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CHAPTER 1



INTRODUCTION

Immuuntherapie en het hepatocellulair carcinoom
L. Noordam, J. Kwekkeboom, R.A. de Man, D. Sprengers
NED TIJDSCHR ONCOL, Sept  2018, Vol. 15, No. 6: 210–17

Parts of this chapter have been published as a review in Nederlands 
Tijdschrift voor Oncologie.
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INTRODUCTION

I. Cancer
As of 2007, cancer is the leading cause of death in the Netherlands and, with 46,627 fatalities, it 
accounted for 30.4% of all deaths in 2018.1 In the USA, cancer is the second leading cause of death with 
approximately 600,000 deaths annualy.2 Globally, non-communicable diseases (NCDs) are responsible 
for the majority of deaths, and cancer is expected to rank as the leading cause in the 21st century.3 
The epidemiology of cancer is continually changing due to demographic changes including aging 
and population growth, changes in risk factors such as smoking and obesity, and the improvement 
in the detection and treatment of cancer. The changes in incidence and prevalence are unique for 

every histological subtype of cancer and vary substantially. Generally, the total number of cancer cases 
and deaths continues to increase due an aging and growing population, even for those cancers with 
declining age-standardized incidences and death rates.2 

I a. Hepatocellular carcinoma
Globally, liver cancer is the sixth most diagnosed cancer type and the fourth leading cause of cancer 
related death. In the past 20 years the incidence has increased by 62% to over 750,000 new cases a 
year.3 Hepatocellular carcinoma (HCC) accounts for approximately 80% of liver cancer cases, intrahepatic 
cholangiocarcinoma for 10-15%, and other rare types account for the rest. The current treatment of 
HCC only leads to a modest survival benefit, manifested by the small difference between the annual 
incidence and mortality rate of liver cancer, globally 841,000 and 782,000 cases respectively.3 This is 
partially caused by the limited treatment modalities; classical chemotherapeutics have no effect and the 
use of radiotherapy is restricted by liver toxicity.4 Furthermore, most HCC patients are diagnosed with 
advanced disease and only a small percentage of patients qualifies for the potential curative treatments 
such as liver transplantation, surgical resection or radiofrequency ablation (RFA). Patients with advanced 
HCC are only eligible for locoregional or systemic therapies.4 Sorafenib, a tyrosine kinase inhibitor, and 
regorafenib, a multi-kinase inhibitor, are currently the only systemic treatments for HCC that have shown 
an effect extending patient survival with an average of 3 months.5 

I b. Colorectal carcinoma
Colorectal carcinoma (CRC) is the third most common cause of cancer worldwide, with 1.8 million new 
cases each year. It is the second most common cause of cancer related death, with close to 900,000 
deaths annually and is therefore accountable for 1 in 10 cancer-related deaths.3 The incidence is 3-fold 
higher in developed areas, however survival is also better, causing low variation in mortality rates among 
the world. Europe ranks in the top regions regarding incidence rates. Age is a major risk factor for 
sporadic CRC, as it is uncommon in people under 40. The incidence increases significantly between the 
ages of 40 and 50, after which in further increases in each succeeding decade.6, 7 

Over the course of disease, more than 50% of CRC patients will develop metastatic disease in their 
liver, which eventually results in death for more than two thirds of these patients.8, 9 Currently, hepatic 
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resection of liver metastases of CRC (LM-CRC) is the only curative treatment option for patients with 
isolated liver metastasis. However, even with adjuvant treatment, resection is curative in only 20% of 
patients.9

I c. Malignant Mesothelioma
Malignant mesothelioma is a rare and aggressive form of cancer. In 2018, 30.443 new cases were 
diagnosed and 25.576 deaths were reported worldwide.3 It arises from mesothelial surfaces of the 
pleural cavity, the peritoneal cavity, tunica vaginalis of the testes or the pericardium. Malignant pleural 
mesothelioma (MPM) is the most common type and is associated with asbestos exposure, usually after 

a long latency period.10 Global incidence has risen over the past decades and is predicted to have its 
peak in 2020. The prognosis is unfavorable. The median survival is 4-13 months without treatment 11 
and 6-18 months for treated patients, regardless of the therapeutic approach.12-14 Due to its rarity there 
have been few prospective clinical trials and most knowledge has been gained from case series and 
pre-clinical research. In the last ten years no major breakthroughs have been reported and consequently 
systemic therapy has remained unchanged.15 Extensive investigations of the effects of implementation of 
radiotherapy and/or debulking surgery in standard treatment revealed variable success, but only when 
applied to select patient subgroups.16-18

Since traditional therapies yield unsatisfactory results in these three cancers, there is an urgent need 
for more effective therapies. Immunotherapy, in which a tumor-specific immune response is induced or 

stimulated, has gained momentum in the recent years and has been proven effective in the treatment 
of melanoma and lung cancer, amongst others,19 but research concerning its suitability for HCC, CRC 
and MPM is still in its infancy. Anti-tumor immune responses can be enhanced by stimulation of the 
tumor-specific immune response or by overcoming the immunosuppressive microenvironment. Besides 
immunotherapy, new molecular targeted therapies may potentially improve outcomes. Several targeted 
therapies, such as anti-angiogenic antibodies and small molecules, are currently under investigation.20 
In this thesis the focus is upon improving immunotherapeutic strategies and finding new targets for 
targeted therapies for these cancer types.

II. Tumor immune micro environment
Tumors are complex environments, composed of tumor cells, extracellular matrix (ECM), and supporting, 
non-malignant cells, such as stromal cells, endothelial cells and infiltrating immune cells. The tumor 
microenvironment is largely orchestrated by the immune cells, and is indispensable in tumor formation, 
as it promotes and contributes to survival, angiogenesis, genomic instability, proliferation and eventually 
migration of tumor cells.21, 22 Chronic inflammation is a hallmark of cancer, and at least 25% of cancers 
develop in chronically inflamed tissues caused by autoimmunity or viral infections.21, 23 For example, 
hepatitis B and C virus infections induce chronic liver inflammation which can eventually lead to 
development of HCC, with lifetime risk being as high as 38% in men infected with both hepatitis B and 
C.24, 25 Patients with a chronic inflammatory bowel disease (IBD), and thus chronic inflammation, have 
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an increased risk for CRC development,26 accounting for approximately 15% of deaths in IBD patients.27 
Similarly, mesothelioma is caused by chronic inflammation induced by persistent asbestos fibers, and 
exposure to asbestos leads to a 4.5-10% lifetime risk of developing malignant mesothelioma.14, 28

Once tumors have formed, the immune system tries to combat tumor growth. High numbers of tumor-
infiltrating lymphocytes, particularly CD8+ cytotoxic T cells (CTLs), are associated with improved disease 
outcome in various histological subtypes of cancer. However, accumulation of immunosuppressive 
cells, such MDSCs and Tregs, in the tumors disrupt the capacity of CTLs to effectively control cancer 
growth.29-31 Moreover, tumor cells appropriate some of the signaling molecules of both the innate and 
adaptive immune system, such as co-inhibitory immune checkpoints, chemokines and their receptors 
for immune resistance, tissue invasion, migration and metastasis. During tumor formation, the tissue 
architecture evolves into a highly specialized microenvironment characterized by chronic inflammation 
and a corrupted ECM and chronic inflammation.21 

In the next paragraphs, after detailing the function of immune checkpoint pathways, the 
immunosuppressive mechanisms exploited by the tumor micro environment of the three tumors studied 
will be described.

IIa. Immune checkpoint pathways
Inhibitory immune checkpoint pathways play a role in the prevention of undesired T cell activation. They 
maintain immune responses within a physiological range and protect the host against autoimmunity. 
Stimulatory immune checkpoints have the opposite effect and activation of these molecules leads to 
T cell activation and differentiation to induce an effective T cell response.32 After T cell receptor (TCR) 
signaling, induced by recognition of an antigenic peptide in a Major Histocompatibility Complex (MHC) 
molecule on an antigen presenting cell (APC), interactions between co-stimulatory and co-inhibitory 
receptors on T cells and their ligands on the APC play critical roles in T cell priming and activation, and 
in modulation of T cell differentiation, effector function and survival (Figure 1A).33 

The most well-known co-stimulatory receptors on T cells are CD28, 4-1BB (CCD137), OX40 (CD134) and 
glucocorticoid-induced TNFR-related protein (GITR). Activation of these molecules leads to proliferation, 
differentiation, survival, cytotoxic function and cytokine production of T cells. The most well-known 
inhibitory receptors include programmed death receptor-1 (PD-1), cytotoxic T-lymphocyte-associated 
protein-4 (CTLA-4), lymphocyte-activation gene 3 (LAG3) and T cell immunoglobulin and mucin-domain 
containing 3 (TIM3), which cause inhibition of the T cell cycle and effector function, immune tolerance, 
exhaustion and apoptosis upon binding to their respective ligands (Figure 1A).34 

IIb. The immunosuppressive tumor micro environment of HCC
The majority of HCC tumors arise in an inflamed liver, either due to chronic infection with hepatitis B or C 
virus or alcoholic or non-alcoholic steatohepatitis (NASH). HCC, therefore, can be considered a classical 
inflammation-induced cancer with some exceptions.35 The intra-hepatic chronic inflammatory processes 
promote hepatocarcinogenesis, as has been shown in mice with NASH.36 Prevention of HBV infection 
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by vaccination has shown to dramatically decrease the number of HCC diagnoses in Taiwan.37 Once a 
tumor has established itself in the liver, it induces complementary immunosuppressive mechanisms to 
evade immune control. By downregulation of MHC class I molecules on the tumor cells and reduced 
efficacy of antigen procession by APCs, the chance of T cell recognition is diminished.38 The tumor also 
attracts or induces intra-tumoral differentiation of immune suppressive cell populations, such as Tregs 
and myeloid derived suppressor cells (MDSCs), that, in turn, limit the anti-tumor responses of natural 
killer (NK) cells, CD4+ T helper (Th) cells and CTL in the tumor micro-environment.35 Additionally the co-
inhibitory pathways are reinforced; expression of CTLA-4, PD-1, LAG-3 and TIM-3 on tumor-infiltrating 
T cells and their ligands on APC and tumor cells are induced and play an important role in the inhibition 
of T cell reactivity in liver tumors39

IIc. The immunosuppressive tumor micro environment of CRC
Colorectal carcinogenesis is a multi-step process involving the accumulation of genetic alterations 
over time that ultimately leads to neoplastic growth. Immune cells are less involved in the initial 
oncogenesis.40 Genetic mutations in the adenomatomatous polyposis coli (APC)/β-catenin pathway are 
a key event and drive the development of sporadic CRC.41 Consecutive abnormal Wnt signaling leads to 
early adenomas and eventually mutations in oncogenes and tumor suppressors leading to the formation 
of advanced adenomas and CRC.41 This process promotes immune infiltration of cells of both the innate 
and adaptive immune system.42 The initial anti-tumor immune responses are then converted into an 
immunosuppressive response, which leads to tumor escape.42 This immunosuppressive environment is 
characterized by Tregs and MDSCs and the activation of the PD-1 and CTLA-4 pathway.43

Approximately 15% of CRCs are mismatch repair (MMR) deficient.44, 45 These tumors are characterized 
by a high mutational load due to a defective mismatch repair mechanism, display higher infiltration of 
activated CTLs and Th1 cells, and show increased intra-tumoral interferon-gamma (IFNγ) production 
compared to MMR-proficient CRCs. This immune activation is counterbalanced by upregulation of 
immune checkpoint pathways, including PD-1, PD-L1, PD-L2, CTLA-4, TIM-3, LAG3, B and T lymphocyte 
attenuator (BTLA) and indoleamine 2,3-dioxygenase (IDO).46-48

Compared to the primary tumors, LM-CRC are less frequently MMR deficient.49 They are generally 
characterized by more CTL infiltration compared to primary CRC, especially at the invasive margin of 
the tumor, but the numbers of T-cells surrounding the tumors and in the tumor centers are strongly 
variable between individual patients.50-52 Additionally, we have previously shown that both CTL and Th 
are functionally impaired.53 The role of immune checkpoint pathways in LM-CRC has not been studied 
yet.

IId. The immunosuppressive tumor micro-environment of MPM 
Asbestos carcinogenesis is driven by a chronic inflammation, induced by the deposition and persistence 
of the asbestos fibers.54 Inflammatory cells, in particular macrophages, play an important role in 

this process: promoting inflammation by releasing mutagenic reactive oxygen species and various 
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Figure 1. Co-inhibitory molecules inhibit T cell proliferation, differentiation and function, which 
can be blocked by checkpoint blockade. 
A. Overview of the most well-known co-inhibitory receptors, expressed by T cells, and their corresponding ligands, 
expressed by APCs or tumor cells. These molecules inhibit the T cell response after antigen recognition (by binding of 
the TCR to a peptide-MHC complex). B. Checkpoint inhibitors are monoclonal antibodies that inhibit the interaction 
between the co-inhibitory receptor and their corresponding ligand, which allows initiation of anti-tumor T cell responses 
and may lead to long-lasting clinical responses.
APC, antigen-presenting cell; CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; LAG3, lymphocyte activation gene 
3; MHC, Major Histocompatibility Complex; PD-1, programmed cell death protein 1; PDL1, PD-1 ligand; TCR, T cell 
Receptor; TIM3, T cell membrane protein 3.
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cytokines.55, 56 The chronic inflammation, in turn, causes necrosis and more secretion of cytokines, 
sustaining inflammation.57 This vicious cycle of chronic cell death and inflammation can lead to MPM.58 
Malignant pleural mesothelioma is a heterogeneic disease, which is also reflected in the tumor micro-
environment. The inflammatory component often found in mesothelioma has shown to be associated 
with survival.59, 60 Generally, intra-tumoral macrophages seem to be associated with worse patient 
outcome; in a cohort of 230 patients those with high intra-tumoral numbers of macrophages and low 
CTL numbers had a bad outcome, whereas patients with low macrophage and high B cell numbers had 
a better prognosis.59 Inhibitory immune checkpoint pathways also play a role in suppression of intra-
tumoral immunity, as it was shown that PD-L1 is expressed by tumor cells in 40% of patients, and is 
associated with poor survival.61

III. Tumor-specific immunity
As malignant cells differ from their normal counterparts and they often express aberrant proteins that 
can be presented by MHC class I molecules, they can act as a target for the immune system, CTL in 
particular. 

IIIa. Tumor associated antigens
These proteins are known as tumor-associated antigens (TAAs) and can be classified as follows; oncofetal 
(typically expressed during fetal development and in tumors), oncoviral (encoded by tumorigenic 
transforming viruses), overexpressed (expressed in both healthy and tumor tissues, but increased 
expression in tumors), cancer/testis (typically expressed in germ cells and tumors), lineage-restricted 
(typically expressed by one histological cancer type), mutated (only expressed in tumors, as a result 
of a mutation or alteration in transcription), posttranslationally altered (tumor-associated alteration in 
glycosylation, etc.) or idiotypic (present in malignancies of lymphocytic origin).62 Well-known examples 
are of oncofetal antigens are carcinoembryonic antigen (CEA), used for diagnosis and monitoring of 
CRC patients,63 and alpha-fetoprotein (AFP) and Glypican3 (GPC3) expressed in HCC.64 Human papilloma 
virus E6 and E7 proteins are oncoviral antigens, associated with cervical carcinoma.65 Examples of 
overexpressed antigens include mesothelin, overexpressed in mesothelioma,66 EpCam, overexpressed in 
CRC and HCC,67, 68 and human telomerase reverse transcriptase (hTERT), overexpressed in more than 85% 
of human cancers, including the three histological tumor types studied in this thesis.69-71 The melanoma 
associated antigen (MAGE) family and New York esophageal squamous cell carcinoma 1 (NY-ESO-1), 
both expressed in a multitude of cancers, including HCC, CRC and mesothelioma, are part of the cancer/
testis antigen family.72-74 Most lineage-restricted antigens are expressed in melanoma, and include 
Melan-A and Gp100.75, 76 β-catenin and p53 are mutated antigens, the former expressed in HCC and 
CRC and the latter in all three studied malignancies.77-80 Neo-antigens are another example of mutated 
antigens, and can either be shared between patients or patient-specific.81
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IIIb. Tumor-specific T-cell responses
Previous research has shown that the presence of tumor-infiltrating lymphocytes is associated with 
improved disease outcome in various histological subtypes of cancer, however, together with the 
inhibitory checkpoint pathway, the presence of MDSCs and Tregs disrupts the capacity of CTLs to 
control cancer.29-31 In various types of cancer, it has been shown that the tumor-infiltrating lymphocytes 
(TIL) contain tumor-reactive T cells that specifically recognize TAAs. In HCC, various TAA-specific T cells 
have been detected, both by our group and by other research groups. We have detected MAGE-C2 
and GPC3-specific intratumoral T cells.39 In blood of HCC patients, a wide variety TAA-specific T cells 
have been detected, including T cells directed against AFP, cyclophorin B (Cyp-B), NY-ESO-1, several 
MAGE-A antigens, hTERT, squamous cell carcinoma antigen recognized by T cells (SART), GPC3, p53 
and multiresistance protein 3 (MRP3).82 It was also shown that local ablative therapies, such as RFA and 
transarterial chemoablation (TACE), can enhance or induce these responses.35, 83, 84 The same effect was 
also seen in LM-CRC patients treated with RFA in whom increased cytokine T cell responses against 
a CRC cell line were observed.85 Thus, in CRC, tumor-specific T cells are also present, however, few 
spontaneous TAA-specific T cell responses have been described; one study found CEA, EpCam and 
her-2/neu-specific T cells in blood and others found peripheral tumor-reactive T cells by stimulating 
with autologous tumor lysate.86, 87 In mesothelioma, little is known regarding tumor-specificity of T cells, 
however, recently a CTL response against a neo-antigen was detected.88

IV. Cancer Immunotherapy
Identification of tumor-specific immune responses has led to the development of cancer immunotherapy. 
However, once tumors have formed, these tumor-specific immune responses are generally not sufficient 
to eradicate the tumor, as spontaneous tumor clearance is rare.89 In HCC, it has been shown that the 
TAA-specific T cells are lower in frequency, are present in fewer patients, and have decreased cytokine-
producing and cytotoxic capacity compared to virus-specific T cells.83, 90, 91 Furthermore, as discussed 
previously, the tumor harnesses several mechanisms to suppress the immune system including immune 
checkpoint pathways and attraction of immunosuppressive cells. Immune therapy is based on modifying 
the immune system to regain control of tumor growth, which can either be achieved by inhibiting 
immune suppression, activating the immune system or enhancing or inducing tumor-specific responses. 

As adoptive cell therapy, another type of cancer immunotherapy, falls beyond the scope of this thesis, 
it is not discussed here.

IVa. Therapeutic cancer vaccination
Vaccinations are widely used for prevention of infections, and have had a major global healthy impact. 
Just as vaccinations can be used to prevent infections with bacteria or viruses, they can also be used in 
oncology. Either preventive, by preventing infection with oncogenic viruses such as hepatitis B virus, or 
human papilloma virus (HPV), or therapeutically, by enhancing or inducing tumor-specific T cells that can 
then recognize and kill cancer cells. Until now, therapeutic cancer vaccines alone have shown to be not 
very effective, leading only to moderate antitumor responses. This is probably due to both suboptimal 



16

Chapter 1

target selection, also expressed by non-malignant tissues, and the immunosuppressive tumor micro-
environment preventing a successful immune response. However, advances have been made in target 
selection, vaccine technology and reversing the tumor micro-environment, by either debulking surgery 
or immune checkpoint inhibition. Moreover, as historically vaccines were used to prevent microbial 
infections, at first the principles of microbial vaccines were applied to cancer vaccine development. This 
may have caused the first vaccines to be less successful, as in contrast to microbial infections, which 
function primarily via antibody responses, T cells are the most important factor in anti-tumor responses. 
Using recently improved understanding of the principles of T cell activation and function, advances are 
being made in cancer vaccine development.81 By these new evolutions, therapeutic vaccination could 
become a valuable addition to cancer immunotherapy. A theoretical advantage of this therapy would be 
that memory T cells could reside and thereby would prevent new tumor formation.92 

There are three major categories of therapeutic cancer vaccines; molecular vaccines, in which tumor cell 
components, such as proteins or ribonucleic acid (RNA), are included in the vaccine; cellular vaccines, 
in which either autologous or allogeneic cells are used for the vaccination; and virus vector vaccines, 
in which a virus is exploited as the vaccine carrier. According to the framework of this thesis, we will 
highlight and discuss only the first two categories.

IVa1. Molecular vaccines

IVa.1-1 Peptide vaccines
Classical peptide vaccines consist of one or more short peptides of 8-11 amino acids which are antigenic 
epitopes that are recognized by CTLs in the context of specific human leukocyte antigens (HLA)-class I 
types. Even though treatment with short peptide vaccines induced T-cell responses in many clinical trials, 
no clear clinical benefits were achieved.93, 94 CRC vaccination with short peptides derived from TAAs ring 
finger protein 43 (RNF43) and translocase of outer mitochondrial membrane 34 (TOMM34) led to some 
CTL responses, but no clinical responses.95 In another trial, vaccination with short-peptides from RNF43, 
TOMM34, KOC1, vascular endothelial growth factor receptor (VEGFR)1 and VEGFR2 in metastatic CRC 
patients led to a complete response in 1 out of 18 patients, whereas 6 other patients had stable disease.96 
A phase II trial, in which this treatment was combined with chemotherapy and compared to vaccination 
and chemotherapy in HLA-mismatched patients, did not show a benefit of the peptide vaccination.97 The 
most promising study in CRC included advanced CRC patients which were treated with a personalized 
vaccine, in which maximally four HLA-matched short peptides were included, based on pre-existing host 
immunity. Immunological responses were observed, and they were significantly predictive of improved 
survival.98 Several short peptide vaccination studies have been performed in HCC, of which AFP was the 
first TAA to be targeted. AFP peptide vaccination in HLA-A2+ patients led to transient immunological 
responses, but no clinical effects.99 GPC3 peptide vaccinations, either HLA-A24:02- or HLA-A02:01-
restricted, led to detectable GPC-3 specific CTL responses and a positive correlation of these responses 
with patient survival, both in early HCC patients treated in an adjuvant setting after curative treatment as 
in HCC patients with advanced disease.100, 101 
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Most of these clinical trials used single short-peptides, which may not be able to overcome antigen 
loss, antigen heterogeneity or induce robust cytotoxic T cell and memory T-cell responses.93, 94 The 
short peptides can bind directly into the groove on the MHC class I molecules of all nucleated cells, 
and can therefore be presented by other cells than professional APCs. These cells cannot co-stimulate 
T cells, which lead to tolerogenic signals and T cell dysfunction.102 Moreover, these peptides are not 
presented by MHC class II and therefore do not activate Th cells, which are required for full activation 
of CTLs. Moreover, they are restricted to certain HLA-types and can therefore not be applied to all 
patients. This had led to the development of synthetic long peptides (SLPs), which are typically 20-30 
amino acids in length and contain both CD4 and CD8 T cell epitopes and circumvent HLA-restriction. In 
addition, as they are too long to fit directly in the MHC molecules, they require uptake and processing by 
professional APCs, leading to more effective T cell priming and induction of memory T cell responses.102, 

103 In mesothelioma, a phase II peptide vaccination study, using both short and long WT1 peptides, 
capable of stimulating both Th and CTLs in a HLA-unrestricted manner, showed induction of Wilms 
tumor protein (WT1)-specific CD4 and CD8 T cell responses, and moderate clinical efficacy.104 In CRC a 
p53-SLP vaccine led to p53-specific T cell responses, but with a suboptimal CD4 T cell polarization.105 
Addition of IFNα to the p53-SLP vaccine, induced significantly more IFNγ-producing CD4 T cells, but no 
data on clinical effects were shown.106 SLP vaccines have not yet been evaluated in HCC patients. 

