, 

presents a promising perspective for advancing precision immunotherapy in Hepatocellular 

Carcinoma (HCC). The heterogeneity of immune profiles in primary resected HCC underlines 

the need for tailored treatment strategies to ensure sensitivity and to prevent primary or 

acquired resistance. These include: (i) combination strategies that could promote immune cell 

activation and T cell priming; (ii) relieving tumor-microenvironment-induced immune 

suppression; and (iii) support the effector functions of anti-tumor immune cells.365  

By leveraging this detailed immune profiling, we can work towards developing personalized 

immunotherapies that target specific immune mechanisms and pathways, optimizing the 

clinical response and outcomes for HCC patients.  
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Concluding Remarks 
 

In summary, the research conducted in this thesis has led to advancements in our 

understanding of the immune microenvironment in mCRC and HCC. For mCRC, the study 

identified specific immune infiltrates, particularly mast cells and neutrophils that play distinct 

roles in prognosis and response to treatment in KRAS/BRAF wild-type patients. It also shed 

light on the potential costimulatory role of mast cells and their activation that may modulate 

anti-tumor immune responses. Despite limitations in sample size and the need for further 

mechanistic and validation studies, the research provides valuable information for future 

investigations, such as the proteomic analysis of secreted factors to predict recurrence and the 

cellular sources of critical molecules such as TGFβ and TNF. 

Regarding HCC, the study revealed the existence of immune subclasses and the dichotomy 

between lymphoid and myeloid cells within the tumor microenvironment. The identification 

of 'cytotoxic' and 'non-cytotoxic' subgroups based on secretome profiles added depth to the 

lymphoid subgroup in HCC. While we acknowledge the need for a larger patient cohort and 

more in-depth investigations into the residential, myeloid, and dendritic cell subtypes, it offers 

a valuable foundation in classifying HCC patients into immunologic subgroups. The multi-

omics approach, integrating flow cytometry, cytokine secretion, transcriptomics, and whole-

exome sequencing, could pave the way in the future for tailored treatment strategies targeting 

specific immune mechanisms and pathways, ultimately improving clinical responses and 

outcomes for HCC patients. 

In conclusion, a comprehensive approach to assess the tumor microenvironment in liver 

pathologies is crucial for identifying immune escape mechanisms and delivering more 

effective treatments. This research underscores the need for tailored approaches in addressing 

the diverse challenges presented by these complex diseases. 
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