IVa.1-2 RNA vaccines
RNA vaccines consist of RNA that encodes for TAA proteins and have several advantages over peptide 
vaccines; they are not HLA-restricted and are less dependent on adjuvants, as RNA itself can act as an 
adjuvant by providing costimulatory signals via toll-like receptor (TLR) activation, and thereby minimize 
the risk of inducing tolerogenic signals.107 The drawback of RNA vaccines is the relative instability of 
RNA and the low efficiency of RNA uptake by APCs. RNA degradation can be prevented by chemical 
modification and incorporation of modified nucleosides.108 To improve RNA uptake, different delivery 
methods have been tested, such as nanoparticles or liposomes. In addition, by adding either a MHC 
Class I or II trafficking signal, the presentation of MHC class I and II epitopes can be strongly improved, 
and leads to increased Th and CTL expansion and effector functions.109, 110 A recent clinical trial in which 
personalized poly-neo-epitope RNA vaccines were administered to advanced melanoma patients, led 
to immunological responses in all patients and sustained progression-free survival.111 Interestingly, 
vaccination with RNA encoding CTAs also induced robust CTA-specific T cell responses.111 In HCC, CRC 
and mesothelioma no clinical trials with naked RNA vaccinations have been performed.112

IVa2. Cellular vaccines
Cellular vaccines can comprise either immune cells presenting cancer antigens, or (killed) tumor cells 
themselves, and both can be either autologous or allogeneic.81 An advantage of this type of vaccination 
is that TAAs do not need to be identified and all possible relevant antigens are included. 
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Dendritic cell vaccines, in which autologous dendritic cells (DCs) are loaded with TAAs (either known 
peptide antigens, proteins or tumor lysate), have been studied extensively.113 Generally, they are 
characterized by their low complication rates and good tolerance.114 The sipuleucel-T treatment, consisting 
of autologous DCs activated ex vivo with a chimeric protein in which granulocyte-macrophage colony-
stimulating factor (GM-CSF) is fused to the TAA prostate acid phosphatase (PAP), is the first Food and 
Drug Administration (FDA) approved cancer vaccine, and is used to treat metastatic prostate carcinoma 
patients.115 In mesothelioma, DC vaccines, consisting of autologous DCs loaded with either autologous 
tumor lysate or allogeneic tumor lysates, have also proven to be feasible and safe.116 Currently a phase 
II/III randomized clinical trial is ongoing, in which therapeutic DC vaccination is compared with best 
supportive care (BSC). Also in HCC, various clinical trials have studied vaccinations with DCs loaded 
with HCC-specific antigens, and it seems that these vaccines can promote antitumor responses.117-119 
Both AFP-peptide vaccination and vaccination with DCs loaded with the same AFP-peptides induced 
transient immune responses, but failed to lead to clinical efficacy.99, 119 DCs loaded with autologous 
tumor lysate showed better clinical response rates, especially in patients treated with monthly boost 
vaccinations.120, 121 However, none of these vaccination strategies have advanced into phase III trials yet. 
In CRC a few phase I clinical trials with DC vaccines loaded with CEA peptides have been performed. All 
studies showed that the strategy is safe, and also some tumor regression was observed, correlating to 
the number of tumor-specific CTLs induced by the treatment.122-125 Of note, all these trials date from at 
least 15 years ago and no further advances have been made.

IVa3. Optimization of cancer vaccination therapies
The results discussed in the preceding paragraphs highlight the potential of therapeutic cancer vaccination 
strategies to elicit immunological and clinical anti-tumor responses. The development of multi-antigen 
vaccinations, targeting TAAs with oncogenic functions, may lead to superior tumor control, as antigen 
loss will not lead to tumor escape.91 Computer-guided HLA-epitope optimization may also lead to 
maximization of anti-tumor responses.126 Moreover, certain adjuvants can potentially enhance the efficacy 
of therapeutic vaccination including the induction of cytokine and chemokine production, recruitment 
of immune cells, promotion of antigen transport to lymph nodes and improvement of antigen stability, 
delivery, and processing and presentation to T cells.127 Certain adjuvants, such as tumor necrosis factor 
receptor (TNFR) ligands, TLR agonists like CpG oligodeoxynucleotides (CpG ODN) and GM-CSF aim at 
enhancing costimulatory signals for T cell activation. Another method is combining a molecular vaccine 
with TriMix, a mix of mRNA encoding for CD40 ligand, constitutive active TLR4 and CD70, which modifies 

and matures the DCs taking up the vaccine components in vivo.128 Besides enhancing T cell activation, 
vaccination therapy can also be optimized by altering the tumor microenvironment (TME), for example 
by co-treating the patients with checkpoint inhibitors (CPIs), which has shown promising results when 
combined with a tumor-specific vaccine in HPV-related cancer.129 Another strategy is a combination with 
low dose cyclophosphamide, which should selectively deplete Tregs, and thereby promote anti-tumor 
responses.130 Lastly, the TME can be removed by debulking surgery or tumor resection, and vaccination 
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therapy can be given as adjuvant treatment to clear the last tumor cells and prevent metastasis. In HCC, 
adjuvant treatment with a GPC3-peptide vaccination in patients who had received curative treatment, 
improved the recurrence rates in patients with GPC3-positive tumors.131 

IVb. Immune checkpoint-targeting therapies
Immune checkpoint inhibition therapy has revolutionized cancer therapy paradigms in the past 
decade, as it has shown to completely eradicate tumors in patients deemed incurable.132 By targeting 
co-inhibitory pathways with antagonistic antibodies, inhibitory signals are removed and existing anti-
tumor T cell responses can be unleashed (Figure 1B). Alternatively, the co-stimulatory receptors can 

be targeted with agonistic antibodies, which provide the second signal necessary for T cell activation. 

In the past decade the FDA has approved several different immune checkpoint blockade therapies for 
a variety of tumor types, targeting either the co-inhibitory PD-1/PD-L1 pathway or the co-inhibitory 
receptor CTLA-4.133 Likely, more checkpoint therapies for additional indications will be approved in the 
near future, including antibodies agonistically targeting costimulatory molecules.134 

Nivolumab, pembrolizumab (both anti-PD-1) and ipilimumab (anti-CTLA4) are the most well-known 
CPIs and have currently been approved by the FDA for treatment of melanoma, non-small cell lung 
cancer (NSCLC), renal cell carcinoma (RCC), Hodgkin lymphoma, head and neck squamous cell 
carcinoma (HNSCC), urothelial carcinoma, MMR deficient tumors of any origin, HCC and gastric and 
gastroesophageal carcinoma.133 So far, agonistic antibodies targeting co-stimulatory molecules have 
not been approved by the FDA for cancer treatment. Agonistically targeting CD137 demonstrated 
strong anti-tumor responses in murine studies.135 Unfortunately, clinical trials so far revealed lethal 
hepatotoxicity or lacked clinical efficacy.136, 137 Currently several trials are ongoing, either with adjusted 
dosing, or in combination with other immunotherapies. Preclinical studies with GITR and OX40 targeting 
antibodies showed promising results and are currently being tested in the clinic.138-141

Despite FDA approval of nivolumab for treatment of advanced HCC patients and the initial promising 
results,142 randomized phase III trials of anti-PD1 monotherapy did not demonstrate statistically 
significant improvements in overall survival.143, 144 Therefore, as for other cancers, combination therapies 
are now explored in several phase III trials.145, 146 Either dual CPI therapy, or a combination of a CPI with 
anti-angiogenic therapies, which are considered critical for antitumor efficacy in HCC as they enhance DC 
maturation, decrease the numbers of tumor-associated macrophages, Tregs and MDSCs and enhance 
T cell function and migration.146-150 The first results of such combination therapies are promising, as 
the combination of atezolizumab (anti-PDL1) and bevacizumab (anti-VEGF) led to better overall and 
progression-free survival than sorafenib in advanced HCC patients.151

Even though there is a strong correlation between TIL infiltration and overall prognosis in CRC, CPIs are 
only successful in a subset of CRC patients.48, 152-156 CPIs have shown to be especially favorable in the 
treatment of patients with tumors with a high tumor mutational burden (TMB).157, 158 As MMR deficient 
CRC, representing 10-20% of CRC patients, have a high mutational load, these tumors respond well to 
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CPI therapy.159 However, in MMR proficient CRC patients, CPI monotherapy barely has any effect.154, 

156 Nevertheless, there is a small percentage of MMR proficient patients with a high TMB, which may 
respond to CPI therapy.160 In addition, as LM-CRC are immunologically different from primary CRC in 
terms of immune infiltration, combined with the distinct immune environment in the liver, these tumors 
may respond differently to CPI.161, 162

In mesothelioma, clinical trials using CTLA-4 inhibitors failed to improve survival.163 As patients with 
PD-L1 expression on their tumors had worse survival, it is thought PD-L1 blockade may benefit these 
patients.61 Several trials are currently ongoing combining blockade of the PD-1 pathway with CTLA-4 
inhibitors or chemotherapy, however, most studies are still recruiting patients.14, 163 In a phase II trial, it 
was shown that the combination of ipilimumab and nivolumab led to a better disease control rate than 
nivolumab alone, but the results have to be confirmed in a phase III trial.164
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AIMS AND OUTLINE OF THE THESIS
The immune system is essential in fighting against foreign compounds and protects the body against 
infectious diseases caused by bacteria, viruses, fungi, parasites and their toxins. However anti-tumor 
immunity is hindered by the immunosuppressive tumor micro environment. 

In this thesis, we aim to find targets to stimulate and modulate the immune system, making use of its 
specific and inherent qualities, so it can regain control of tumor growth. The first approach investigated 
is stimulation of tumor-infiltrating T-cells by targeting of inhibitory and stimulatory immune checkpoint 
receptors, described in Chapters 2 and 3. In Chapter 2 we explore which checkpoint inhibitors are able 
to stimulate tumor-infiltrating T cells isolated from liver metastases of MMR-proficient CRC patients. In 
a pilot study, described in Chapter 3, we present preliminary data on the effects of a novel bispecific 
antibody, which co-targets a stimulatory and an inhibitory immune checkpoint, on ex vivo functions of 
tumor-infiltrating T cells from patients with HCC, primary CRC and liver metastasis of CRC.

The second approach studied is the stimulation of systemic anti-tumor T cell responses. To stimulate 
systemic anti-tumor T cells responses by therapeutic cancer vaccination, identification of targets 
uniquely expressed in the tumor and not in other tissues is critical for two reasons; it prevents auto-
immunity upon vaccination and enables induction of potent T-cells, as TCRs specific for self-antigens 
are negatively selected in the thymus. Therefore, in Chapter 4 we aim to find TAAs specifically expressed 
in HCC and not in other healthy tissues by performing an extensive analysis of CTA expression in HCC, 
healthy livers and other healthy tissues.

Once targets have been selected, the capacity of the immune system to recognize these TAAs needs to 
be assessed. Thus, in Chapter 5 we aim to investigate the immunogenicity of the CTAs found in Chapter 
4, by determining responses of both cellular and humoral responses against these CTAs in HCC patients.

Another approach to improve the effect of therapeutic cancer vaccination on systemic anti-vaccine T-cell 
responses is described in Chapter 6. Here, we investigate the effect of low-dose cyclophosphamide on 
its ability to decrease the number of circulating Tregs, as a synergistic treatment to therapeutic DC-
vaccination in malignant pleural mesothelioma patients. 

Finally, the implications of our findings are put into perspective in Chapter 7.
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Purpose
Liver metastasis develops in >50% of patients with colorectal cancer (CRC), and is a leading 
cause of CRC-related mortality. We aimed to identify which inhibitory immune checkpoint 
pathways can be targeted to enhance functionality of intra-tumoral T-cells in mismatch 
repair-proficient liver metastases of colorectal cancer (LM-CRC). 

Methodology
Intra-tumoral expression of multiple inhibitory molecules was compared among mismatch 
repair-proficient LM-CRC, peritoneal metastases of colorectal cancer (PM-CRC) and primary 
CRC. Expression of inhibitory molecules was also analyzed on leukocytes isolated from paired 
resected metastatic liver tumors, tumor-free liver tissues, and blood of patients with mismatch 
repair-proficient LM-CRC. The effects of blocking inhibitory pathways on tumor-infiltrating 
T-cell responses were studied in ex vivo functional assays. 

Results
Mismatch repair-proficient LM-CRC showed higher expression of inhibitory receptors on 
intra-tumoral T-cells and contained higher proportions of CD8+ T-cells, dendritic cells and 
monocytes than mismatch repair-proficient primary CRC and/or PM-CRC. Inhibitory receptors 
LAG3, PD-1, TIM3 and CTLA4 were higher expressed on CD8+ T-cells, CD4+ T-helper and/or 
regulatory T-cells in LM-CRC tumors compared with tumor-free liver and blood. Antibody 
blockade of LAG3 or PD-L1 increased proliferation and effector cytokine production of intra-
tumoral T-cells isolated from LM-CRC in response to both polyclonal and autologous tumor-
specific stimulations. Higher LAG3 expression on intra-tumoral CD8+ T-cells associated with 
longer progression-free survival of LM-CRC patients. 

Conclusion
Mismatch repair-proficient LM-CRC may be more sensitive to immune checkpoint inhibitors 
than mismatch repair-proficient primary CRC. Blocking LAG3 enhances tumor-infiltrating 
T-cell responses of mismatch repair-proficient LM-CRC, and therefore may be a new promising 
immunotherapeutic target for LM-CRC.
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INTRODUCTION
Colorectal cancer (CRC) is the third most common cause of cancer-related mortality worldwide.1-3 More 
than 50% of CRC patients develop metastatic disease to their liver over the course of their life,4 and liver 
metastasis is a leading cause of death from CRC.5-7 Unfortunately, surgical resection of isolated liver 
metastases of CRC (LM-CRC) is curative in only 20%-30% of patients,8, 9 and systemic therapy provides 
limited survival benefit.10 Patients with unresectable LM-CRC have a poor prognosis with a median 
survival of only two years.11 Therefore, there is a pressing need for more effective therapeutic strategies 
for LM-CRC.

The immune system plays a crucial role in cancer surveillance and elimination, and antibody blockade 
of inhibitory immune checkpoint pathways that suppress anti-tumor T-cell immunity and assist tumor 
immune evasion,12-16 has recently emerged as an attractive treatment option for multiple types of 
malignancies.17-21 Targeting the PD-1/PD-L1 inhibitory pathway has resulted in objective responses in 
17%-28% of advanced melanoma patients, 12%-27% of renal cell cancer patients, 10%-18% of non-small 
cell lung cancer patients and 20% of advanced hepatocellular carcinoma patients.22-25 In contrast, CRC 
patients hardly respond to PD-1 and PD-L1 blocking antibodies23-26, except for the minority of patients 
who are with mismatch repair (MMR)-deficient CRC.27, 28 A defective MMR enzyme system occurs in 
10%-20% of CRC tumors and results in microsatellite instability, which is used as a molecular marker of 
MMR-deficiency.29 It has been hypothesized that the observed difference in responsiveness to PD-1/
PD-L1 blockade between MMR-deficient and MMR-proficient CRC is related to the higher numbers 
of somatic mutations in MMR-deficient tumors, due to the reduced ability to repair DNA damage. The 
increased mutation rate may result in the presence of more mutation-encoded neo-antigens in the 
tumors, which elicit stronger anti-tumor T cell responses.27 Indeed, MMR-deficient CRC tumors are 
characterized by denser CD8+ T cell infiltration.30 They also have higher expression levels of inhibitory 
checkpoint molecules, probably to resist immune-mediated tumor elimination.31 Together, enhanced 
immune cell infiltration and upregulation of inhibitory immune checkpoints may render MMR-deficient 
CRC more sensitive to PD-1/PD-L1 blockade than MMR-proficient CRC. 

In LM-CRC the incidence of MMR deficiency is low,32 and it may therefore be expected that LM-CRC poorly 
respond to immune checkpoint inhibitors. Nevertheless, these tumors contain immune infiltrates, and 
increased numbers of tumor-infiltrating CD8+ T cells are positively associated with overall survival and 
response to chemotherapy,33, 34 indicating that intra-tumoral T cell immunity is an important determinant 
of LM-CRC progression. In addition, MMR-proficient LM-CRC are immunologically distinct from primary 
CRC in terms of immune infiltration.35 Moreover, the unique immune environment in the liver36 favors 
immunological tolerance,36 and one of the mechanisms used by the liver to resist immune responses is 
the induction of expression of inhibitory receptors on hepatic T cells37, 38 and their ligands on hepatocytes 
and other liver tissue cells.39 Previously we have observed that intra-tumoral CD8+ cytotoxic T cells (CTL) 
and CD4+ T helper cells (Th) are functionally compromised in LM-CRC,40 and we also demonstrated 
that the suppression mediated by intra-tumoral regulatory T cells (Treg) in LM-CRC can be alleviated 
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by blocking the inhibitory receptor CTLA4 and activating the stimulatory receptor GITR.41 However, the 
expression and functional roles of inhibitory receptor-ligand pathways in regulating tumor-infiltrating 
effector T cell responses have not been studied yet in LM-CRC.

Therefore, the aim of this study was to determine whether inhibitory immune checkpoint pathways can 
be targeted to enhance the functionality of tumor-infiltrating lymphocytes (TIL) in MMR-proficient LM-
CRC. We measured the expression of inhibitory receptors and their ligands on leukocytes isolated from 
paired resected metastatic liver tumors, tumor-free liver tissues (TFL) and blood of patients with LM-CRC, 
and compared their expression levels with those on leukocytes isolated from peritoneal metastasis of 
CRC (PM-CRC) and primary CRC. In addition, we studied the effects of antibody blockade of inhibitory 
pathways on TIL responses of LM-CRC in ex vivo functional assays. 

RESULTS

Comparison of immune infiltrates and expression of inhibitory molecules among MMR-proficient 
liver metastases, peritoneal metastases and primary CRC.
To speculate whether TIL in CRC tumors at different anatomical sites may differ in sensitivity to 
checkpoint inhibitors, we first compared frequencies of T cell and antigen-presenting cell (APC) subsets, 

Figure 1. Comparison of immune infiltrates and inhibitory molecule expression among MMR-
proficient liver metastases (LM), peritoneal metastases (PM) and primary CRC. 
A. The frequencies of CD8+ CTL, CD4+Foxp3- Th and CD4+Foxp3+ Treg within CD3+ TIL from LM-CRC (LM), primary 
CRC (P) and PM-CRC (PM). B. The frequencies of inhibitory receptor positive cells within CD8+ CTL, Th and Treg 
in LM-CRC, primary CRC and PM-CRC. C. The frequencies of B cells, mDC and monocytes (Mono) within CD45+ 
cells from LM-CRC, primary CRC and PM-CRC. D. The frequencies of inhibitory ligand positive cells within tumor-
infiltrating B cells, mDC and monocytes from LM-CRC, primary CRC and PM-CRC. Values of individual patients are 
shown, and lines depict medians. Differences were analyzed by unpaired t test or Mann-Whitney test; * p < 0.05, 
** p < 0.01, *** p < 0.001. 

Table 1. Patient characteristics.

 LM-CRC (n=53) PM-CRC (n=11) primary CRC (n=12)

Gender
(female/male)

16 / 37 4 / 7 5 / 7

Age (years)** 66.3 ± 3.3 56.9 ± 3.8 63.4 ± 3.4

Stage of disease (TNM) Stage IV n=53 Stage IV n=11
Stage I n=3, Stage II n=4, 

Stage III n=4, Stage IV n=1

MMR status
(deficient/proficient)

2/51 0/11 3/9

Abbreviations: CRC, colorectal cancer; LM-CRC, liver metastasis of CRC; PM-CRC, peritoneal metastasis of CRC; TNM, 
tumor-node-metastasis; MMR, mismatch repair. 
**Mean ± standard error of the mean.
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Figure 2. Expression of inhibitory receptors on CD8+ CTL, CD4+ Th and CD4+ Treg in the tumor, TFL 
and blood of MMR-proficient LM-CRC.  
PBMC and leukocytes isolated from LM-CRC tumors and TFL were stained with antibodies against PD-1, LAG3, TIM3 and 
CTLA4. A-B. Representative dot plots of inhibitory receptor expression on (A) CD3+CD8+ CTL and (B) CD3+CD4+Foxp3- 
Th in the tumor, TFL and blood; the gates were made according to appropriate isotype controls. C-E. The frequencies 
of inhibitory receptor positive cells within (C) CD8+ CTL, (D) CD4+Foxp3- Th and (E) CD4+Foxp3+ Treg in the tumor, TFL 
and blood. Values of individual patients are shown, and lines depict medians. Differences were analyzed by paired t test 
or Wilcoxon matched pairs test; * p < 0.05, ** p < 0.01, *** p < 0.001. 

as well as their expression of inhibitory molecules, between MMR-proficient LM-CRC, primary CRC, and 
metastases outside the liver. Two in all LM-CRC tumors and three out of twelve primary CRC tumors that 
we collected were MMR-deficient, whereas all eleven PM-CRC tumors were MMR-proficient (Table 1 
and Supplementary Table S1). The data of the five patients with MMR-deficient tumors are shown in 
Supplementary Fig. S1. 

We observed several interesting differences among MMR-proficient tumors from different anatomical 
locations. Firstly, both LM-CRC and PM-CRC contained significantly higher frequencies of CD8+ CTL 
and significantly lower frequencies of CD4+Foxp3- Th than primary CRC, while frequencies of Treg were 
similar in CRC tumors at all three sites (Fig. 1A). Secondly, CD8+ CTL in LM-CRC displayed a higher 
frequency of PD1+ cells than those in primary CRC, and also contained higher frequencies of TIM3+ and 
LAG3+ cells than those in PM-CRC, while CD4+ Th in LM-CRC displayed a higher frequency of LAG3+ cells 
than those in PM-CRC (Fig. 1B). Thirdly, CD4+Foxp3+ Treg in LM-CRC contained higher frequencies of 
PD-1+ and TIM3+ cells than those in primary CRC and PM-CRC, and also displayed a higher frequency of 
LAG3+ cells than those in PM-CRC (Fig. 1B). Finally, LM-CRC contained significantly higher frequencies 
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Figure 2. Expression of inhibitory receptors on CD8+ CTL, CD4+ Th and CD4+ Treg in the tumor, TFL 
and blood of MMR-proficient LM-CRC. (continued) 
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of myeloid dendritic cells (mDC) and monocytes than primary CRC (Fig. 1C), which not only can present 
tumor antigens to T cells but also express the inhibitory ligands PD-L1 (for PD-1), galectin 9 (for TIM3), 
MHC class II molecules (for LAG3), CD86 and CD80 (for CTLA4) (Fig. 1D). Hierarchical clustering analysis 
showed that the immunological data of most LM-CRC patients clustered together as did the data of 
most primary CRC patients (Supplementary Fig. S2). Together, these data indicate that the CD8+ 
CTL:Treg ratio, which is critical for immunological tumor control in primary as well as metastasized CRC,42 
is more favorable in CRC metastases compared to primary CRC. In addition, the increased expression of 
PD-1 on TIL suggests that TIL of LM-CRC may be more sensitive to blockade of the PD-1/PD-L1 pathway 
than TIL of primary CRC.     

Elevated expression of inhibitory receptors on CD8+ cytotoxic T cells, CD4+ T helper cells and 
regulatory T cells in MMR-proficient LM-CRC tumors. 
We isolated leukocytes from surgically resected metastatic liver tumors, TFL and blood of LM-CRC 
patients, and compared the expression levels of five inhibitory receptors (PD-1, TIM3, LAG3, CTLA4 and 
BTLA) on CD8+ CTL, CD4+Foxp3- Th and CD4+Foxp3+ Treg. When compared to TFL and blood, significantly 
higher proportions of CD8+ CTL, Th and Treg in TIL expressed PD-1 and TIM-3. In addition, TIL contained 
higher frequencies of CTLA4+ CTL and CTLA4+ Th, while LAG3 was overexpressed on CD8+ CTL in TIL 
when compared to TFL and blood (Fig. 2). Interestingly, the highest expression of CTLA4, which is 
functionally involved in the suppressive capacity of Treg,43 and also of PD-1 and TIM3 was found on 
tumor-infiltrating Treg. In contrast, frequencies of BTLA+ cells in intra-tumoral T cells were low, and they 
did not differ significantly from those in TFL and blood (Supplementary Fig. S3). Therefore, we focused 
on the other four receptors in the rest of this study. To investigate whether the expression of inhibitory 
receptors on circulating T cells had a relation with the expression on intra-tumoral T cells, we performed 
correlation analysis, as illustrated in Supplementary Fig. S4. There were significant positive correlations 
between the frequencies of PD-1+ CTL and PD-1+ Treg in the tumor and those in the blood, between 
the frequency of LAG3+ Th in the tumor and that in the blood, and between the frequencies of CTLA4+ 
Th and CTLA4+ Treg in the tumor and those in the blood. These results indicate that the expression of 
inhibitory receptors on circulating T cells partly reflects their expression on intra-tumoral T cells. 

Figure 3. Intra-tumoral antigen-presenting cells of MMR-proficient LM-CRC express inhibitory 
ligands. 
Expression of inhibitory ligands PD-L1, galectin 9 (GAL-9), MHC-II, CD86 and CD80 was measured by flow cytometry. 
A. The frequencies of CD19+ B cells, BDCA1+CD19- mDC and CD14+ monocytes (Mono) within CD45+ cells derived 
from tumors, TFL and blood. Values of individual patients are presented, lines depict medians. B. Representative 
histograms of inhibitory ligand stainings and isotype controls on tumor-infiltrating mDC, monocytes and B cells. C. 
The frequencies of inhibitory ligand positive cells within tumor-infiltrating B cells, mDC and monocytes in individual 
patients are presented; lines depict medians. D. The median fluorescence intensities (MFI) of inhibitory ligands on 
B cells, mDC and monocytes derived from tumors, TFL and blood of LM-CRC patients. Values of individual patients 
are shown, and lines depict medians. Differences were analyzed by paired t test or Wilcoxon matched pairs test; * 
p < 0.05, ** p < 0.01, *** p < 0.001.
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Intra-tumoral antigen-presenting cells express inhibitory ligands. 

To study the expression of inhibitory ligands PD-L1, galectin 9, MHC-II molecules, CD86 and CD80 on 
APC in LM-CRC tissues, we measured these molecules by flow cytometry. Three major APC subsets 
BDCA-1+CD19- mDC, CD14+ monocytes and CD19+ B cells were found in all tumors. The frequency of 
B cells was higher in tumors than in TFL, and the frequency of mDC was higher in tumors and TFL than 
in the blood, whereas the frequency of monocytes was lower in tumors than in the blood (Fig. 3A). 
The three different tumor-infiltrating APC populations expressed the five ligands at different levels and 
considerable variations between individual patients were observed (Fig. 3B, C). Intra-tumoral mDC and 
monocytes contained higher proportions of PD-L1+ and MHC-II+ cells than intra-tumoral B cells. The 
median fluorescence intensities of five ligands in APC subsets in the tumor, TFL and blood are presented 
in Fig. 3D, showing that the expression of inhibitory ligands is generally not increased on tumor-
infiltrating APC compared to APC in TFL. Together, the abovementioned data suggest that inhibitory 
interactions between T cells and APC in MMR-proficient LM-CRC are possible. 

Intra-tumoral T cells expressing inhibitory receptors show increased levels of activation markers.
Considering that increased expression of inhibitory receptors on T cells can be induced by recent 
activation, or by chronic stimulation that may lead to T cell dysfunctionality, we examined the ex vivo 

activation status and in vitro effector cytokine production of effector T cells derived from MMR-proficient 
LM-CRC. First we compared the expression of activation markers HLA-DR and CD69 on intra-tumoral 
T cells that do or do not express inhibitory receptors. Interestingly, PD-1+, TIM3+, LAG3+ or CTLA4+ CTL 
and Th showed a more activated status than PD-1-, TIM3-, LAG3- or CTLA4- CTL and Th, respectively 
(Fig. 4A, B). Subsequently, we assessed effector cytokine production of tumor-derived T cells after 
short-term PMA and ionomycin stimulation. Despite the activated status, the frequencies of inhibitory 
receptor positive CTL and Th cells that produced IFN-γ and TNF-α were reduced or similar to those in 
the respective receptor negative T cells (Fig. 4C, D). Interestingly, LAG3+ CTL and Th cells did not show 
reduction in cytokine production. Because among all studied inhibitory receptors, tumor-infiltrating CTL 
and Th showed the highest expression of PD-1 (Fig. 2C, D), we analyzed co-expression of PD-1 and the 
other three receptors. Co-expression of PD-1 and either TIM3, LAG3 or CTLA4 was found, especially in 

Figure 4. Tumor-infiltrating T cells expressing inhibitory receptors show increased expression 
of activation markers. 
TIL from MMR-proficient LM-CRC were stained ex vivo with antibodies against surface activation markers HLA-DR 
and CD69. A-B. The frequencies of HLA-DR+ or CD69+ cells in (A) CD8+ CTL and (B) CD4+ Th that do or do not 
express PD-1, TIM3, LAG3, or CTLA4 are presented (n=9-11). Lines show medians, whiskers depict minimum to 
maximum. Differences were analyzed by paired t test or Wilcoxon matched pairs test. C-D. TIL from MMR-proficient 
LM-CRC were stimulated with PMA and ionomycin at 37°C for five hours, in the presence of protein transport 
inhibitor brefeldin for the last four hours, followed by intracellular cytokine staining. The frequencies of cytokine-
producing cells in (C) CD8+ CTL and (D) CD4+ Th that do or do not express inhibitory receptors are presented (n=7-
12). Lines show medians, whiskers depict Min to Max, boxes indicate the 25th to 75th percentiles. Differences were 
analyzed by paired t test or Wilcoxon matched pairs test; * p < 0.05, ** p < 0.01, *** p < 0.001.
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CD8+ CTL, but expression of TIM3, LAG3 or CTLA4 without PD-1 was also observed (Supplementary Fig. 
S5). Similar to single receptor positive CTL and Th, double receptor positive CTL and Th showed reduced 
or comparable frequencies of IFN-γ and TNF-α producing cells to double receptor negative cells, while 
LAG3+PD-1+ CTL and Th did not show significant reduction in cytokine production (Fig. 4C, D). These 
data demonstrate that in general intra-tumoral T cells that express inhibitory receptors do not produce 
more effector cytokines, despite the activated status. 
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Antibody blockade of LAG3 or PD-L1 boosts ex vivo proliferation and effector cytokine production 
of T cells derived from MMR-proficient LM-CRC. 
Because PD-1, TIM3, LAG3 and CTLA4 are upregulated on T cells in MMR-proficient LM-CRC tumors, 
we tested whether blockade of the PD-1/PD-L1, TIM3/galectin 9, LAG3/MHC-II or CTLA4/CD80/CD86 
pathways could enhance the effector functions of tumor-derived T cells. We stimulated CFSE-labeled 
total tumor-infiltrating mononuclear leukocytes with CD3/CD28 beads, in the presence or absence 
of antagonistic antibodies against human PD-L1, TIM3, LAG3, CTLA4 or isotype controls (mIgG1 or 
mIgG2a). After four days of culture, T cell proliferation was measured by flow cytometry (Fig. 5A), and 
effector cytokine secretion in the culture supernatants was quantified by enzyme-linked immunosorbent 
assay. Fig. 5B illustrates that the baseline proliferation of CD8+ and CD4+ T cells derived from tumors was 
significantly lower than that of T cells from the blood of the same patients, indicating the proliferative 
function of intra-tumoral T cells is impaired compared to circulating T cells of patients with MMR-
proficient LM-CRC. Interestingly, treatment with anti-LAG3 antibody or anti-PD-L1 antibody significantly 
increased the proliferation of both CD8+ and CD4+ TIL compared with the control condition without 
antagonistic antibody (Fig. 5C). These two antibodies also significantly increased IFN-γ and TNF-α 
secretion (Fig. 5D). 

Antibody blockade of LAG3 or PD-L1 boosts ex vivo responses of T cells derived from MMR-
proficient LM-CRC to autologous tumor antigens. 
To investigate whether blockade of the aforementioned inhibitory pathways can enhance tumor-specific 
anti-tumor T cell responses, we stimulated CFSE-labeled total tumor-infiltrating mononuclear leukocytes 
with autologous blood-derived mDC preloaded with autologous tumor lysates, in the presence or 
absence of antagonistic antibodies, and measured CD8+ and CD4+ T cell proliferation after six days. 

Figure 5. Antibody blockade of LAG3 or PD-L1 boosts ex vivo proliferation and cytokine 
production of intra-tumoral T cells from MMR-proficient LM-CRC in response to polyclonal 
stimuli. 
CFSE-labeled TIL from LM-CRC patients were stimulated with CD3/CD28 beads for four days, in the presence 
or absence of 10 μg/ml antagonistic antibodies. A. Representative dot plots of CD3+CD8+ and CD3+CD4+ TIL 
proliferation in response to CD3/CD28 beads (a-CD3/CD28) in the presence or absence of antagonistic antibodies 
(a-) or isotype controls (iso ctrl). Dotplots indicated by “TIL” show proliferative responses in the absence of CD3/
CD28 beads. In all other conditions, CD3/CD28 beads were added. B. The percentages of proliferating cells (CFSE-
low) within CD8+ and CD4+ T cells derived from the tumor or blood in response to CD3/CD28 beads without 
addition of any antagonistic antibody. Values of individual patients are presented. C. Effects of antibody blockade 
of inhibitory interactions on CD8+ and CD4+ TIL proliferation (n=7-9). Because the proliferative responses differed 
between patients, the results are reported as relative proliferation in the presence of antibodies compared to 
baseline proliferation, which was calculated by dividing the percentages of proliferating (CFSE-low) T cells in the 
presence of antagonistic antibody or isotype control antibody by the percentages in the control condition with only 
CD3/CD28 beads. Values are depicted as means with standard error of the mean. D. IFN-γ and TNF-α accumulation 
in culture supernatants was quantified at day four by enzyme-linked immunosorbent assay. Values are depicted as 
medians with interquartile range (n=10-11). Differences were analyzed by paired t test or Wilcoxon matched pairs 
test; * p < 0.05, ** p < 0.01.
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Increased TIL proliferation against mDC loaded with tumor lysates compared with mDC without tissue 
lysates was observed in all five tested patients, while loading of mDC with normal liver lysates did not 
increase or minimally increased TIL proliferative responses (Fig. 6A, C). Addition of anti-PD-L1 antibody 
enhanced proliferative responses of TIL in all four tested patients, while treatment with anti-LAG3 
antibody increased both CD8+ and CD4+ TIL proliferation in four out of five patients. In three out of four 
patients anti-LAG3 antibody boosted CD8+ and/or CD4+ TIL responses to higher levels than anti-PD-L1 
antibody (Fig. 6A, C). After five hours of restimulation, intracellular expression of IFN-γ and TNF-α in 
proliferating T cells was analyzed, and was found to be enhanced by both anti-LAG3 and anti-PD-L1 
antibodies in most patients (Fig. 6B, D, E). Like in CD3/CD28 stimulations, anti-TIM3 and anti-CTLA4 
antibodies boosted TIL responses less strongly and also in less patients. 

Higher LAG3 expression on intra-tumoral CD8+ T cells is associated with longer progression-free 
survival of patients with MMR-proficient LM-CRC.   
In a subset of patients, we could analyze associations between the frequencies of inhibitory receptor 
positive TIL and patient progression-free survival after the LM-CRC resection. In survival analysis higher 
expression of LAG3 on CD8+ TIL, CD4+ Th and Treg was associated with longer time to recurrence (Fig. 7), 
whereas higher expression of PD-1 or TIM3 on CD8+ TIL was associated with shorter time to recurrence 
(data not shown). In multivariable analysis only LAG3 expression on CD8+ TIL was demonstrated to be 
an independent predictor of progression-free survival (Table 2), which supports its functional relevance 
to anti-cancer immunity in TIL of LM-CRC. We hypothesize that LAG3+CD8+ TIL may be highly activated 
T cells (Fig. 4A) stimulated by tumor antigens, but subsequently inhibited by increased and continuous 
expression of LAG3 and interaction with its ligands on APC and tumor cells, yet with preserved effector 
functions (Fig. 4C), which may control tumor growth. Because the sample size is small, these results 
need conformation in an independent study. In one fourth of the patients we only have data of LAG3 
expression on CD8+ TIL but not on CD4+ Th or Treg, so we did not include the latter T cell subsets in the 

Figure 6. Antibody blockade of LAG3 or PD-L1 boosts ex vivo responses of intra-tumoral T cells 
from MMR-proficient LM-CRC to autologous tumor antigens. 
Blood mDC loaded with autologous tumor lysates were used to stimulate CFSE-labeled TIL, in the presence or 
absence of 10 μg/mL antagonistic antibodies. After six days T cell proliferation and intracellular cytokine production 
were analyzed after re-stimulation with PMA and ionomycin. A-B. Representative dot plots of T cell proliferation 
(A), IFN-γ and TNF-α expression (B) in CD3+CD8+ and CD3+CD4+ TIL, in response to autologous mDC pre-loaded 
with tumor lysates (TIL+mDC+tumor lysate), in the presence or absence of antagonistic antibodies. TIL responses 
to mDC that were not pre-loaded with tumor lysates (TIL+mDC) served as controls to determine non-antigen-
specific TIL proliferation and cytokine production. C-E. Collective data of five patients tested. Each line and each 
color represent one patient. The results are reported as net tumor-specific responses, calculated by subtracting 
the percentages of proliferating (CFSE-low) T cells (C) or IFN-γ+ (D) or TNF-α+ (E) proliferating T cells in the control 
condition (mDC without tissue lysates) from the percentages in the conditions with tumor lysates (TL) in the absence 
or presence of antagonistic antibody. In two experiments an additional control was included, in which TIL were 
stimulated with blood mDC pre-loaded with normal liver lysates (NL), which did not lead to increased TIL responses. 



46

Chapter 2

multivariable analysis. The death events were too few to analyze overall survival of LM-CRC patients.

DISCUSSION
Checkpoint inhibitors have recently emerged as attractive treatments for several types of solid cancers. 
However, PD-1 and PD-L1 blocking antibodies were proven unsuccessful in CRC, with the exception of 
MMR-deficient CRC.23-25, 27, 28 The first aim of this study was to investigate whether the composition of the 
immune infiltrates and the intra-tumoral expression levels of inhibitory molecules in CRC metastases in 
the liver environment differ from those in primary CRC tumors and metastases outside the liver, which 
would suggest potential differences in sensitivity to checkpoint inhibitors among CRC tumors at different 
anatomical locations. The second objective was to determine whether targeting of inhibitory checkpoint 
pathways by antagonistic antibodies can enhance the functionality and anti-tumor responses of tumor-
infiltrating T cells in LM-CRC. Because the incidence of MMR deficiency in LM-CRC is low, we focused on 
MMR-proficient tumors.

This study is the first to investigate the expression levels of inhibitory receptors on TIL in LM-CRC. 
Similar to what we reported in hepatocellular carcinoma,44 intra-tumoral CD8+ CTL and CD4+ Th in MMR-
proficient LM-CRC displayed increased expression of PD-1, TIM3, CTLA4 and/or LAG3 compared to 
their counterparts in TFL and blood. In addition, we found selectively enhanced expression of PD-1 and 
TIM3 on intra-tumoral Treg (Fig. 2C-E). The elevated frequencies of inhibitory receptor positive cells 
in TIL together with the expression of their ligands on tumor-infiltrating APC (Fig. 3B-D) suggest that 
these inhibitory checkpoint pathways may be involved in intra-tumoral suppression of T cells in MMR-
proficient LM-CRC. 

Interestingly, we observed higher expression of PD-1 and/or TIM3 on CD8+ CTL and Treg in LM-CRC than 
in primary CRC, while expression of LAG3, TIM3 and/or PD-1 on CD8+ CTL, Th and Treg was higher in LM-
CRC than in PM-CRC (Fig. 1B). We hypothesize that these differences are due to the unique tolerogenic 
properties of the liver environment, which induces expression of inhibitory receptors on hepatic T cells 
both in diseased and healthy conditions.37, 38 Furthermore, we found increased proportions of CD8+ 
CTL in LM-CRC and PM-CRC compared with primary CRC (Fig. 1A). The observed differences between 

Table 2. Multivariable Cox proportional Hazard regression analysis of progression-free survival of 
patients with MMR-proficient LM-CRC.    

Variables  P value HR
95% CI for HR

Lower Upper

PD-1 on CD8+ TIL .160 2.418 .706 8.283

TIM3 on CD8+ TIL .774 1.183 .375 3.732

LAG3 on CD8+ TIL .032 .351 .135 .912

Abbreviations: TIL, tumor-infiltrating lymphocytes; HR, hazard ratio; CI, confidence interval. 
The hazard ratio is interpreted as the chance of recurrence occurring in the “> median” group to the chance of 
recurrence occurring in the “< median” group.
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Figure 7. Kaplan-Meier curves 
of progression-free survival 
(time to recurrence) in relation 
to LAG3 expression on intra-
tumoral T cells in MMR-
proficient LM-CRC. 
The cutoff values to divide the patients 
into two groups are the median 
percentages of LAG3+ cells in tumor-
infiltrating CD8+ CTL, CD4+Foxp3- Th or 
CD4+Foxp3+ Treg cells. 
Statistical analysis was performed by 
the Gehan-Breslow-Wilcoxon test, and 
differences were considered significant 
when p < 0.05.

MMR-proficient LM-CRC and 
MMR-proficient primary CRC are to 
some extent reminiscent of those 
found between MMR-deficient 
primary CRC and MMR-proficient 
primary CRC by Llosa et al. 31 They 
demonstrated that MMR-deficient 
primary CRC displayed higher 
infiltration with CD8+ CTL as well as 
upregulated expression of PD-1, PD-
L1, CTLA4 and LAG3 compared to 
MMR-proficient primary CRC, and 
suggested that these differences 
contributed to the enhanced clinical 

responsiveness to anti-PD-1 therapy of microsatellite instable CRC compared with microsatellite stable 
CRC.31 In addition, we found that LM-CRC contained increased frequencies of professional APC subsets 
(mDC and monocytes) (Fig. 1C), which may result in improved presentation of tumor antigens to intra-
tumoral T cells as well as more PD-L1 and MHC-II expression in LM-CRC compared with primary CRC, 
because in LM-CRC mDC and monocytes expressed more PD-L1 and MHC-II than B cells (Fig. 3C). 
Hierarchical clustering analysis showed that the immune phenotypical data of most LM-CRC tumors 
clustered together as did the data of most primary CRC tumors (Supplementary Fig. S2). These data 
confirm those of Halama et al., who demonstrated similar heterogeneity in composition of immune 
infiltrates between paired primary CRC tumors and liver metastases derived from the same patients.35 
We extracted and statistically analyzed their paired data of primary CRC and LM-CRC from 16 patients 
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and found a higher CD8+ cell density in LM-CRC than in primary CRC (Supplementary Fig. S6). 

Moreover, discrepancies in somatic mutations, copy number alterations, genetic and epigenetic 
molecular alterations between primary CRC tumors and matched liver metastases were revealed in up 
to a half of the cases, which may lead to higher mutational load and thereby more neo-epitopes in LM-
CRC.45-48 Together, these findings indicate major differences between liver metastases and primary CRC 
as well as peritoneal metastases, including differences in immune cell infiltration and inhibitory molecule 
expression, which may be at least partly induced by the liver environment. We therefore suggest that 
TIL of MMR-proficient LM-CRC may be more sensitive to PD-1/PD-L1 blockade and other checkpoint 
inhibitors than TIL of MMR-proficient primary CRC and CRC metastases at other anatomical locations. 
Nevertheless, to precisely compare the effects of checkpoint inhibitors on TIL of primary CRC and LM-
CRC, experiments with TIL from paired tissues might be needed but were unfortunately not available in 
the current study.

To determine whether TIL expressing inhibitory receptors represent T cells that are recently activated 
upon recognition of tumor antigens, or are dysfunctional due to chronic antigenic stimulation, we 
studied their ex vivo activation status and in vitro effector cytokine production. Similar to what we 
reported in hepatocellular carcinoma,44 intra-tumoral CD4+ Th and CD8+ CTL expressing any of the 
four inhibitory receptors showed a more activated status but produced reduced or similar levels of 
effector cytokines than their counterparts not expressing the corresponding inhibitory receptor (Fig. 4). 
However, in our ex vivo cultures, tumor cells that may express inhibitory ligands are lacking, so the TIL 
might be less functional in vivo and need checkpoint inhibitors. Nevertheless, proliferative responses 
of tumor-derived T cells to CD3/CD28 stimulation were lower than those of circulating T cells (Fig. 5B). 
Consistent with what others reported on IFN-γ production by CD8+ TIL in primary CRC patients,49, 50 
our results demonstrate a certain degree of dysfunctionality of intra-tumoral CD4+ Th and CD8+ CTL in 
MMR-proficient LM-CRC, which may be at least partly due to inhibitory checkpoint interactions between 
T cells and APC subsets in the TIL cultures, but not complete dysfunctionality. 

This study is also the first to investigate the effects of antibody blockade of four inhibitory checkpoint 
pathways on responses of TIL isolated from MMR-proficient LM-CRC. In both polyclonal T cell activation 
and tumor-specific TIL stimulation assays, increased proliferation of TIL and increased production of 
effector cytokines were observed upon the addition of anti-LAG3 antibody or anti-PD-L1 antibody (Fig. 
5 and Fig. 6) In some patients ex vivo anti-tumor responses of TIL were more robustly enhanced by anti-
LAG3 antibody than by anti-PD-L1 antibody (Fig. 6), suggesting that LAG3 might be the most promising 

target for immunotherapy of LM-CRC among all four checkpoint pathways tested in this study. However, 
these data need confirmation using TIL from a larger number of patients. The superiority of LAG3 
blockade compared to PD-L1 blockade was more seen in tumor antigen-specific stimulation than in 
polyclonal stimulation. We hypothesize that the small proportion of LAG3+ TIL is strongly enriched with 
tumor antigen-reactive T cells, which are known to constitute only a small proportion of all tumor-
infiltrating T cells. In addition, we propose that PD-1 is expressed on a larger fraction of TIL which 
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contains more non-tumor antigen-specific T cells. Although TIM3 blockade was reported to reduce T 
cell apoptosis and inhibit tumor growth in a mouse CT26 colon tumor model,51 little effect was observed 
in our experiments using TIL derived from human LM-CRC. This result also contrasts to our recent 
observation that ex vivo responses of TIL isolated from hepatocellular carcinomas can be invigorated 
by TIM3 blockade.44 This difference may relate to the lower expression of galectin 9 on APC subsets in 
LM-CRC compared to hepatocellular carcinomas. 

Because we were interested in the net effects of checkpoint inhibitors on TIL responses in a context that 
reflected the LM-CRC tumor microenvironment as much as possible, we used total tumor-infiltrating 
mononuclear leukocytes in our functional assays, which contained both T cells expressing inhibitory 
receptors and APC expressing inhibitory ligands. As a consequence, tumor-infiltrating Treg,40, 41 type 
1 regulatory T cells52 and probably other types of immune suppressor cells were also present in these 
assays. Therefore, the reported functional effects of checkpoint inhibitors on effector T cells in these 
assays may be partly indirect, mediated by effects of these antibodies on suppressor cells. The effects 
of checkpoint inhibitor on effector T cells in our assays might even be counteracted by its effects on 
suppressor cells. We found that half of Treg in LM-CRC tumors expressed PD-1, and blocking PD-1/
PD-L1 interaction was shown to enhance the suppressive function of Treg isolated from liver tissues of 
patients with chronic hepatitis C infection.53 

Interestingly, higher expression of LAG3 on CD8+ TIL was associated with longer time to recurrence of 
patients with LM-CRC. We hypothesize that LAG3+CD8+ TIL are cells which have recently been activated 
(Fig. 4A) by recognition of antigens in the tumor, and upregulate LAG3 expression in response to 
activation but still have functional capacity to exert effector functions and delay tumor growth (Fig. 
4C). LAG3 expression is upregulated on T cells after activation and differentiation,54, 55 and intra-tumoral 
T cells that recognize tumor antigens are characterized by expression of LAG3 and other inhibitory 
receptors.56 Although chronic tumor antigen stimulation in the tumor microenvironment can induce T 
cell exhaustion with simultaneous induction of high expression of multiple inhibitory receptors, this does 
not mean that all CD8+ TIL which express one or more inhibitory receptors at any level are functionally 

exhausted. Indeed, a recent mouse study showed that tumor antigen-specific TIL which expressed LAG3 
or PD-1 produced IFN-γ in situ and had cytolytic potential.57 Likewise, in the current study we observed 
that LAG3+CD8+ TIL in LM-CRC were not functionally impaired (Fig. 4C). Nevertheless, they could be 
functionally invigorated upon antibody blockade of LAG3 (Fig. 5 and Fig. 6), indicating that interaction 
of LAG3 with its ligands serves as an extrinsic mechanism in the tumor microenvironment which inhibits 
their functionality. 

Our study has several limitations: (1) Due to the finite numbers of isolated TIL, the tumor-specific 
stimulation assay could only be performed in a limited number of LM-CRC patients (Supplementary 
Table S1), neither could all the conditions be tested in every functional assay, nor could the relation 
between the expression of inhibitory molecules on TIL and the effects of checkpoint inhibitors on TIL 
responses be well analyzed. (2) We could not study paired LM-CRC, primary CRC and PM-CRC tumors 
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from the same patients because primary and metastatic CRC tumors were resected at different time 
points and in different hospitals. (3) MMR-deficient tumors could not be studied well, because we 
received fresh tissues from only a few MMR-deficient tumors during our study.

In conclusion, increased frequencies of CD8+ CTL, mDC and monocytes as well as increased inhibitory 
receptor expression on intra-tumoral T cells in MMR-proficient LM-CRC suggest that TIL of MMR-
proficient LM-CRC may be more sensitive to immune checkpoint inhibitors than TIL of MMR-proficient 
primary CRC. Blockade of LAG3 and PD-L1 can both enhance ex vivo functions of tumor-infiltrating 
T cells from MMR-proficient LM-CRC. Therefore, these two inhibitory pathways may be potential 
immunotherapeutic targets for the most prevalent metastatic liver cancer, despite the lack of MMR 
deficiency. Clinical studies focusing on responses of LM-CRC to anti-LAG3 and combination with anti-
PD-L1 or anti-PD-1 antibodies12, 58 are required to conclude whether this prediction based on our 
preclinical study is correct.

PATIENTS AND METHODS

Patients and specimens 
Fifty-three patients who were eligible for surgical resection of LM-CRC were enrolled in the study from 
November 2013 to March 2017. Another twelve patients who received surgical resection of primary CRC 
and another eleven patients whose PM-CRC were surgically resected before hyperthermic intraperitoneal 
chemotherapy were enrolled in the study from February 2016 to December 2016. Fresh tissue samples 
from hepatic tumors, tumor-free liver tissues as distant as possible from the tumor (minimum 1cm 
distance), colorectal tumors and peritoneal tumors were obtained. Peripheral blood from LM-CRC 
patients was also collected on the day of resection. None of the patients received chemotherapy or 
immunosuppressive therapy at least three months before surgery. The clinical characteristics of the 
patients are summarized in Table 1. The study was approved by the local ethics committee, and signed 
informed consent from all patients was obtained before tissue and blood donation.

Cell preparation
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density gradient centrifugation. Single 
cell suspensions from tumors and tumor-free liver were obtained by tissue digestion. Briefly, fresh tissues 
were first cut into small pieces and then digested with 0.125 mg/mL collagenase IV (Sigma-Aldrich, St. 
Louis, MO) and 0.2 mg/mL DNAse I (Roche, Indianapolis, IN) in Hanks’ Balanced Salt solution with Ca2+ 
and Mg2+ (Sigma, Zwijndrecht, The Netherlands) for 30 minutes at 37 °C with interrupted gently swirling. 
Cell suspensions were filtered through 100 µm pore cell strainers (BD Biosciences, Erembodegem, 
Belgium) and mononuclear leukocytes were obtained by Ficoll density gradient centrifugation. Viability 
was determined by trypan blue exclusion.
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Flow cytometric analysis
Fresh peripheral blood mononuclear cells (PBMC) and leukocytes isolated from tissues were analyzed 
for expression of surface and intracellular markers using specific antibodies (Supplementary Table S2). 
Cell surface staining with fluorochrome-conjugated antibodies was performed in the dark at 4°C for 30 
minutes, then cells were washed and resuspended in phosphate buffered saline with 0.2 mM EDTA and 
0.5% human serum. For Foxp3 and CTLA4 staining, cells were fixed and permeabilized using the Foxp3 
staining buffer set (eBioscience, Vienna, Austria). For intracellular cytokine staining, cells were stimulated 
with 40 ng/mL PMA (Sigma, Zwijndrecht, The Netherlands) and 1 µg/mL ionomycin (Sigma) at 37°C for 
five hours in the presence of 5 µg/mL brefeldin (Sigma) for the last four hours, followed by staining of 
IFN-γ and TNF-α upon fixation and permeabilization using the Foxp3 staining buffer set. Dead cells were 
excluded by using a LIVE/DEAD fixable dead cell stain kit with aqua fluorescent reactive dye (Invitrogen, 
Paisley, UK). Cells were measured using a FACS Canto II flow cytometer (BD Biosciences, San Diego, USA) 
and analyzed using FlowJo software (version 10.0, LLC). Appropriate isotype control antibodies were 
used for gating purposes (Supplementary Table S2). 

Ex vivo polyclonal T cell activation assay
All LM-CRC cell cultures were performed in complete medium RPMI 1640 (Lonza, Breda, The Netherlands) 
supplemented with 10% human AB serum (Invitrogen), 2mM L-glutamine (Invitrogen), 50 mM Hepes 
Buffer (Lonza), 1% penicillin-streptomycin (Life Technologies), 5mM Sodium Pyruvate (Gibco) and 1% 
minimum essential medium non-essential amino acids), at 37°C. TIL and PBMC from LM-CRC were 
labeled with 0.1 µM carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen); afterwards 105 TIL 
or PBMC were cultured in 200 µl complete medium in each well of a 96-well round-bottom culture plate 
and stimulated with anti-human CD3/CD28 dynabeads (Gibco-Life Technologies AS, Norway) at a cell : 
bead ratio of 10:1, in the presence or absence of 10 μg/ml antagonistic monoclonal antibodies against 
human PD-L1 (clone 5H1, kindly provided by Dr. Haidong Dong, Mayo Clinic College of Medicine59), 
TIM3 (clone F38-2E2, Biolegend, San Diego, USA60, 61), LAG3 (clone 17B4, AdipoGen, Liestal, Switzerland62) 
or CTLA4 (clone BNI3, Beckman Coulter, Marseille, France63), or isotype-matched control antibodies 
(mIgG1 and mIgG2a, Biolegend, London, UK). In preliminary experiments a cell : bead ratio of 10:1 was 
established to provide sub-optimal stimulation of T cell proliferation. After four days, culture supernatant 
was collected and frozen at -20°C until secretion of IFN-γ and TNF-α was quantified by enzyme-linked 
immunosorbent assay (ELISA, Ready-SET-Go!, eBioscience). CFSE-labeled cells were harvested and 
stained with CD8, CD4 and CD3 antibodies. Dead cells were excluded by using the LIVE/DEAD fixable 

dead cell stain kit with aqua fluorescent reactive dye, and T cell proliferation was determined based on 
CFSE dilution by flow cytometric analysis. 

Ex vivo tumor-specific T cell stimulation assay
Tumor lysates and normal liver lysates were generated from a small piece of freshly resected metastatic 
liver tumor or TFL by five cycles of freezing and thawing in phosphate buffered saline, followed by 
filtration (0.2 μm syringe filter), as previously described.40, 41 Myeloid dendritic cells (mDC) were isolated 
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from patient autologous PBMC by depletion of CD19+ B cells followed by positive selection for BDCA-
1 (BDCA-1 DC isolation kit, Miltenyi Biotec). mDC were cultured overnight with or without 20 µg/mL 
autologous tumor lysates or normal liver lysates, in the presence of 10 ng/mL granulocyte-macrophage 
colony-stimulating factor (Miltenyi Biotec) and 0.5 µg/mL polyinosinic : polycytidylic acid (InvivoGen, San 
Diego, CA). Simultaneously TIL isolated from LM-CRC were kept at 4°C in complete medium overnight. 
Thereafter TIL were labeled with 0.1 µM carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen), 
and 105 TIL were co-cultured with autologous mDC preloaded with or without tumor lysates or normal 
liver lysates at an mDC : TIL ratio of 1:5, in the presence or absence of 10 μg/ml antagonistic monoclonal 
antibodies against human PD-L1 (clone 5H1, kindly provided by Dr. Haidong Dong, Mayo Clinic College 
of Medicine59), TIM3 (clone F38-2E2, Biolegend, San Diego, USA44), LAG3 (clone 17B4, AdipoGen, Liestal, 
Switzerland44) or CTLA4 (clone BNI3, Beckman Coulter, Marseille, France63), in 200 µl complete medium 
in each well of a 96-well round-bottom culture plate. After six days, cells were restimulated with PMA 
(40 ng/mL) and ionomycin (1 µg/mL) for five hours in the presence of 5 µg/mL brefeldin for the last 
four hours. Cells were then stained with CD8, CD4 and CD3 antibodies, followed by intracellular staining 
of IFN-γ and TNF-α upon fixation and permeabilization according to the manufacturer’s instructions 
(eBioscience A&B fixation/permeabilization kit). Dead cells were excluded by using the LIVE/DEAD 
fixable dead cell stain kit with aqua fluorescent reactive dye, and T cell proliferation was determined 
based on CFSE dilution by flow cytometric analysis. 

Determination of mismatch repair status by immunohistochemistry
Immunostainings were performed on formalin-fixed paraffin-embedded whole tissue sections (4 μm 
thick) using the Benchmark Ultra autoimmunostainer (Ventana Medical Systems Inc, Roche Group, 
Tucson, USA) according to the manufacturer’s protocols and instructions. Briefly, deparaffinization was 
followed by heat-induced epitope retrieval in Ultra CC1 pre-diluted buffer for 48-60 minutes at 100°C. 
Primary antibodies anti-MLH1 (Novocastra; Leica Microsystems B.V., Amsterdam, The Netherlands; clone 
ES05; dilution 1:75), anti-PMS2 (Cell Marque, Rocklin, USA; clone EPR3947, ready to use), anti-MSH2 
(Cell Marque, clone G219-1129; ready to use) and anti-MSH6 (Dako, Glosturp, Denmark; clone EP49; 
dilution 1:75) were applied and followed by incubation (from 40 minutes to 1 hour and 32 minutes). 
Upon antibody incubation Ventana standard signal amplification was performed, followed by ultraWash 
counter-staining with one drop of Hematoxylin (for 20 minutes) and one drop of bluing reagent (for 
4 minutes). Then slides were removed from the stainer, washed in water with a drop of dishwashing 
detergent and mounted. These immunohistochemical stainings detected the presence or absence of the 

protein products of the MMR genes MLH1, PMS2, MSH2 and MSH6. The pattern of their loss provides 
information about which gene is not functioning properly. IHC staining was evaluated under a light 
microscope as follows: nuclear expression of all MMR proteins indicates an MMR-proficient tumor 
status, loss of nuclear expression of any of the proteins indicates an MMR-deficient tumor status.
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Statistical analysis
The distributions of all continuous data set were analyzed for normality by the Shapiro-Wilk normality 
test. Differences between paired groups of data were analyzed by either paired t test or Wilcoxon 
matched pairs test according to their distribution. Differences between different groups of patients were 
analyzed by either unpaired t test or Mann-Whitney test according to their distributions. Correlation 
was analyzed by either Pearson or Spearman correlation test according to their distributions. These 
statistical analyses were performed using GraphPad Prism 5 (GraphPad Software). Hierarchical clustering 
was analyzed by one minus Pearson correlation using GENE-E (Broad Institute). Progression-free survival 
(time to recurrence) was calculated from the date of LM-CRC surgery to the date of event (LM-CRC 
recurrence), or the date of last follow-up. Patients lost to follow-up were censored as of the last day 
of follow-up. Survival curves were estimated by the Kaplan-Meier mothed. The Breslow test was used 
to assess differences between survival curves of different groups. For multivariable analysis, the Cox 
proportional Hazard regression analysis was used. These statistical analyses were performed using SPSS 
Statistics 21 (IBM). P values less than 0.05 were considered statistically significant (* p < 0.05; ** p < 0.01; 
*** p < 0.001).
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Supplementary Table S1. Numbers of patient samples used in each type of experiments in the 
study.

Tumor 
type and 

number of 
samples

MMR 
status and 
number of 

samples

T cell 
or APC 
subsets

Inhibitory 
receptors

Inhibitory 
ligands

Activation 
or cytokine

Polyclonal 
T cell 

activation 
assay

Tumor
-specific 

T cell 
stimulation 

assay

  

Figure 1 Figure 1, 
Figure 2

Figure 1, 
Figure 3

Figure 4 Figure 5 Figure 6

53 LM-CRC 1 deficient  

1 deficient   

1 proficient   

1 proficient   

1 proficient     

1 proficient     

1 proficient     

1 proficient       

2 proficient    

2 proficient    

4 proficient  

5 proficient    

6 proficient  

11 
proficient   

15 
proficient    

11 PM-CRC 2 proficient    

9 proficient   

12 pCRC 1 deficient    

2 deficient   

3 proficient   

 6 proficient       

Abbreviations: CRC, colorectal cancer; LM-CRC, liver metastasis of CRC; pCRC, primary CRC; PM-CRC, peritoneal 
metastasis of CRC; MMR, mismatch repair. 
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Supplementary Table S2. Multivariable Cox proportional Hazard regression analysis of 
progression-free survival of patients with MMR-proficient LM-CRC. 

Variables  P value HR

95% CI for HR

Lower Upper
PD-1 on CD8+ TIL .160 2.418 .706 8.283
TIM3 on CD8+ TIL .774 1.183 .375 3.732

LAG3 on CD8+ TIL .032 .351 .135 .912

Abbreviations: TIL, tumor-infiltrating lymphocytes; HR, hazard ratio; CI, confidence interval. 
The hazard ratio is interpreted as the chance of recurrence occurring in the “> median” group to the chance of 
recurrence occurring in the “< median” group.
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Supplementary Figure S1. Immune infiltrates and inhibitory molecule expression in MMR-
deficient liver metastases (LM) and primary CRC. 
A. The frequencies of CD8+ CTL, CD4+Foxp3- Th and CD4+Foxp3+ Treg within CD3+ TIL from LM-CRC and primary CRC. 
B. The frequencies of inhibitory receptor positive cells within CD8+ CTL, Th and Treg in LM-CRC and primary CRC. 
C. The frequencies of B cells, mDC and monocytes (Mono) within CD45+ cells from primary CRC. D. The frequencies 
of inhibitory ligand positive cells within tumor-infiltrating B cells, mDC and monocytes from primary CRC. Values of 
individual patients are shown, and lines depict medians.
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Supplementary Figure S2. Hierarchical clustering analysis of MMR-proficient liver metastases, 
peritoneal metastases and primary CRC. 
Heatmap illustrating the frequencies of CD8+ CTL, CD4+ Th and CD4+ Treg within CD3+ TIL, the frequencies of inhibitory 
receptor positive cells within CD8+ CTL, CD4+ Th and CD4+ Treg, the frequencies of B cells, mDC and monocytes within 
CD45+ cells, and the frequencies of inhibitory ligand positive cells within tumor-infiltrating B cells, mDC and monocytes, 
across LM-CRC, PM-CRC and primary CRC tumors. Rows represent different parameters. Columns represent individual 
patients clustered by one minus pearson correlation (LM-CRC: n=5, primary CRC: n=6, PM-CRC: n=2). Due to limited 
numbers of TIL isolated from each tumor sample we could measure all the different phenotypic markers only in TIL 
isolated from limited numbers of tumors. A. Absolute values: 0%-100%. B. Relative values: row minimum (min) to row 
maximum (max). Grey: missing values.
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Supplementary Figure S3. Expression of BTLA on CD8+ CTL, CD4+ Th and CD4+ Treg in the tumor, 
TFL and blood of MMR-proficient LM-CRC. 
A-B. Representative dot plots of BTLA expression on CD3+CD8+ CTL and CD3+CD4+Foxp3- Th in the tumor, TFL and 
blood; the gates were made according to appropriate isotype controls. C-E. The frequencies of BTLA positive cells 
within CD8+ CTL, CD4+ Foxp3- Th and CD4+ Foxp3+ Treg in the tumor, TFL and blood. Values of individual patients are 
shown, and lines depict medians. Differences were analyzed by paired t test or Wilcoxon matched pairs test; * p < 0.05. 
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Supplementary Figure S4. Correlation of inhibitory receptor expression on T cells between the 
tumor and the blood of patients with mismatch repair-proficient LM-CRC. 
Spearman correlation analysis demonstrates (A) positive correlation of the frequencies of PD-1+ cells in CD8+ CTL and 
CD4+ Treg between tumors and blood, (B) positive correlations of the frequencies of LAG3+ cells in CD4+ Th between 
tumors and blood, and (C) positive correlations of the frequencies of CTLA4+ cells in CD4+ Th and CD4+ Treg between 
tumors and blood. Correlations were analyzed by Spearman correlation test.
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Supplementary Figure S5. Co-expression of inhibitory receptors on tumor-derived T cells in 
MMR-proficient LM-CRC. 
The mean frequencies of co-expression of PD-1 with TIM3, LAG3 or CTLA4 in CD8+ CTL (n=20) and CD4+ Th (n=10).

Supplementary Figure S6. T cell densities in primary CRC tumors and liver metastases. 
CD3+, CD8+ and granzyme B+ cell densities in paired primary CRC and LM-CRC of 16 patients. The data were reanalyzed 
after being extracted from Halama et al. Table 1.35 Values of individual patients are shown, and lines depict means. 
Differences were analyzed by paired t test or Wilcoxon matched pairs test; * p < 0.05.
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Introduction
Costimulatory molecules, such as CD137 (4-1BB), on T cells are under investigation for their 
use in cancer immunotherapy. Despite promising results in animal tumor models, clinical 
trials with CD137 agonists have not yet been successful due to both dependency on FcgR-
mediated clustering and lethal hepatotoxicity. Merus NV has developed an Fc-silenced Biclonic 
CD137xPD-L1 antibody, whose stimulatory activity is dependent on PD-L1-mediated CD137 
clustering and should thus be contained to the PD-L1 expressing tumor microenvironment. 
The aim of this pilot study was to determine the effect of the CD137xPD-L1 Biclonic antibody 
on ex vivo responses of human tumor-infiltrating T cells.

Patients & Methods
Lymphocytes isolated from hepatocellular carcinoma (HCC; n=5) and colorectal carcinoma 
(CRC; n=13) tumors and paired tumor-free tissues and blood were analyzed for CD137, PD1 
and PD-L1 expression. Additionally, TIL proliferation and cyto- and chemokine production 
were assessed after in vitro stimulation with the CD137xPD-L1 Biclonic, its parent mAb or its 
clinical counterparts. 

Results
CD137 and PD1 are both enriched in TIL, compared to TF tissues and blood with the highest 
expression on activated T-helper cells and activated regulatory T cells. PD-L1 is mainly 
expressed on CD3- cells and present on low frequencies of T cells. Treatment with the 
CD137xPD-L1 Biclonic or the clinical CD137 agonist urelumab led to increased proliferation 
of HCC-derived CD8 TIL and to enhanced cytokine and chemokine production by TIL isolated 
from liver metastasis of CRC and HCC, whereas the Fc-silenced parent CD137 mAb did not. 

Conclusion
This Biclonic CD137xPD-L1 has the capacity to activate tumor-derived CD8 T cells and the 
CD137-arm has no agonistic effect by itself, suggesting PD-L1 is necessary for its efficacy, 
which potentially limits systemic toxicities. 
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INTRODUCTION
Immune checkpoint blockade has added a new dimension to cancer treatment, and has improved the 
prospect of some previously deemed terminal cancer patients remarkably.1 In metastatic melanoma 
patients, combination of PD1 and CTLA4 blockade has shown impressive efficacy.2, 3 However, response 
rates are dependent on tumor type, and only a minority of patients with gastrointestinal solid tumors 
showed sustained responses upon PD1 or CTLA4 pathway blockade.4-7 While the focus of past clinical 
trials has been on checkpoint inhibitors (CPI), pre-clinical research has shown that agonistic targeting of 
co-stimulatory receptors, particularly tumor necrosis factor receptor (TNFR) family members, also has 
the ability to boost anti-tumor responses and could be a valuable addition to existing CPIs. 

CD137 (also known as 4-1BB and TNFR superfamily member 9 [TNFRSF9]), a member of the TNFR 
family, is expressed on cytotoxic CD8 T cells and regulatory T cells (Treg) upon T cell receptor (TCR) 
activation.8 Upon agonistic targeting or binding of CD137 ligand, CD137-induced signaling stimulates 
cytokine production, upregulates survival genes and prevents activation-induced cell death in T cells.9 
In several animal models, agonistic targeting of CD137 induced strong antitumor immune responses 
and led to tumor regression.10-12 Additionally, CD137 signaling can reverse established anergy in CD8 
T cells, as agonistic CD137 targeting in an OVA antigen-induced T cell anergy mouse model, restored 
CD8 T cell proliferation and cytokine production.13 However, the first clinical trials in patients were less 
successful. Urelumab, an agonistic human IgG4 monoclonal antibody (mAb) targeting the extracellular 
domain of CD137, led to moderate-to-severe hepatotoxicity in 10% of patients, and lethal hepatotoxicity 
in 2 patients, and ongoing clinical trials were withdrawn or terminated: NCT00351325, NCT00461110 
and NCT00803374.14 Only in a very low dose of 0.1 mg/kg urelumab did not show toxicity, but this 
limited clinical efficacy.15 Utomilumab, a human anti-CD137 IgG2 agonistic mAb blocking interaction 
with CD137 ligand, had a favorable safety profile, but inferior clinical potential.15, 16 

Merus NV has developed a proprietary single light chain mAb discovery platform which allows efficient 
generation and manufacturing of fully human bispecific IgG mAb. Using this platform large diverse 
mAb panels have been generated, amongst others directed against the CPI target PD-L1 and the co-

stimulatory target CD137. Furthermore, Merus NV generated a human biclonal C137xPD-L1 antibody 
(Biclonics™). In mouse models, combinations of mAbs targeting CD137 and PD1 showed synergistic 
anti-tumor activity.17, 18 By combining agonistic targeting of CD137 and antagonistic targeting of PD-L1 
in one biclonal antibody (CD137xPD-L1), the agonistic function of the CD137 antigen-binding fragment 
(Fab) can be limited to environments in which PD-L1 is present, and thereby hepatotoxicity may be 
prevented. In addition the biclonal antibody can act as a bridge between PD-L1 expressing tumor and/
or antigen presenting cells (APC) and CD137 expressing activated T cells. 

The aim of this pilot study was to investigate whether the Biclonics™ CD137xPD-L1 can stimulate ex 
vivo responses of human tumor-infiltrating T cells. Its capacity to reactivate T cells isolated from primary 
and liver-metastases of colorectal carcinoma (CRC) and hepatocellular carcinoma (HCC) was evaluated 
and compared to the capacities of its parental mAb and their clinical counterparts, urelumab and 
atezolizumab (anti-PD-L1).
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PATIENTS AND METHODS

Patients
In this preliminary study 18 patients eligible for surgical resection of their tumor were enrolled between 
December 2016 and September 2017. Patients included were diagnosed with hepatocellular carcinoma 
(HCC; n=5) or colorectal carcinoma (CRC) of which either the primary tumor (n=6) or liver metastasis 
(LM; n=7) were resected. Clinicopathological characteristics are shown in Table 1. Paired fresh tissue 
samples from tumor and tumor-free surrounding tissue (≥2 cm from tumor margin) were collected and 
consecutively the tumor-infiltrating leukocytes (TIL) as well as intrahepatic or intracolonic leukocytes 
were isolated. Peri-operatively, blood was collected and peripheral blood mononuclear cells (PBMC) 

were isolated. In addition blood of HCC-patients was collected prior to surgery for expansion of B cells. 
None of the patients received chemotherapy or immunosuppressive treatment within at least three 
months before surgery. The study was approved by the local ethics committee, and the patients were 
informed and signed consent before blood donation.

Cell preparation
PBMCs were isolated by Ficoll density gradient centrifugation. Single cell suspensions from tumor and 
surrounding hepatic and colonic tissues were obtained by tissue digestion as described previously.19 
Briefly, fresh tissues were cut into small pieces. Tumor-free colon tissues were first incubated in the 
presence of Ethylenediaminetetraacetic acid (EDTA), 10% Fetal Calf Serum (FCS, Sigma-Aldrich. St. 
Louis, MA), 1mM EDTA (Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich) in Phosphate-buffered saline 
[PBS, Lonza, Breda, the Netherlands]) four times for 15 minutes on a magnetic stirrer at 37°C, and after 
each incubation the supernatant was discarded. Then, the tumor-free colon, as well as the primary CRC 
tissue were digested in the presence of 0.2 mg/mL DNAse I (Roche, Indianapolis, IN) and 200 U/mL 
collagenase VIII (Sigma-Aldrich) in HBSS with Ca2+ and Mg2+ (Sigma-Aldrich) on a magnetic stirrer for 
30 minutes at 37°C. Tumor-free liver and HCC tissues were digested with 0.2 mg/mL DNAse I (Roche) 
and 0.5 mg/mL collagenase IV (Sigma-Aldrich) in HBSS with Ca2+ and Mg2+  on a magnetic stirrer for 
30 minutes at 37°C. The obtained cell suspensions were filtered through 100 µm pore cell strainers 
(BD Biosciences, Erembodegem, Belgium) and mononuclear leukocytes were obtained by Ficoll density 
gradient centrifugation. Viability and cell numbers were determined by trypan blue exclusion.

Ex Vivo Polyclonal T-Cell Activation Assay
Purified tumor-infiltrating leukocytes (TIL) derived from primary CRC and LM-CRC patients were labeled 
with 0.1 µM carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen, Paisley, UK) and cultured 
in RPMI 1640 (Gibco) supplemented with 10% human AB serum (Sigma-Aldrich), 2mM L-glutamine 
(Invitrogen), 50 mM HEPES (Sigma-Aldrich) , 1% penicillin-streptomycin (Life-Technologies), 5mM Sodium 
Pyruvate (Gibco) and 1% minimum essential medium non-essential amino acids (MEM NEAA, Gibco) in 
96-well round bottom plates (1-2x105 cells per well) in the presence of CD3/CD28 activation Dynabeads 

(Gibco-Life Technologies AS, Norway; cell:bead-ratio 20-200:1) and in the presence or absence of 10 µg/
mL of hIgG1 or hIgG4 mAb or Biclonics (described in Supplementary Table 1) in duplicate  at 37°C. 
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After 4 days supernatant was collected for Luminex assay analysis and cells were harvested and CFSE-
dilution in T cells was analyzed by flowcytometry. Experiments in which baseline proliferation of T cells 
(in the condition with negative control antibody PG2708 against the irrelevant respiratory syncytial virus 
(RSV) G (RSV-G) protein) exceeded 50%, were excluded from further analysis since such strong baseline 
proliferation induced by TCR and CD28 signaling does not allow for quantification of further increase by 
targeting of other co-signaling receptors using this read-out method (Supplementary Table 2).

Preparation of mRNA-electroporated B cells
PBMCs of HCC-patients were isolated by Ficoll density gradient centrifugation 1-2 months prior 

to surgery for expansion of B cells, as previously described.20 Briefly, autologous B cell blasts were 
generated form PBMCs cultured in Iscove’s modified Dulbecco’s medium (IMDM; Lonza, Breda, the 
Netherlands), supplemented with 10% human AB serum (Sigma-Aldrich) , 1% penicillin-streptomycin, 
1% insulintransferrin-selenium solution (Gibco-Invitrogen, Breda, The Netherlands), 40 IU/mL rhIL-
4 (Strathmann Bioscience, Hamburg, Germany), and 1 mg/mL soluble human trimeric CD40 ligand 
(sCD40L; kindly provided by the National Institutes of Health [NIH; Bethesda, MD, USA]). During the 
first week of culture, 1 ng/mL cyclosporine A (Novartis, Basel, Switzerland) was added to prevent T-cell 
expansion and after 7 days the residual CD3+ cells were depleted by magnetic cell sorting using CD3 
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity status was checked by flowcytometry 
using a FACS Canto II flowcytometer (BD Biosciences) after staining with antibodies as indicated in 
Supplementary Table 3 and 7-Aminoactinomycin D (7AAD; Invitrogen). The cultures consisted of >98% 
B cells and <1% T cells. The cells were then frozen and stored at -150°C until further use.

B-cell blasts were thawed and 5x106 B cell blasts were electroporated with 20 µg of messenger RNA 
(mRNA) encoding full-length tumor antigens (Glycpican-3 [GPC3] or melanoma-associated antigen C2 
[MAGEC2]) or the negative control antigen (enhanced green fluorescent protein [eGFP]), as previously 
described.20

Ex Vivo Messenger RNA-encoded Full-length Tumor Antigen-specific T-cell Stimulation Assay
Purified TIL derived from HCC patients were labeled with 0.1 µM carboxyfluorescein diacetate 
succinimidyl ester (CFSE; Invitrogen, Paisley, UK) and cultured in RPMI 1640 (Gibco) supplemented with 
10% human AB serum (Sigma-Aldrich), 2mM L-glutamine (Invitrogen), 50 mM HEPES (Sigma-Aldrich) 
, 1% penicillin-streptomycin (Life-Technologies), 5mM Sodium Pyruvate (Gibco) and 1% MEM NEAA 
(GIBCO) in 96-well round bottom plates (105 cells per well) in the presence of 105 mRNA-electroporated 
B cells (TIL:B cell-ratio 1:1) and in the presence or absence of 10 µg/mL of hIgG1 or hIgG4 mAb or 
Biclonics (specified in Supplementary Table 1) in duplicate at 37°C. After 6 days supernatant was 
collected for Luminex assay analysis and cells were harvested and CFSE-dilution in T cells was analyzed 
by flowcytometry. Only experiments in which a specific response to either one or both tumor antigen, 
defined as T-cell proliferation ≥ 1.25 compared to the condition with eGFP B cells) was observed, were 
included (Supplementary Table 2).
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Flowcytometric Analysis
Fresh PBMC as well as mononuclear leukocytes isolated from tissues were directly analyzed for expression 
of both surface and intracellular markers and after T cell expansion assays for surface markers, using 
antibodies detailed in Supplementary Table 3. In short, cells were stained with LIVE/Dead Fixable Aqua 
Dead Cell Stain Kit (Invitrogen, Paisley, UK) in PBS, followed by antibody labeling for surface antigens in 
FACS-buffer (1%FCS, 0.5 mM EDTA, 0.05% NaN3 [Sigma-Aldrich] in PBS). For phenotypic analyses, cells 
were subsequently fixated by the FoxP3 staining buffer kit (eBioscience, Vienna, Austria) and stained 
for intracellular antigens. Measurements were performed on FACSCanto II or FACSAria SORP II (BD 
Biosciences). Analyses were done using FlowJo 10.4. Non-viable cells were excluded from analysis.

Luminex assay
Luminex 28-plex assay was performed at the Multiplex facility at UMC-Utrecht on the HCC and LM-CRC 
samples, and only on samples indicated in green in Supplementary Table 2. HCC156, LM-CRC218, LM-
CRC220 and LM-CRC231 were not included. LM-CRC219 supernatants were analyzed by Luminex, but 
this patient was excluded from the proliferation data analysis since background proliferation was too 
high. 

Statistical Analysis
All statistical analyses were performed using Graphpad (Version 8.2.1 for Windows, San Diego, CA) and 
R Statistical software (Version 3.6.1 for Windows, Foundation for Statistical Computing, Vienna, Austria). 
Statistical tests are specified for every experiment.

RESULTS

CD137 and PD1 are enriched in tumor-infiltrating T-cells
First, we determined which T cells expressed CD137, PD1 and PD-L1 by phenotypical analysis of PBMCs, 
and mononuclear cells isolated from resected tumor and surrounding tumor-free (TF) tissues. In all 
patients CD8 and CD4 T cells were present in all tissue compartments, although at highly variable levels 
(Figure 1A). CD4 T cells were subdivided into helper T (Th, FoxP3-) cells, activated Th (aTh, CD45RA-

FoxP3lo) cells, naïve regulatory T cells (nTreg, CD45RA+FoxP3lo) and activated regulatory T cells (aTreg, 
CD45RA-FoxP3hi), respectively, based on their FoxP3 and CD45RA expression.21 As expected, the majority 
of CD4 T cells in tumors comprised of Th cells, whereas nTregs were barely present and aTh and aTreg 
both accounted for approximately 10% of CD4 T cells (Figure 1A). Compared to PBMC and TF, aTregs and 
aTh were enriched in the tumor tissues (Figure 1A). Next, CD137, PD1 and PD-L1 expression on these T 
cell subsets were evaluated. Tumor-derived CD8 T cells, Th, aTh and aTregs all displayed higher CD137 
(Figure 1B) and PD1 (Figure 1C) expression compared to their counterparts in TF and PBMC. Although 
PD-L1 expression was higher on tumor-derived aTreg and CD8 T cells than on these T cell subsets in TF 
and blood, its expression on tumor-infiltrating T cells was limited (Figure 1D). While Th TIL showed low 
frequencies of CD137-positive cells, CD8 and aTh TIL contained significantly higher numbers, and aTregs 
the highest numbers (Figure 1E). aTregs also had the highest frequencies of PD1- and PD-L1-positive 
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cells (Figure 1E). As PD-L1 is a ligand and is known to be expressed on monocytes and macrophages 
(CD14+ cells), amongst others, we also assessed PD-L1 expression on this cell type. In PBMC PD-L1 
was scarcely expressed on circulating monocytes, and even though monocytes/macrophages in TF and 
tumor showed significantly higher frequencies of PD-L1 positive cells, the frequencies were still low and 
comparable to those found in tumor-derived T cells (Figure 1F). However, in the total TIL fraction, there 
is a substantial percentage of CD3- cells expressing PD-L1 in LM-CRC and HCC, but not in pCRC (Figure 
1F). 

Taken together, CD3+ TILs derived from HCC and (LM-)CRC tumor tissues expressed increased levels 
of the co-stimulatory molecule CD137 and the co-inhibitory receptor PD1compared to blood- or TF-
derived T cells with highest expression on aTh and aTreg, while PD-L1 expression on tumor-infiltrating T 
cells is limited. However, in LM-CRC and HCC PD-L1 is expressed on a significant percentage of CD3- TIL.

Biclonic CD137xPD-L1 mAb enhances proliferation of tumor-derived T cells
Next, we assessed the effects of the CD137xPD-L1 Biclonic on T cell proliferation of TILs isolated from 
(LM-)CRC and HCC tissues. CFSE-labeled TILs freshly isolated from (LM-)CRC were cultured in the presence 
of CD3/CD28 activation beads to provide initial TCR and CD28 signaling and either CD137xPD-L1 
Biclonic, the parental CD137 or PD-L1 mAb or their clinical counterparts, urelumab and atezolizumab, 
or irrelevant anti-RSV-G mAb. After 4 days in vitro culture, T cell proliferation was determined by CFSE-
dilution, measured by flowcytometry (Supplementary Figure 1A). CFSE-labeled primary TILs isolated 

from HCC were co-cultured with autologous B-cell blasts electroporated with mRNA that encodes the 
tumor-associated antigens (TAA) glypican-3 (GPC3) and/or melanoma-associated antigen (MAGE)-C2, 
and either CD137xPD-L1 Biclonic, the parental mAb,  their clinical counterparts or irrelevant anti-
RSV-G mAb, to study tumor-specific responses (Supplementary Figure 1B). Upon stimulation of both 
pCRC and LM-CRC TIL, we failed to see an effect of the parental CD137 antibody (Figure 2A and 2B). 
Interestingly, whereas CD8 TIL of LM-CRC seemed to show an increase in proliferation upon treatment 
with the CD137xPD-L1 Biclonic (p=0.06), proliferation in pCRC was not changed, even though the 
parental PD-L1 (p=0.13) antibody did seem to have an effect in pCRC, but not in LM-CRC (Figure 2A 
and 2B). The CD137xPD-L1 Biclonic had a remarkable effect on the TIL-response of one LM-CRC patient 
(LM-CRC 217) in particular, with a 3.4-fold increase in CD4+ TIL proliferation and a 7.6-fold increase in 
CD8 TIL proliferation, compared to the condition treated with CD3/CDC28 beads and the RSV-G-specific 
negative control Ab. HCC TIL stimulated with TAA-electroporated B cells showed increased proliferation 
compared to TIL stimulated with eGFP-electroporated B cells, indicating the presence of TAA-specific T 
cells (Figure 2C and 2F). Comparable to CRC TIL, also in HCC TIL stimulated with TAA-electroporated 
B cells no effect was observed of the CD137 parental Ab. In CD4 TIL we observed a trend of increased 
proliferation of TIL treated with CD137xPD-L1 Biclonic (p=0.13) and the PD-L1 parental Ab (p=0.2). 
The Biclonic mAb significantly increased proliferation in CD8 TIL compared to the RSV-G-specific 
negative control mAb, while both parent mAb did not (Figure 2D). So, the CD137xPD-L1 Biclonic could 
enhance both LM-CRC and HCC CD8 TIL proliferation, and its effect on CD8 TIL seemed to be synergistic 
compared to both parental mAb.
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Figure 1. CD137 and PD-1 are highly expressed on Treg, aTh and 
CD8 TILs.
Mononuclear cells were isolated from blood, TF and tumor tissue from pCRC 
(indicated in black), LM-CRC (blue) and HCC (red) and analyzed by flowcytometry. 
A. Percentages of CD4 and CD8 T cells within the CD3 T cell population; 
frequencies of Th (CD4+CD45RA+/-FoxP3-), aTh (CD4+CD45RA-FoxP3lo), aTreg 
(CD4+CD45RA-Foxp3hi) and nTreg (CD4+CD45RA+FoxP3lo) within CD4+ TIL and 
frequencies of naïve (CD45RA+CCR7+), central memory (CM; CD45RA-CCR7+), 
effector memory (EM; CD45RA-CCR7-) and TEMRA (CD45RA+CCR7-) CD8 T cells 
within CD8 TIL. B-D. Expression of CD137 (B), PD1 (C) and PD-L1 (D) on CD8, Th, 
aTh and aTreg cells in PBMC, TF and TIL. E. Expression of CD137, PD1 and PD-L1 
on CD8, Th, aTh and aTreg cells in TIL. F. Expression of PD-L1 on CD14+ cells in 
PBMC, TF and TIL, and CD3+ and CD3-‘alive’ TIL in pCRC, LM-CRC and HCC.
Wilcoxon test. * p≤0.05, ** p≤0.01, *** p≤0.001
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In contrast to the parental mAb, the clinical CD137 mAb urelumab tended to increase CD8 TIL 
proliferation derived from LM-CRC (p=0.06) and significantly increased proliferation of HCC-derived 
CD8 TIL (p=0.03), but not from pCRC (Figure 2D, 2E and 2F). However, 2 out of 4 pCRC CD8 TILs treated 

Figure 2. CD137xPD-L1 Biclonic enhances proliferation of LM-CRC and HCC TIL.
TILs were isolated from tumor tissues from (LM)-CRC and HCC patients, labeled with CFSE and cultured in vitro in 
the presence of CD3/CD28 activation beads ([LM]-CRC) or TAA-electroporated B cells (HCC) and Ab for 4 ([LM]-CRC) 
or 6 days (HCC). A/B/D/E. CFSE-dilution of pCRC (A, D) and LM-CRC (B, E) TIL upon stimulation with CD3/CD28 
activation beads and indicated Ab was measured by flowcytometry and normalized to the percentages CFSElow cells 
in the condition with the RSV-G (neg control) mAb (indicated by the dotted line). Relative changes in percentages of 
CFSElow cells in the conditions with the parental CD137 or PD-L1 parent mAb or the Biclonic CD137xPD-L1 mAb (A, B), 
or clinical counterparts urelumab or atezolizumab or Biclonic CD137xPD-L1 (D, E) are depicted (n=5 for both pCRC 
and LM-CRC). C/F. CFSE-dilution of HCC TIL upon stimulation with B-cell blasts transfected with GPC-3, MAGE-C2, or 
eGFP (irrelevant negative control antigen) and indicated Ab was measured by flowcytometry and normalized to the 
proliferation responses to GPC-3 or MAGE-C2 in the condition with RSV-G (neg control) mAb (indicated by the dotted 
line). Relative changes in percentages of CFSElow cells in response to GPC-3 or MAGE-C2 in the presence of the parental 
CD137 or PD-L1 mAb or the Biclonic CD137xPD-L1 mAb (D) or the clinical counterparts urelumab and atezolizumab or 
the Biclonic CD137xPD-L1 mAb compared to responses in the presence of RSV-G mAb are shown (n=5).
Wilcoxon tests. Each condition was compared to the RSV-G (neg co) mAb. * p≤0.05, ** p≤0.01.
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with urelumab seemed to have increased proliferation, even though these TILs did not show increased 
proliferation when treated with CD137xPDL1 (Figure 2D). Whereas urelumab only increased CD8 TIL 
proliferation, atezolizumab, the clinical anti-PD-L1 mAb, tended to increase both CD4 pCRC TIL (p=0.13) 
and CD8 LM-CRC TIL (p=0.06) proliferation and significantly increased HCC-derived CD4 TIL (p=0.02) 
proliferation. 

Taken together, the CD137xPD-L1 Biclonic enhanced both (LM-)CRC and HCC CD8 TIL proliferation, 
whereas the parental CD137 mAb did not.

The CD137xPD-L1 Biclonic stimulates cytokine and chemokine production by TIL
In animal models it has been shown agonistic targeting of CD137 stimulates production of several 
cytokines, including IFNg, and IL-2.12, 22-24 To test the impact of the Biclonic CD137xPDL1 stimulation on 
the cytokine and chemokine production profile of human tumor-derived TILs, we analyzed the culture 
supernatants of LM-CRC and HCC derived TIL by Luminex multiplex assay. 

Figure 2. CD137xPD-L1 Biclonic enhances proliferation of LM-CRC and HCC TIL. (continued)
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As we used different T cell stimuli for LM-CRC and HCC TIL cultures, cytokine and chemokine production 
were separately analyzed. In LM-CRC TIL secretion of several pro-inflammatory cytokines such as TNFa, 
the Th2 cytokines IL-4, IL-5 and IL-13, and chemokine IP10 (also known as CXCL10) were upregulated 
in all patient-TILs treated with CD137xPD-L1, but not in the presence of the parent mAb CD137 (Figure 
3A and 3D). However, secretion of Th17 family cytokines, IL-6 and IL-17, and the effector cytokines 
IFNg, IL-2, IL-21, TNFb and GM-CSF was only increased in two and three out of the four LM-CRC 
patients, respectively. Interestingly, the TILs of the LM-CRC patient that showed the highest increase in 
proliferation upon CD137xPD-L1 treatment (LM-CRC 217), also showed the most prominent increase in 
secretion of almost all cytokines measured upon CD137xPD-L1 treatment (Figure 3A). Urelumab did not 
lead to consistent changes in the cytokine and chemokine secretion profile.

Similarly, in vitro CD137xPD-L1 treatment of HCC TILs stimulated with TAAs, led to increased cytokine 
and chemokine secretion in all HCC patients, while treatment with the parent CD137 mAb did not 
(Figure 3B, 3C and 3E). Generally, TILs treated with CD137xPD-L1 secreted more Th1/CD8-associated 
effector cytokines, such as IL-2, TNFa, TNFb, GM-CSF and IFNg, Th2 family cytokines, such as IL-4, 
the immune-regulatory cytokine IL-10, and the chemokines MIP3a (CCL20) and IP10 (CXCL10). Also 
cytokines produced by the innate immune system, IL1a and IL-18, were increased. Interestingly, the 
TAA used to stimulate the TIL also seemed to exert different effects on the cytokine production profile. 
In the TILs stimulated with GPC3 electroporated B cells, the most prominent effect on cytokine and 
chemokine production was seen in the CD137xPD-L1-treated conditions, whereas in TIL stimulated 
with MAGEC2 electroporated B cells, cytokine production was increased in both the CD137xPD-L1 and 
urelumab treated conditions, but chemokines seemed to specifically be increased in the CD137xPD-L1 
treated conditions.

Thus, the CD137xPD-L1 Biclonic altered the immunological profile of most TILs by boosting CD8-, Th1- 
and Th2-related cytokines, and pro-inflammatory chemokine production, while the parent CD137 mAb 
did not.

Figure 3. CD137xPD-L1 Biclonic enhances cytokine and chemokine production.
TILs were isolated from tumor tissue from LM-CRC and HCC and cultured in vitro in the presence of CD3/CD28 
activation beads (LM-CRC; n=4) or TAA-electroporated B cells (HCC; n=4) and the indicated Ab for 4 ([LM]-CRC) 
or 6 days (HCC), after which supernatant was harvested and analyzed by luminex assay. A. Heatmap indicating 
change in cytokines and chemokines in LMCRC TIL treated with parental CD137 or PD-L1 mAb, clinical counterparts 
urelumab or atezolizumab, RSV-G (neg control) or the biclonic CD137xPD-L1 mAb. B/C. Heatmap indicating 
change in cytokines and chemokines in HCC TIL stimulated with GPC3 (B) or MC2 (C)-electroporated B cells and 
parental CD137 or PD-L1 mAb, clinical counterparts urelumab or atezolizumab, RSV-G (neg control) or the biclonic 
CD137xPD-L1 mAb. D/E. IL-4 and IP10 (CXCL10) secretion upon treatment with the various antibodies in LM-CRC 
(D) and HCC (E). IL-4 and IP10 secretion are depicted as relative to the RSV-G negative control Ab (indicated by 
the dotted line).
Heatmaps were created with the ‘pheatmap’ package in R, data was Z-score normalized for each patient. Color bar 
indicates the Z-score.
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DISCUSSION
In this pilot study, we investigated whether the CD137xPD-L1 Biclonic could enhance ex vivo human 
TIL-responses. Several (pre-)clinical studies have shown the potential of CD137 targeting to maintain 
long-term functionality of T cells, T cell survival and memory formation and thereby T cell mediated 
tumor eradication.14-16 However, CD137 agonistic mAb have not yet advanced in phase III clinical trials. 
Urelumab is limited by hepatotoxicity and utomilumab has shown limited clinical efficacy. It has been 
hypothesized that the lack of efficacy of utomilumab, a human IgG2 mAb, is due to its low FcγR-binding 
affinity, since FcγR-mediated CD137 crosslinking is required for weak CD137 agonists to induce sufficient 
CD137 signaling.25, 26 The dependency on crosslinking is a hallmark of the human TNFR family, in which 
three receptor units bind to a single homotrimeric ligand. Generally two or more of these ligand-
receptor complexes need to cluster on the cell membrane to induce sufficient receptor signaling.27 In 
contrast, strong agonistic CD137 mAb, such as urelumab, can co-stimulate T cells in absence of FcγRs. 
The observed hepatotoxicity in patients treated with urelumab may have been caused by the interaction 
of this mAb with FcγRIIB expressed by liver sinusoidal endothelial cells, macrophages and dendritic cells, 
which led to superactivation of hepatic T cells25, 26, which also express CD137 as shown in the present 
study. 

Here, we have used Fc-silenced antibodies to abrogate such interactions. The CD137xPD-L1 Biclonic 
is designed to promote target-mediated clustering of CD137. In theory, in the absence of PD-L1, 
minimal clustering should occur and therefore immune activation via CD137 will be limited. However, 
in the presence of PD-L1, crosslinking will induce CD137 activated signaling. As previously shown by 
Merus NV, this Biclonic induces CD137 signaling only in presence of PD-L1.28 This was confirmed in 
our experiments, in which the Fc-silenced parental CD137 mAb had no effect on both TIL proliferation 
and cytokine and chemokine production, whereas urelumab was able to increase both. In contrast, 
the CD137xPD-L1 Biclonic, also Fc-silenced, was able to increase TIL proliferation and both cytokine 
and chemokine production. As CD137 clustering and signal induction by this Biclonic is dependent on 
PD-L1, which is overexpressed in the tumor micro-environment, toxicities outside of the tumor micro-
environment should be limited. This may allow increased dosing, which in turn would lead to increased 

accumulation of the Biclonic in the tumor.29 Additionally, the CD137xPD-L1 Biclonic may function as a 
bridge between PD-L1 expressing tumor cells or intra-tumoral APCs and CD137 expressing T cells, which 
could lead to increased tumoricidal effects or antigen-presentation to T cells, respectively.

PD-L1 expression on both HCC and CRC tumor cells is limited,4, 30-32 and therefore PD-L1 on tumor cells 
possibly hardly plays a role. Alternatively, the Biclonic may bind to immune cells expressing PD-L1. We 
found expression, although limited, of PD-L1 on T cells and CD14+ cells in tumors but more substantial 
expression on CD3- TIL. The lack of these PD-L1 expressing cells in pCRC, may explain the lack of effect of 
the CD137xPD-L1 Biclonic in pCRC TIL in vitro. However, with the current experimental set-up, we could 
not further characterize these PD-L1 expressing cells. Alternative to this trans-activation hypothesis, 

PD-L1 on T cells themselves may lead to cis-activation. However, which mechanism activates CD8 TIL by 
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CD137xPD-L1 in vitro, is currently unknown and further research should elucidate this. Additionally, it 
is not known which subsets of T cells are directly targeted by the CD137xPD-L1 Biclonic. It might have 
a direct effect on CD8 TIL, as CD137 is expressed on tumor-specific activated CD8 TIL in HCC and we 
observed the largest effect on proliferation in CD8 TIL.33 Alternatively, the Biclonic may target aTregs, 
as CD137 expression in HCC and (LM-) CRC TILs is highest on aTregs. However, the effects of targeting 
CD137 on Tregs are poorly understood. It has been shown that CD137 ligation on Tregs inhibits their 
suppressive function and reprograms them into TNFa-producing effector cells,34-36 whereas another 
study showed that agonistic CD137 targeting promotes the expansion of Tregs.37 Finally, also aTh may 
be targeted, as they have considerable CD137 expression. Future research should give more insight into 
which T cell subsets are directly targeted by this Biclonic.

Apart from containing CD137 activation within the tumor microenvironment, blockade of PD-L1 by the 
Biclonic may also be able to stimulate TIL. PD1 was highly expressed on all T cell subsets in HCC and CRC 
tumors, and we observed trends that suggested that the parent anti-PD-L1 mAb can exert stimulatory 
effects on TIL proliferation and cytokine production. Binding of PD-1 to PD-L1 or programmed death 
ligand 2 (PD-L2) leads to diminished T cell proliferation, cytokine production, cytolytic activity and 
survival of T cells.38, 39 PD-L1 is constitutively expressed on professional APCs,40 and is upregulated on 
tumor cells of various cancer types in response to cytokines produced by infiltrating immune cells, such 
as IFNg and TNFa.41, 42 We observed that T cells in the tumor micro-environment also expressed PD-L1, 
and it has been shown PD-L1 can be upregulated on T cells upon activation,43 however, its functions 
in T cells are controversial. One study showed that binding of PD-L1 on T cells to CD80 (its second 
ligand) inhibits T cell activation in vitro.43 However, in a graft-versus-host disease (GvHD) mouse model, 
expression of PD-L1 on donor T cells improved the T cells’ survival and worsened GvHD.44 Therefore the 
functional relevance of PD-L1 signaling in T cells is not known yet.

Considering this was a pilot study, we have shown proof-of-concept of this CD137xPD-L1 Biclonic being 
able to stimulate human TIL proliferation and cytokine and chemokine production, whereas the parent 
CD137 mAb was not. Otherwise this study is severely limited; numbers of independent experiments 

were limited, and we have not compared the effectivity of the Biclonic to the combination of the single 
parent CD137 and anti-PD-L1 mAb. As already mentioned, future studies should focus on elucidating 
the mechanism of action and clinical trials should prove the safety and efficacy in human cancer patients. 
Nevertheless, we have provided the first evidence that this CD137xPD-L1 Biclonic has the capacity to 
activate tumor-derived CD8 T cells, and this treatment may be especially effective in patients with 
preexisting or induced T-cell inflamed tumors. Additionally, we have shown that the CD137-arm of the 
Biclonic does not stimulate T cells without the PD-L1-arm, thereby confirming previous observations by 
Merus NV,28 and thus systemic toxicities are expected to be limited. Whether the Biclonic can be safely 
used in patients and has clinical anti-tumor efficacy should be investigated in a clinical trial.
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Supplementary Table S1. Culture conditions.
CRC HCC

# Stimulus Antibody # Stimulus Antibody

1 aCD3/CD28 CD137xPD-L1 1 TAA-B cells CD137xPD-L1

2 aCD3/CD28 CD137 2 TAA-B cells CD137

3 aCD3/CD28 PD-L1 3 TAA-B cells PD-L1

4 aCD3/CD28 Neg co (RSV-G) 4 TAA-B cells Neg co (RSV-G)

5 aCD3/CD28 Urelumab 5 TAA-B cells Urelumab

6 aCD3/CD28 Atezolizumab 6 TAA-B cells Atezolizumab

7 aCD3/CD28 - 7 TAA-B cells - 

8 - - 8 eGFP- B cells -

9 - -

Supplementary Table S2. Overview included patients.
pCRC Phenotype Proliferation Cyto- & chemokine 

PCRC-29

PCRC-31

PCRC-44 CD4

PCRC-45

PCRC-46

PCRC-51

LM-CRC Phenotype Proliferation Cyto- & chemokine 

LMCRC-216 CD8

LMCRC-217

LMCRC-218

LMCRC-219

LMCRC-220

LMCRC-231

LMCRC-232

HCC Phenotype Proliferation Cyto- & chemokine 

HCC-156

HCC-160

HCC-164

HCC-166

HCC-168

Green: included (if a T cell population is mentioned in a green box, it means that only that specific T cell subset has 
been included in the results); Black: excluded
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Supplementary Table S3. Antibody list for flowcytometric analysis and TIL cultures.
Specificity Fluorochrome Clone Company

CCR7 FITC 150503 R&D Systems

CD3 APC-R700 UCHT1 BD

CD3 eF506 UCHT1 eBioscience

CD3 PE-Cy7 UCHT1 eBioscience

CD4 eVolve605 SK3 eBiosciencce

CD4 eF450 OKT4 eBioscience

CD45RA PE-CF594 HI100 BD

CD8 APC-Cy7 OKT8 eBioscience

CD14 eVolve605 61D3 eBioscience

CD19 PE HIB19 eBioscience

CD38 eF450 HIT2 eBioscience

CD80 FITC MAB104 Beckman Coulter

CD86 APC IT2.2 Biolegend

CD137 APC 4B4-1 BD

CD137 BV421 4B4-1 BD

CD274 (PD-L1) APC-R700 MIH1 BD

CD274 (PD-L1) PerCP-Cy5.5 MIH1 eBioscience

CD279 (PD1) PE-Cy7 J105 eBioscience

FoxP3 APC 236A/E7 eBioscience

HLA-DR APC-Cy7 LN3 eBiosciencce

mIgG1 APC MOPC-21 Biolegend

mIgG1 APC-R700 X40 BD

mIgG1 BV421 X40 BD

mIgG1 PE-Cy7 MOPC-21 Biolegend

mIgG1 PerCP-Cy5.5 X40 BD

Specificity Format Clone Company

CD137xPD-L1 huIgG1, Fc-silenced PB17311p01 Merus

CD137 huIgG1, Fc-silenced PG6797p02 Merus

PD-L1 huIgG1, Fc-silenced PG7702p01 Merus

RSV-G huIgG1, Fc-silenced PG2708p217 Merus

CD137 huIgG4 Urelumab Merus

PD-L1 huIgG1 PG6269p01/Atezolizumab Merus
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EXPRESSION OF CANCER 
TESTIS ANTIGENS IN 
TUMOR-ADJACENT 
NORMAL LIVER IS 
ASSOCIATED WITH POST-
RESECTION RECURRENCE 
OF HEPATOCELLULAR 
CARCINOMA

Expression of Cancer Testis Antigens in tumor-adjacent normal liver 
is associated with post-resection recurrence of hepatocellular carci-
noma
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High recurrence rates after resection of hepatocellular carcinoma (HCC) with curative intent 
impair clinical outcomes of HCC. Cancer/testis antigens (CTAs) are suitable targets for cancer 
immunotherapy if selectively expressed in tumor cells. The aims were to identify CTAs that 
are frequently and selectively expressed in HCC-tumors, and to investigate whether CTAs 
could serve as biomarker for occult metastasis. Tumor and paired tumor-free liver (TFL) 
tissues of HCC-patients, and healthy tissues were assessed for mRNA expression of 49 CTAs 
by RT-qPCR and protein expression of 5 CTAs by immunohistochemistry. Twelve CTA-mRNAs 
were expressed in ≥10% of HCC-tumors and not in healthy tissues except testis. In tumors, 
mRNA and protein of ≥ 1 CTA was expressed in 78% and 71% of HCC-patients, respectively. 
In TFL, CTA mRNA and protein was found in 45% and 30% of HCC-patients, respectively. 
Inter-estingly, CTA-expression in TFL was an independent negative prognostic factor for 
post-resection HCC-recurrence and survival. We established a panel of 12 testis-restricted 
CTAs expressed in tumors of most HCC-patients. The increased risk of HCC-recurrence in 
patients with CTA expression in TFL, suggests that CTA-expressing (pre-)malignant cells may 
be a source of HCC-recurrence and reflects the relevance of targeting these to prevent HCC-
recurrence.
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INTRODUCTION
Liver cancer is the fourth leading cause of cancer related death, with hepatocellular carcinoma (HCC) 
being the most common subtype.1 HCC is often diagnosed at advanced stage and these patients can 
only be offered palliative therapies.2, 3 However, with the help of intensive monitoring, at-risk-patients 
can be diagnosed at an early stage and can therefore be treated with curative intent; either by surgical 
resection or radiofrequency ablation. However, recurrence rates are high and currently no therapies are 
available to prevent recurrence. Patients experiencing early recurrence likely have occult multifocality 
at the time of resection, whereas late recurrences are more likely to represent de novo tumors.4-6 
Several clinicopathological factors, such as tumor size and vascular invasion, have been used to predict 
clinical outcome after surgery, but none have consequences for the management of HCC after surgical 
treatment.7 It remains of great importance to identify occult metastasis at the time of resection to allow 
identification of patients at risk for recurrence, ideally by targetable tumor markers. Once occult micro-
metastasis or de novo (pre-)malignant lesions can be characterized, therapeutic approaches targeting 
these markers may be developed to prevent tumor recurrence.

Cancer testis antigens (CTAs) are expressed in immune-privileged germ cells and are expressed in cancer 
cells of various histological subtypes.8 Based on their expression profile in adult healthy tissues, they 
are classified into testis-restricted, testis/brain-restricted and testis-selective CTAs with the last group 
having additional expression in somatic tissues.9 Since testis-restricted CTAs lack expression in healthy 
adult tissues, and have the potential to induce antitumor immune responses, they are considered ideal 
targets for cancer immunotherapy.8, 10 Moreover, as testis-restricted CTAs are not expressed in healthy, 
tumor-free, tissues, sensitive techniques detecting these CTAs can potentially be used to recognize 
occult metastasis in surrounding macro- and microscopically tumor-free tissue.

The aims of this study were: 1) To establish a panel of CTAs that are frequently and selectively expressed 
in tumors of HCC patients; 2) To determine whether these CTAs are expressed in adjacent macroscopically 
tumor-free liver tissues of HCC-patients and whether they are an indication of occult metastasis, e.g. by 
being associated with early recurrence and/or worse HCC-specific survival.

PATIENTS, MATERIALS & METHODS
This study followed the REMARK (Reporting Recommendations for Tumor Marker Prognostic Studies) 
guidelines.11

HCC Patients and tissues
Ethical approval for this study was granted by the Ethics Committee at Erasmus MC, Rotterdam, the 
Netherlands, waiving the requirement for informed consent. For the discovery and validation cohorts 
100 and 89, respectively, archived surgically-resected fresh frozen HCC-tumor and paired tumor-free 
liver (TFL) tissue samples (obtained at a distance of > 2 cm from the tumors) were collected after surgery 
or retrieved from the archives of the Department of Pathology, Erasmus Medical Center Rotterdam. 

For protein expression analysis 76 formalin-fixed paraffin-embedded (FFPE) paired HCC-tumor and TFL 
tissues were retrieved from the Dutch nationwide pathology archives (PALGA) respectively. 



92

Chapter 4

The HCC-patients included in the discovery cohort underwent hepatic resection (n=97 and n=73 for 
fresh frozen and FFPE samples respectively) or liver transplantation (n=3 for both fresh frozen and FFPE 
samples) for HCC in our center between February 1995 and September 2017, and diagnosis of HCC 
was confirmed by pathological examination. The patients included in the validation cohort underwent 
hepatic resection (n=89) for HCC in our center between December 2008 and August 2019, and diagnosis 
of HCC was confirmed by pathological examination.

Medical records were reviewed for clinicopathological variables (listed in Supplementary Table S1) and 
date of first recurrence, HCC-specific death and last follow-up. Date of recurrence was defined as the first 
date a patient was diagnosed with a LI-RADS5 lesion during radiological follow-up.12 Local recurrence 
was defined as intra-hepatic tumor recurrence, all other tumor localizations were classified distant 
recurrence. Patients that had no recurrence during follow-up or that underwent liver transplantation 
were censored. HCC-specific death was defined as death due to HCC. Patients that died due to other 
causes (e.g. postoperative complications, trauma or other malignancies), did not die during follow-up or 
underwent liver transplantation were censored. Time to event was calculated from the day of surgery.

All patients were retrospectively included. Further details of these and other included tissues can be 
found in the supplementary materials and methods.

Selection of CTAs
A literature search to identify CTAs reported to be expressed in HCC was conducted in PubMed on 
October 4th, 2018. A summary of this search is provided in Figure 1A and the query in the Supplementary 
data. Papers written in English that described CTA expression in HCC patients and/or HCC cell lines were 
included. In addition, the CTA database (http://www.cta.lncc.br/) was consulted to find additional CTAs 
expressed in HCC and one relevant paper was added.13 

Quantitative real-time PCR
RNA was isolated from the frozen tissues and RT-qPCR was performed. The sequences, Tm-values and 
product lengths of the used primers are provided in Supplementary Table S2, and detailed methods 
can be found in the supplementary data file.

Immunohistochemistry
Protein expression was determined by immunohistochemistry (IHC) on tissue microarrays (TMA), that 
contained three 1 mm cores of each tumor and TFL tissue, as described in the supplementary data file. 
The stained TMAs were scored blindly by two researchers, based on the intensity of the staining (none, 
low, intermediate, strong) and the percentage of positive tumor cells or hepatocytes (<10%, 10-50%, 
50-90%, >90%). If less than 5 positive cells per core were observed, the core was scored as 0, and cores 
smaller than 50% of the original surface were excluded. The final scores were the average scores of the 
three cores.
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Figure 1. Selection of CTAs. 
A/B. Study Flow Diagram. C. Relative mRNA expression of selected CTAs in healthy donor livers (n=21) in blue and in 
the respective positive control tissues in black. Control tissues were: placenta (for PLAC1; n=1) or testis (all other CTAs; 
n=1-3). 1http://www.cta.lncc.br/, 2Hofmann, et al. 3FANTOM consortium, 4HPA consortium, 5GTEx consortium.9,14,15



94

Chapter 4

Statistical analysis

All statistical analyses were performed using Graphpad (Version 8.2.1 for Windows, San Diego, CA) and 
R Statistical software (Version 3.6.1 for Windows, Foundation for Statistical Computing, Vienna, Austria). 
The correlation analysis was performed in RStudio with the ‘corplot’ package, using Pearson’s correlation 
coefficient. For creating heatmaps, RStudio was used with the ‘gplots’ and ‘pheatmap’ packages. Survival 
analysis was performed by the Kaplan-Meier method and the Cox proportional hazards model, using 
the ‘survminer’ and ‘survival’ packages. Used statistical tests are indicated in the figures. P-values < 0.05 
were considered significant.

RESULTS
Selection of 26 CTAs after literature study and exclusion of those expressed in healthy liver

To determine which CTAs are frequently expressed in HCC tumor tissue, a literature study was conducted. 
Using a query to identify publications on CTAs expressed in HCC tissue, 281 publication records were 
obtained through the PubMed search and one relevant paper13 was added. After removal of non-English 
publications, 270 publications were screened on title and abstract, of which 231 papers were excluded. 
Full texts were screened of the remaining 39 studies, which all met the inclusion criteria (Figure 1A). In 
these 39 studies, expression of 73 different CTAs in HCC was reported; mRNA expression of 51, protein 
expression of 1, and both mRNA and protein expression of 21 CTAs (Supplementary Table S3). In 

mRNA-+ 
HCC (%)1

mean in mRNA-+ 
HCC (range)2

RE HCC
(compared 
to testis)3

mRNA-+ 
TFL (%)4

mean in mRNA-+ 
TFL  (range)5

RE TFL 
(compared to

testis)6

mRNA-+ 
cirrhotic 
tissue7

CAGE1 14.4 0.082 (0.003-0.711) 0.188 2.0 0.009 (0.003-0.015) 0.020 0
CT47A1 26.8 1.311 (0.001-20.565) 0.632 6.1 0.255 (0.01-0.769) 0.123 0
MAGEA1 58.6 0.403 (0.003-1.926) 4.170 13.0 0.055 (0.005-0.188) 0.567 0
MAGEA9 14.1 0.41 (0.001-4.953) 2.848 1.0 0.035 (0.035-0.035) 0.243 0

MAGEA10 12.4 0.123 (0.002-0.518) 1.080 4.1 0.028 (0.004-0.088) 0.249 0
MAGEB2 24.2 0.395 (0.002-2.4) 0.761 6.0 0.053 (0.018-0.127) 0.102 0
MAGEC1 47.5 0.109 (0.001-0.841) 0.407 32.0 0.047 (0.002-0.466) 0.174 28.6
MAGEC2 55.6 0.692 (0.001-9.305) 1.542 19.0 0.041 (0.003-0.28) 0.091 25.7
NYESO1 10.1 0.13 (0.007-1.04) 0.525 1.0 0.018 (0.018-0.018) 0.071 0
PAGE1 18.2 0.37 (0.002-2.225) 1.001 5.0 0.059 (0.009-0.179) 0.159 2.9

SLCO6A1 25.8 0.095 (0.002-0.411) 0.053 4.1 0.011 (0.004-0.017) 0.006 2.9
TSPY* 21.0 0.827 (0.004-7.401) 34.135 4.8 0.218 (0.001-0.641) 9.012 4.2

Table 1. mRNA expression of CTAs in tumor and TFL of HCC-patients.
1
Percentage of hepatocellular carcinomas (HCC) expressing mRNA of the CTA – meaning a Ct-value <35 

and relative expression > 0.001 (n=100); 
2
Mean relative expression (relative to the geometric mean of the 3 

household genes- GUSB, HPRT1, PMM1) level in HCCs expressing the CTA and range; 
3
Mean relative expression 

of the CTA in HCC expressing the CTA, relative to the relative mean expression in 3 testis tissues; 
4
Percentage of 

paired tumor-free liver (TFL) tissues expressing mRNA of the CTA (n=100); 
5
Mean relative expression level in TFLs 

expressing the CTA and range; 
6
Mean relative expression of the CTA in TFL expressing the CTA, relative to the 

relative mean expression in 3 testis tissues; 
7
Percentage of non-cancerous/non-dysplastic cirrhotic liver tissues 

expressing the CTA (n=35); *% in male.
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addition, the CTA database (http://www.cta.lncc.br/) was consulted, which resulted in identification of 
34 different CTAs expressed in HCC; 27 by mRNA, 4 by protein and 3 by protein and mRNA expression. 
Furthermore, 38 CTAs identified by the CTA database had already been identified in the literature search 
(Figure 1B). Consecutively, to exclude expression of these 107 CTAs in healthy tissues, studies using 
next-generation sequencing to quantify mRNA expression levels in samples obtained from a large 
array of healthy tissues and organs, provided by the FANTOM consortium,14, 15 Human Protein Atlas 
(HPA) consortium15 and genome-based tissue expression (GTEx) consortium,16 summarized on www.
proteinatlas.org, and the genome-wide analysis of CTA mRNA expression by Hofmann et al.9 were 
consulted, which led to the exclusion of 47 CTAs expressed in non-germline tissues (Figure 1B). 

To verify the absence of expression in healthy adult non-germline tissues, the expression of the remaining 
60 CTAs was first determined in 21 healthy livers by RT-qPCR. For 11 CTAs it was not feasible to design 
specific primers, due to high sequence homology with other genes, and these were excluded. Of the 
49 CTAs tested, 23 were expressed in healthy livers, with prevalence rates varying from 14 – 100%, and 
therefore also excluded from further analysis. Twenty-four CTAs showed undetectable mRNA expression 
levels in healthy livers. Two CTAs (MAGEC1 and RING finger protein 17 [RNF17]) were each found to be 
expressed in 1 out of 21 tested healthy livers (with very low relative expression levels of 0.005 and 0.002 
respectively), and therefore not excluded (Figure 1C and Supplementary Table S4). These 26 CTAs were 
selected for further study.

A panel of 12 CTAs is expressed in more than 10% of HCC tumors and not in healthy tissues
The mRNA expression of these 26 CTAs was determined in 100 paired HCC tumors and TFL and in 35 
non-malignant cirrhotic liver tissues. Thirteen CTAs were expressed in tumors of >10% of HCC patients 
at variable expression levels (Table 1, Figure 2A and Supplementary Table S5) and selected for further 
study. To verify the absence of these 13 CTAs in healthy adult non-germline tissues, and to confirm they 
are targetable tumor markers, mRNA expression was determined in 23 types of healthy adult tissues 
other than liver (Figure 2B). Most tissues did not express any CTA, except for ovary which expressed 
five CTAs. Four CTAs were expressed at very low relative expression levels in ovary (MAGEB2 0.002, 
cancer/testis antigen family 47 member A1 [CT47A1] 0.002, MAGEC1 0.003 and MAGEC2 0.002). However, 
RNF17 had a higher relative expression level (0.097) and was also expressed in other tissues (thyroid, 
adrenal gland, bladder, brain, throat, trachea, ovary and thymus), and was therefore excluded from 
further analysis.

Among the 12 remaining CTAs (Table 1) were 6 members of the MAGE gene family (MAGEA1, MAGEA9, 
MAGEA10, MAGEB2, MAGEC1 and MAGEC2). MAGEA1, MAGEC1 and MAGEC2 were most frequently 
expressed, with expression rates between 48% and 59% of the tumors. Other CTAs that were expressed 
in more than 10% of tumors are cancer antigen 1 (CAGE1; 14%), CT47A1 (27%), cancer/testis antigen 
1B (CTAG1B;10%), PAGE family member 1 (PAGE1; 18%), solute carrier organic anion transporter family 
member 6A1 (SLCO6A1; 26%) and testis-specific Y-encoded protein 1 (TSPY1; in 21% of male HCC patients 
and 0% of female HCC patients, as expected from a gene located on the Y-chromosome).17 
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Thus, based on mRNA expression data, we identified a panel of 12 CTAs prevalently expressed in tumors 
of HCC-patients, but not in healthy adult tissues except testis. Seventy-eight percent of tumors expressed 
at least one of these 12 CTAs, 59% expressed at least 2 CTAs, 50% expressed at least 3 CTAs, and 40% 
expressed 4 or more CTAs (Figure 2C and Supplementary Figure S1). 

CTAs are expressed in tumor-free liver tissues of HCC patients
To investigate whether CTA expression in TFL could be an indication of occult metastasis, the expression of 
these CTAs was also determined in TFL. Despite the TFL being located at least 2 cm away from the tumor 
and being classified as tumor-free by a pathologist, all 12 CTAs were expressed in these tumor-free liver 
tissues of HCC patients, although at significantly lower levels (Table 1, Figure 2A and Supplementary 
Table S5). Forty-five percent of patients expressed at least one CTA in TFL (Supplementary Figure S1). 
The CTAs most frequently expressed in TFL were MAGEA1 (13% of patients), MAGEC1 (32%) and MAGEC2 
(19%). The latter two were also found to be expressed in approximately 25% of cirrhotic liver tissues of 
HCC-patients without liver cancer, suggesting that their expression may be activated during early (pre-)
malignant transformations in the liver. Interestingly, when a particular CTA was detected in TFL, it was 
often also present in the tumor (Figure 2D); 85% of patients that expressed any CTA in TFL, also had 

CTA expression in tumor. For example, LIHCC-064 expressed 7 CTAs in their tumor, of which 5 were also 
expressed in TFL, suggesting that CTA-expressing cells in TFL were derived from the primary tumor.

CTAs are expressed on protein level in HCC tumors and TFL
Consecutively, we examined protein expression of these CTAs in tumor and TFL tissues of 78 HCC-
patients of which FFPE blocks were available (patient characteristics are shown in Supplementary Table 
S6). Protein expression of MAGEA1, MAGEA10, MAGEC1, MAGEC2 and NYESO1 in HCC tumors has 
previously been reported by our group.18 For CAGE1 no suitable IHC antibodies (Ab) are available. The 
MAGEB2 IHC Ab showed reliable staining in testis tissue, however, we could not detect any positive cells 
in HCC and TFL tissues. TSPY1 and SCLO6A1 Abs demonstrated an unspecific staining pattern and a 
punctate staining that did not allow for quantification of positive cells, respectively, and were therefore 
discarded (Supplementary Figure S2).17 

Figure 2. Panel of 12 CTAs expressed in >10% of HCC tumors, but not in healthy tissues. 
mRNA expression of 12 CTAs in 100 paired HCC and TFL tissues, 35 cirrhotic tissues and 22 different adult healthy 
tissues, as determined by RT-qPCR. A. mRNA expression of the 12 CTAs that are expressed in more than 10% of 
HCCs and not in healthy tissues. Dots show individual patient tissues, bars show the mean relative expression level, 
and error bars show the standard deviation. Wilcoxon signed-rank test, * p<0.05, **p<0.01, ***p<0.001. B. Heatmap 
indicating relative mRNA expression levels of all CTAs that are expressed in >10% of HCCs, in healthy adult tissues. 
C. Heatmap indicating co-expression of CTA mRNA in tumor tissue D. Heatmap of mRNA expression of the 12 
CTAs expressed in ≥ 10% of HCC tumors (rows), in HCC tumors and TFL for every patient (columns). Patients were 
ordered by number of CTAs expressed in each individual tumor. The –ΔCt values were used and for normalization 
this data was scaled between 0 and 1 for each CTA in each tissue [((x-(min(x))/(max(x)-min(x)))]. Colors correspond 
to the value between 0 and 1 and patients LIHCC-064 and HCC-86 are highlighted in red. Heatmap was made in R, 
using the pheatmap package.
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CT47A1, PAGE1, MAGEA9, MAGEC2 and MAGEA1 were detected at protein level in tumor tissues (CT47A1 
in 14%, PAGE1 in 23%, MAGEA9 in 11%, MAGEC2 in 59% and MAGEA1 in 34% of tumors; Figure 3, 
Supplementary Figure S3). These CTAs were expressed by tumor cells, similar to MAGEA10, MAGEC1 
and CTAG1B proteins as demonstrated in our previous study.18 Seventy-one percent of HCC tumor 
tissues expressed at least one of these CTAs on protein level (Figure 3C). In the majority of patients, only 
part of the tumor cells expressed these CTAs. Proportions of tumor cells which expressed these CTAs 
were variable between different patients (Figure 3B), similar to expression intensity (Supplementary 
Figure S3). MAGEA9 was not expressed in any TFL tissue, while we observed expression of CT47A1, 
PAGE1, MAGEC2 and MAGEA1 in single scattered hepatocytes in 1%, 3%, 17% and 9% of TFL tissues 
respectively (Figure 3B and Supplementary Figure S3). Thirty percent of patients expressed at least one 
CTA protein in their TFL tissue. Most CTA protein expression was focal, as illustrated by the observation 
that in most patients only part of the tumor cores included in the TMA showed protein expression 
(Supplementary Figure S4). 

In conclusion, the CTAs that were studied for protein expression, also showed protein expression in 
tumors and, except MAGEA9, also in TFL. 

CTA expression in TFL is correlated with early HCC recurrence and HCC-specific survival after 
surgical resection
To determine whether CTA expression in TFL could be an indication occult micrometastasis, we analyzed 
its association with early HCC recurrence, defined as HCC recurrence within 2 years, and HCC-specific 
survival. Expression of CTA mRNA in TFL (Figure 4A) was negatively associated with both early HCC 
recurrence and HCC-specific patient survival after surgical resection (Figure 4B and Supplementary 
Figure S5). Early recurrence was observed in 64% of patients with CTA expression in TFL versus 40% 
in those without. Two-year HCC-specific survival rates were 71% and 89% in patients with and without 
CTA expression in TFL, respectively. These results were confirmed in a validation cohort, consisting of 
89 HCC patients. In this cohort 29% of HCC patients expressed 1 or more CTAs in TFL, with a maximum 
of 4 CTAs. Early recurrence was observed in 54% of patients with CTA expression in TFL versus 38% in 
those without. Two-year HCC-specific survival rates were 69% and 94% in patients with and without CTA 
expression in TFL, respectively. Interestingly, when we discriminated between local intra-hepatic and 
distant cancer recurrence, patients with CTA-expression in TFL showed more and faster intra-hepatic 

Figure 3. Proteins CT47A1, PAGE1, MAGEA9, MAGEC2 and MAGEA1 are expressed in HCC 
tumors and TFL. 
TMAs of tumor and TFL tissues were immunohistochemically stained to study the protein expression of 
aforementioned CTAs. A. Representative examples of immunohistochemical stains in testis, a positive HCC tumor 
tissue and TFL tissue. B. Scores of percentages of tumor cells or hepatocytes expressing CT47A1, PAGE1, MAGEA9, 
MAGEC2 and MAGEA1 in tumors and paired TFL (n=78). Average scores of three tissue cores are shown. Wilcoxon 
signed-rank test, **p<0.01, ****p<0.0001. C. Heatmap indicating co-expression of CTA-proteins in tumor tissue. 
TMA slides were scanned by a Nanozoomer (Hamamatsu), and analyzed by NDP.view2 software (Hamamatsu).
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cancer recurrence in both cohorts. In contrast, there was no difference in distant cancer recurrence 
between patients with or without CTA-expression in TFL in the discovery cohort, while in the validation 
cohort the difference in distant cancer recurrence between patients with and without CTA-expression in 
TFL was small and borderline significant (p=0.046) (Supplementary Figure S6). The robust association 
with intra-hepatic recurrence in both cohorts supports the hypothesis that CTA-expression in TFL may 
reflect the presence of histologically non-distinguishable intra-hepatic micro-metastases. 

Patients with and without CTA-expression in TFL did not differ in any clinical or histological characteristic, 
including type of surgery, tumor differentiation grade, and vascular invasion (Supplementary Table 
S1; p-values > 0.05, not shown). In multivariate analysis, mRNA expression in TFL was an independent 
prognostic factor for early HCC recurrence (hazard ratio [HR] 2.3 and 2.1, for the discovery and validation 
cohort respectively) and HCC-specific survival (HR 2.3 and 3.6, respectively) in both cohorts, as is shown 
in Table 2. CTA protein expression in TFL (Figure 4C) was associated with poor postsurgical outcome 
as well (Figure 4D). In multivariate analysis CTA protein expression in TFL was also an independent 
prognostic factor for HCC recurrence (HR 2.5) and HCC-specific survival (HR 3.8; Supplementary 
Table S7). An example of CTA protein expression in TFL is shown in Figure 4E, the MAGEC2 expressing 
cells were scattered across the TFL. All TFL tissues with CTA expression were reassessed by a medical 
pathologist to verify the absence of histologically detectable HCC metastasis. Except for extensive 
vascular invasion in one patient, which also expressed PAGE1 in TFL (Supplementary Figure S7), no 

histological indications for the presence of malignant cells in TFL were present. Notably, both survival 
analysis and cox-regression analysis of CTA expression in tumor tissues did not show associations with 
postsurgical outcome (Supplementary Table S8 and Supplementary Figure S8), and neither did CTA 
protein expression (data not shown).

In conclusion, we found that CTA expression in TFL is an independent negative prognostic factor of both 
HCC recurrence and HCC-specific survival, and we validated these findings in a validation cohort. This 
may indicate that occult CTA-expressing (pre-)malignant cells are present in the remaining liver tissue 
after tumor resection and that these cells could be responsible for HCC recurrence, especially for intra-
hepatic recurrence, after surgery.

Figure 4. Both mRNA and protein expression of CTAs in TFL are associated with HCC recurrence 
and HCC-specific survival. 
A. Heatmap indicating co-expression of CTA mRNA in tumor-free liver tissue in the discovery and validation 
cohort. B. Early HCC recurrence and HCC-specific survival in HCC patients by CTA mRNA expression in TFL in 
the discovery and validation cohort. Plus-signs indicate censored data. Cox-Mantel log-rank test. C. Heatmap 
indicating co-expression of CTA protein in tumor-free liver tissue. D. Early HCC recurrence and HCC-specific survival 
in HCC patients by CTA protein expression in TFL. Plus-signs indicate censored data. Cox-Mantel log-rank test. E. 
Representative example of IHC staining of MAGEC2 protein expression in TFL, and accompanying patient data.TMA 
slides were scanned by a Nanozoomer (Hamamatsu), and analyzed by NDP.view2 software (Hamamatsu).
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DISCUSSION
We established a novel panel of 12 CTAs, each expressed in at least 10% of HCC tumors and not in 
healthy tissues except immune-privileged testis. Based on mRNA analysis, approximately 80% of HCC-
patients expressed one or more of these antigens in their tumor tissues, whereas protein expression of 
five of these CTAs was detected in approximately 70% of HCC tumors. In addition, we found that 45% 
of HCC-patients included in the discovery cohort expressed one or more of the 12 CTAs of our panel in 
their histologically tumor-free liver tissue, which was associated with early HCC recurrence and worse 
patient survival after curative surgery. These associations were confirmed in a validation cohort, in which 
29% of HCC patients expressed one or more CTAs in TFL. 

High recurrence rates after surgery with curative intent worsens the survival of HCC patients. Aufhauser, 
et al.19 hypothesized that early recurrence, defined as recurrence within 2 years after tumor resection, is 
due to occult metastasis rather than de novo tumor formation, but failed to find biomarkers identifying 
occult metastasis at the time of resection. Therefore, we aimed to find biomarkers detecting occult 
multifocality at the time of resection, in order for these patients to be selected for adjuvant treatment. 
We hypothesized that biomarkers identifying occult multifocality should be abundantly and relatively 
frequently expressed in tumor tissues, to allow for high sensitivity, and should be completely absent in 
healthy tissues, to allow for high specificity. 

CTA expression in tumors of HCC-patients has been studied before, however, as demonstrated by the 
results of our literature study (Supplementary Table S3), most studies investigated only a few CTAs, 
determined either RNA or protein expression but not both, did not exclude CTAs expressed in healthy 
tissues, and most notably, did not look at or acknowledge CTA expression in tumor-free liver (Figure 
1B and C, Supplementary Table S5). Thus, to assure we would determine the CTAs most likely to 
serve as markers for occult multifocality in TFL, we repeated CTA expression analysis in tumor tissues 
and confirmed absence of the selected CTAs in healthy tissues. As far as we are aware, the present 
study is the most comprehensive investigation of CTA-expression in tumor and paired TFL tissues of 
HCC-patients performed. Another recent report used the GEPIA database to analyze CTA expression 

in tumors of HCC patients, but did not investigate CTA expression in non-cancerous liver tissues of 
HCC patients.20 An additional benefit of excluding CTAs expressed in healthy tissues would be their 
suitability for therapeutic targeting, as targeting proteins exclusively expressed in the tumor will not lead 
to therapy-induced auto-immunity in potential future clinical applications.8 

As the expression of CTAs in tumor-free (liver) tissues of patients with HCC or other cancer types has 

barely been investigated before, their association with cancer recurrence or patient survival has also not 
been investigated in HCC, nor any other types of cancer. Therefore it was unknown if CTAs could serve 
as biomarkers for occult multifocality. The 2-year recurrence rate in the study of Aufhauser, et al19 of 
46% is comparable to the observed rate of 50% and 43% in the discovery and validation cohorts of this 
study, respectively, and therefore we expect the cohorts to be comparable. Unexpectedly, we observed 
mRNA expression of one or more of the 12 CTAs of our panel in histologically tumor-free liver tissues 
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Discovery cohort

Early recurrence (<2 yr) HCC-specific survival

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

Variable HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

≥1 CTA in TFL 2.3 (1.3-4.0) 0.0034 2.5 (1.47-4.5) 0.003 2.4 (1.1-5.4) 0.03 2.3 (1.0-5.3) 0.044

≥2 CTAs in TFL 2.1 (1.2-3.7) 0.013 1.7 (0.7-3.9) 0.22

≥3 CTAs in TFL 4.2 (1.9-9.4) 0.00053 5.1 (1.9-14) 0.0015

Number of CTAs in 
TFL (numeric) 1.3 (1.2-1.5) 2.0E-05 1.3 (1.1-1.5) 0.0011

>1 tumor 1.2 (0.7-2.0) 0.56 1.1 (0.5-2.4) 0.83

>2 tumors 2.6 (1.3-4.9) 0.0042 2.4 (1.2-4.7) 0.02 1.8 (0.7-4.9) 0.22

Cirrhosis 1.6 (0.9-2.8) 0.12 1.5 (0.7-3.4) 0.33

Chronic viral hepatitis 2.3 (1.3-4.0) 0.0031 2.7 (1.5-5.0) 0.001 3.3 (1.5-7.2) 0.0032 4.63 (2.0-10.8) 0.0004

Vascular invasion 1.3 (0.7-2.3) 0.41 2.2 (0.96-4.9) 0.063

Tumor > 5 cm 1.3 (0.7-2.3) 0.37 2.3 (0.9-5.7) 0.081

AFP > 200 ug/l 1.9 (1.0-3.4) 0.034 2.7 (1.2-6) 0.013

AFP > 400 ug/l 2.4 (1.3-4.5) 0.0051 3.0 (1.5-5.8) 0.001 3.3 (1.5-7.3) 0.0038 4.0 (1.7-9.4) 0.002

Validation cohort

Early recurrence (<2 yr) HCC-specific survival

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

Variable HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

≥1 CTA in TFL 2.2 (1.1-4.2) 0.022 2.1 (1.1-4.1) 0.03 3.3 (1.4-7.7) 0.0074 3.6 (1.5-8.8) 0.004

≥2 CTAs in TFL 1.5 (0.58-3.8) 0.41 2.3 (0.83-6.3) 0.11

≥3 CTAs in TFL 1.1e-07 (0-Inf) 1 3.9e-08 (0-Inf) 1

Number of CTAs in 
TFL (numeric) 1.2 (0.89-1.7) 0.21 1.4 (0.95-2) 0.095

>1 tumor 2.1 (1-4.2) 0.043 2.2 (1.1-4.5) 0.03 0.9 (0.27-3.1) 0.87

>2 tumors 1.7 (0.67-4.4) 0.26 0.96 (0.22-4.1) 0.96

Cirrhosis 0.77 (0.39-1.5) 0.45 2.3 (0.97-5.5) 0.059 2.6 (1.1-6.3) 0.03

Chronic viral hepatitis 0.91 (0.42-2) 0.82 0.98 (0.36-2.7) 0.97

Vascular invasion 2.1 (0.98-4.4) 0.055 1.5 (0.59-3.9) 0.38

Tumor > 5 cm 2.5 (1.2-5) 0.011 2.6 (1.3-5.3) 0.007 1.5 (0.61-3.6) 0.38

AFP > 200 ug/l 1.6 (0.8-3.3) 0.18 0.83 (0.28-2.5) 0.74

AFP > 400 ug/l 1.3 (0.61-2.9) 0.46 0.65 (0.19-2.2) 0.5

Table 2. CTA mRNA-expression in TFL is an independent prognostic factor of HCC recurrence and 
HCC-specific survival. 
Univariate and multivariate analyses of factors associated with recurrence and survival according to the cox proportional 
hazard model. Abbreviations: AFP, alphafoetoprotein; 95% CI, 95% confidence interval; CTA, cancer testis antigen; HR, 
hazard ratio; TFL, tumor-free liver.
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in a substantial percentage of patients; 45% of tumor-free tissues included in the discovery cohort and 
in 29% of tumor-free tissues in the validation cohort. Protein expression of one or more of 4 of these 
CTAs was detected in non-cancerous liver tissues of 40% of patients of the discovery cohort. The 2-year 
recurrence rates in our cohorts were significantly higher in patients with CTA mRNA-expression in TFL 
compared to patients without CTA-expression in TFL; 64% vs 40% in the discovery cohort and 54% vs 
38% in the validation cohort. Interestingly, in both cohorts CTA expression in TFL was associated with 
local intra-hepatic recurrence, but in the discovery cohort not with distant cancer recurrence. Moreover, 
CTA mRNA expression profiles in TFL were generally similar to those in the corresponding tumors, and 
our preliminary immunohistochemical data show that CTA-expressing cells in TFL were either single cells 
or small foci. Based on these observations, we hypothesize that CTA-expressing cells in TFL of patients 
with early intra-hepatic HCC recurrence indeed represent occult intra-hepatic micro-metastases, and are 
less likely to represent de novo tumors. This hypothesis is supported by a study performed in colorectal 
cancer patients with liver metastasis.21 In TFL, they detected low frequencies of somatic mutations that 
were also observed in matched tumor samples, despite normal histological appearance. Since these 
mutations were not found in the matched blood samples, it was hypothesized that tumor DNA or 
tumor cells diffused or migrated into the surrounding normal tissue.21 However, the authors did not 
correlate this to either cancer recurrence or survival. Similarly, a previous study detected MAGE-antigen 
expression in lung tissues of former smokers at risk for NSCLC development,22 but also did not show any 
data regarding actual NSCLC development. 

Determining lymph node involvement is a widely accepted method for staging a wide variety of cancers.  
The lymph node metastases themselves are not the cause of death in most patients, however, lymph node 
involvement is correlated with the spread to vital organs.23 Therefore it is correlated with reduced patient 
survival and an important prognostic factor.24, 25 Likewise, we showed that CTA expression in tumor-
free tissue is correlated with recurrence of HCC after curative surgery, independent of conventional 
prognostic factors. We hypothesize that these CTAs in TFL are expressed by micro-metastases, leading to 
tumor recurrence and eventually HCC-related death. Detection of occult metastasis in tumor-free tissue, 
by detection of CTA expression or other methods such as mutation analysis, could be used as a new 

concept to identify patients at risk for developing (local) metastasis. Moreover, these CTAs could serve 
as targets to prevent and/or treat these (micro-)metastases.

One way to target these CTAs is by vaccination. Most therapeutic cancer vaccination studies targeting CTAs 
have been performed in advanced cancer patients with high tumor load in which an immunosuppressive 
tumor microenvironment has been established, and showed modest clinical results.26 Based on our data 
showing the presence of scattered single CTA-expressing cells and small foci of CTA-expressing cells 
in TFL of 29-45% of resected HCC-patients, therapeutic vaccination with CTAs after tumor resection 
might be a promising approach to prevent HCC recurrence in such patients. Compared to vaccination 
in advanced cancer, we expect that the low tumor load remaining after resection of detectable tumors 

may enhance the probability of effective immunological eradication of CTA-expressing (pre-)malignant 
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cells. A prerequisite for therapeutically targeting antigens by vaccination, is that the antigens are 
immunogenic. Most of the CTAs included in our panel have previously been proven immunogenic in 
cancer patients.27 More specifically in HCC patients, we and other research groups have demonstrated 
the presence of MAGEA1-, MAGEA10-, MAGEC2- and NY-ESO-1-specific T-cells, both in blood and in 
tumors.28-32 In addition, NY-ESO-1 and TSPY-specific IgG have been detected in HCC-patients,33, 34 while 
CT47A1-, PAGE1- and SLCO6A1-specific antibodies were recently detected in NSCLC patients.35 

Several CTAs of our panel, such as the MAGE-family members, CTAG1B, TSPY1 and CAGE1, are functionally 
involved in tumorigeneses and cancer progression by modulating gene expression, regulating mitosis 
and tumorigenic signaling.8, 10, 36-38 More specifically, MAGE-A9 and TSPY have been shown to be involved 
in HCC tumor cell proliferation.36, 38 Their role in cancer progression is further supported by data showing 
that CTA expression is more prevalent in advanced tumors.39, 40 Importantly, the involvement of these 
CTAs in cancer progression may prevent antigen loss upon therapeutic targeting.37

We acknowledge several limitations of this study. First, since the etiologies of HCC differ geographically, 
this CTA-panel might not be applicable to non-Western HCC-populations. Secondly, future research is 
required to investigate whether CTA-expressing cells in TFL are really (pre-)malignant cells that can give 
rise to cancer recurrence. Moreover, as not all HCC tumors expressed the selected CTAs, occult micro-
metastasis of the tumors not expressing CTAs may be missed. Finally, for the concept – detection and 
treatment of occult multifocality by detection of therapeutically targetable CTAs in supposedly tumor-
free tissues – to become widely applicable, it should be validated in other cancer types.

CONCLUSIONS
We established a panel of 12 testis-restricted CTAs that are expressed in tumors  of almost 80% of HCC 
patients. In addition, we demonstrated expression of these CTAs in tumor-free liver tissues of 45% and 
29% of HCC-patients in two different cohorts. The negative association between expression of these 
CTAs in TFL and HCC-recurrence and patient survival, independent of clinical and histological tumor 
characteristics, combined with immunohistochemisry data showing scattered CTA-expressing cells in 
TFL, suggests that CTA-expressing (pre-)malignant cells remain present in the liver after tumor resection, 
and are indicative for the potential relevance of  therapeutic targeting of these antigens. To prevent 
tumor recurrence, HCC patients with CTA expression in TFL could be selected for adjuvant therapy, 
either by therapeutic targeting of these CTAs, other (immuno-) therapeutic strategies, or a combination 
of both.
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SUPPLEMENTARY DATA

Materials & Methods

Liver and healthy tissue samples

Cirrhotic and healthy (liver) tissues
Freshly frozen healthy liver tissues (n=21) were obtained during liver transplantation from donor liver 
grafts at the end of cold ischemic storage. Archived freshly frozen tissue samples of non-cancerous 
cirrhotic livers (n=35) were retrieved from the tissue bank of the Department of Pathology, Erasmus 
Medical Center Rotterdam. The non-cancerous cirrhotic liver tissues had been retrieved from patients 
who underwent liver transplantation for liver cirrhosis in our center between May 2007 and June 2017. 
The etiology of the cirrhosis was determined by information from medical records, laboratory tests 
and pathological examination of the explanted livers. Cirrhotic livers with malignancies, diagnosed by 
pathological examination, were excluded.

RNA isolated from fresh frozen healthy adrenal gland (R1234004-50), artery (HR-810), brain (R1234035-
50), colon (R1234090-50), heart (R1234122-50), lung (R1234152-50), muscle (R1234171-50), ovary 
(HR-406), pancreas (R1234188-50), skin (R1234218-50), small intestine (R1234226-50), stomach (HR-
302), testis (R1234260-50), throat (R1234263-10), thymus (HR-702), thyroid (R1234265-50), trachea 
(R1234160-50), urinary bladder (R1234010-50) and uterus (R1234274-50) tissues were purchased from 
AMS Biotechnology Ltd, Abingdon, UK. Bone marrow derived from a healthy donor (Department of 
Hematology, Erasmus MC), healthy kidney tissue obtained from a donor kidney (Department of Internal 
Medicine, Erasmus MC) and RNA of healthy testis tissues (Department of Pathology, Erasmus MC) were 
kindly provided. Lymph node and spleen tissues were collected from samples retrieved during liver 
transplantation in our center in September 2019.

Quantitative real-time PCR
RNA was isolated using the NucleoSpin® RNA isolation kit of Macherey-Nagel (Dueren, Germany) 
according to manufacturer’s instructions. RNA quality was assessed with NanoDrop 2000 (Thermo 
Scientific), using 260/230 ratios. Samples with a ratio <2.0 were excluded and if possible RNA was re-
isolated. RNA (4 ug) was reverse-transcribed into cDNA using PrimeScript™ RT master Mix (Perfect 
Real Time, Takara, cat# RR036A), according to the manufacturer’s instructions. RT-qPCR was performed 
using SYBR™ Green PCR Master Mix (ThermoFisher) in a StepOnePlus™ Real-Time PCR System (Applied 
Biosystems), using 12.5 ng cDNA per reaction, with the following conditions: 50°C for 2 minutes, 95°C 
for 2 minutes, then 38 cycles of 95°C for 15 seconds, 58-62°C for 15 seconds (according to the Tm of 
the primers), 72°C for 1 minute, and then finally for the Melt Curve stage 95°C for 15 seconds, 60°C for 
1 minute and a 0.7°C step-wise increase until 95°C was reached. All Ct-values over 35 were considered 
negative. The level of target gene expression relative to the geometric mean of three control genes 
(HPRT1, GUSB, PMM1)1 was calculated by 2-ΔΔT method, after which a cut-off of 0.001 was used to define 
expression. All amplifications were performed in at least two technical repeats. Means of technical 
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replicates were used for analysis. Primers were designed with Primer Blast (NCBI), efficiency was 
determined by dilution of cDNA and product length was determined by gel electrophoresis. 

Immunohistochemistry
The FFPE blocks of the HCC and TFL tissues were examined by a pathologist (MD) to mark tumor and 
tumor-free liver tissues. A TMA Grand Master (2.5; 3D Histech) was used to create tissue microarrays 
(TMA). Three tissue cores of 1 mm were taken of each tissue and placed in a recipient formalin block. 
Immunohistochemistry (IHC) was performed using an automated, validated and accredited staining 
system (Ventana Benchmark ULTRA, Ventana Medical Systems, Tucsen, AZ, USA) using the optiview 

universal DAB detection Kit (cat.760-700, Ventana Medical Systems). In brief, following deparaffinization 
and heat-induced antigen retrieval tissue sections were incubated with each of the primary antibodies 
according to their optimized incubation time and concentration (Supplementary Table S9). The 
antibodies were titrated using testis as a positive control tissue and placenta and spleen as negative 
control tissues. Incubation was followed by hematoxylin II counter stain for 12 minutes and then a 
blue colouring reagent for 8 minutes according to the manufacturer’s instructions (Ventana Medical 
Systems, Tucsen, AZ, USA). The stained TMAs were then scanned using a Nanozoomer (Hamamatsu), 
and analyzed using NDP.view2 software (Hamamatsu).

Search query:
((“cancer testis antigen”[All Fields] OR (((“cancer”[All Fields] OR “neoplas*”[All Fields]) AND (“testis”[All 
Fields] OR “testes”[All Fields]) AND (“Antigens, Neoplasm”[Majr] OR “antigen*”[All Fields] OR “Ags”[All 
Fields] OR “ag”[All Fields] OR “gene”[All Fields] OR “genes”[All Fields] OR “antigen*”[All Fields])))) AND 
((“Carcinoma, Hepatocellular”[Majr]) OR “Fibrolamellar hepatocellular carcinoma” [Supplementary 
Concept] OR “liver cell carcinoma”[All Fields] OR “liver cancer”[All Fields] OR “hepatocellular carcinoma 
cell line”[All Fields] OR ((“liver”[All Fields] OR “hepat*”[All Fields]) AND (“carcinoma*”[All Fields] OR 
“ca”[All Fields] OR “cas”[All Fields] OR “cancer*”[All Fields])) OR “hepatocarcinom*”[All Fields])) AND 
“Humans”[Mesh]

Pubmed search 04-10-2018
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Supplementary Table S1. Patient characteristics of HCC-patients in the discovery and validation 
cohort based on CTA expression in TFL.

Discovery cohort Validation cohort

CharacteristicCharacteristic
CTA in TFL- CTA in TFL- 

(n=55)(n=55)
CTA in TFL+ CTA in TFL+ 

(n=45)(n=45)
CTA in TFL – CTA in TFL – 

(n=63)(n=63)
CTA in TFL+ CTA in TFL+ 

(n=26)(n=26)

Age at surgery (years)

Mean ± SD 60.0 ± 14.3 59.8 ± 15.0 65.9 ± 10.7 60.4 ± 11.0

Median (range) 63 (11-82) 64 (16-80) 67 (34-85) 61 (36-76)

Sex – no. (%)

Male 36 (65.5) 27 (60) 49 (77.8) 15 (57.7)

Female 19 (34.5) 18 (40) 14 (22.2) 11 (42.3)

Race – no. (%)

White 47 (85.5) 36 (80) 52 (82.5) 20 (76.9)

African 3 (5.5) 5 (11.1) 4 (6.3) -

Asian 4 (7.3) 4 (8.9) 5 (7.9) 5 (19.2)

Not reported 1 (1.8) - 2 (3.2) 1 (3.8)

Etiology – no. (%)

No known liver disease 14 (25.5) 19 (42.2) 19 (30.2) 7 (26.9)

Alcohol 16 (29.1) 5 (11.1) 11 (17.5) 8 (30.8)

Hepatitis B 8 (14.5) 4 (8.9) 10 (15.9) 3 (11.5)

NASH 5 (9.1) 3 (6.7) 12 (19.0) 4 (15.4)

Hepatitis C + Alcohol 3 (5.5) 5 (11.1) - -

Hepatitis B + Alc/HepC/HepD/NASH 2 (3.6) 4 (8.9) 1 (1.6) 1 (3.8)

Hepatitis C 4 (7.3) 2 (4.4) 5 (7.9) 1 (3.8)

Fibrolamellar HCC 2 (3.6) 2 (4.4) - -

Hemochromatosis (+ NASH/Alcohol) 1 (1.8) 1 (2.2) 3 (4.8) 1 (3.8)

Autoimmune hepatitis - - - -

Primary sclerosing cholangitis - - - 1 (3.8)

Other - - 2 (3.2) -

Hepatitis status – no. (%)

Hepatitis B or C positive 17 (30.9) 15 (33.3) 16 (25.4) 5 (19.2)

Chronic Hepatitis B 10 (18.2) 8 (17.8) 11 (17.5) 4 (15.4)

Chronic Hepatitis C 8 (14.5) 7 (15.6) 5 (7.9) 2 (7.7)

Cirrhosis – no. (%)

Yes 22 (40) 12 (26.7) 24 (38.1) 10 (38.5)

No 33 (60) 33 (73.3) 39 (61.9) 16 (61.5)

Surgery – no. (%)

(Extended) Hemi-hepatectomy 30 (54.5) 26 (57.8) 28 (44.4) 14 (53.8)

Partial resection (≥2 segments) 12 (21.8) 8 (17.8) 24 (38.1) 6 (23.1)

Partial resection (1 segment) 11 (20.0) 10 (22.2) 11 (24.4) 6 (23.1)

LTx 2 (3.6) 1 (2.2) - -
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Discovery cohort Validation cohort

Characteristic
CTA in TFL-

(n=55)
CTA in TFL+

(n=45)
CTA in TFL-

(n=63)
CTA in TFL+

(n=26)
Tumor differentiation – no. (%)

Good 8 (14.5) 4 (8.9) 8 (12.7) 3 (11.5)

Moderate 30 (54.5) 22 (48.9) 36 (57.1) 15 (57.7)

Poor 9 (16.4) 9 (20) 14 (22.2) 5 (19.2)

Unknown 8 (14.5) 10 (22.2) 5 (7.9) 3 (11.5)

Vascular invasion – no. (%)

Yes 23 (41.8) 26 (57.8) 41 (65.1) 18 (69.2)

No 27 (49.1) 15 (33.3) 22 (34.9) 6 (23.1)

Unknown 5 (9.1) 4 (8.9) - 2 (7.7)

BCLC stage – no. (%)

0 1 (1.8) - 4 (6.3) -

A 36 (65.5) 30 (66.7) 47 (74.6) 22 (84.6)

B 18 15 (33.3) 12 (19.0) 4 (15.4)

Number of lesions – no. (%)

1 30 (54.5) 26 (57.8) 49 (77.8) 22 (84.6)

>1 25 (45.5) 19 (42.2) 14 (22.2) 4 (15.4)

Median (range) 1 (1-11) 1 (1-10) 1 (1-11) 1 (1-11)

Size of largest lesion (cm)

Mean ± SD 6.2 ± 4.3 9.1 ± 6.9 7.0 ± 4.7 8.0 ± 4.7

Median (range) 5.2 (1.3-24) 7.5 (1-34) 5.7 (0.8-21.0) 7.15 (1.7-16.5)

AFP level before resection (ug/l)

Mean ± SD 711 ± 2384 113360 ± 
519877

1850 ± 6673 784 ± 1641

Median (range) 7 (1-10709) 12 (1-3118700) 9 (1-45803) 47 (1-4973)

Supplementary Table S1. (continued)
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Supplementary Table S2. Primer sequences and annealing temperatures (Tm) used for RT-qPCR.
Primer Tm Forward Primer Reverse Primer Product 

Length

CAGE1 60 TCATCCGAAGTCCATGACCA GACTCTTCCTGGAGTGGTTG 118

CBLL2 62 TTCCACCAGAACAGCACACC AACGGTTTCCCACTGGATGG 146

CCDC83 60 AGGAGGGCAGGCCTTTTTAATC TCCATTGTGCTGGTTAGCTATGA 148

CPXCR1 60 CAGCCAGTCATACTATCCTC CTACAGTCATTAGGAGGCTC 118

CSAG2/3 58 GGAGTGGGCCAACACTATCC GGCTGTCCGAAGAGAGACTG 123

CT45 62 ATGCACATCACTCCCAGGTG TTGTTTCCTTGCTGGAGGAGA 147

CT47A1 60 ACCTAGACGCAGCAGAGGT AACTTGAACACTGTCACATACATCC 141

CTAG1A/B 60 GGCTTCAGGGCTGAATGGA TGTTGCCGGACACAGTGAAC 191

Cxorf48 60 CTGGCAACGTGCCTCTAAAAG AAGATGGCGAGGCACAACAT 110

DDX53 60 GTTGGTGTGGTCATTGGTTAC CGCTTTGGCCTTTGCTTTCAT 144

DPPA2 62 CAATCTCCTTCCATCCCAGGGT ACCAGTGTCAAAATCACACTTTCC 118

DUSP21 62 TTGTCAATGCCTCGGTGGAA CGAGTCACGAGCATCGGTAA 86

FAM46D 60 AGCCTTAACGGATGAAGGAAAA AAACTCCAGCTAGTGAAACTCC 92

FATE1 62 ATGGAGCTTGGATCTCGGTC CTCAGCATTCTGGGCTTTGG 155

FBXO39 60 TGATAGATCTCCTGCCCACCT CTCGTCGAGTGACTCATGGTT 83

FMR1NB 60 TCCTGCTGTTCGTGTGCTAC TCAGCAAAGCTTCCAATGCG 147

FTHL17 60 ATCAACAGCCACATCACGCT CATTTTGTCGTCCGACAGGC 132

GAGE1 60 ACCTGAGTCATCTTAAAACATGTGA AGTAAACATGAAGCAGAGTGCC 80

GPC3 60 AACCATGTCTATGCCCAAAGGT CCAGAGCCTCCAATGCACTC 108

GUSB 58 CAGGTGATGGAAGAAGTGG GTTGCTCACAAGGTCACAG 171

HORMAD1 60 CAACGAATCTAGCATGTTGTC CACAATCACCATCCTTAAAACC 188

HPRT1 58 GCTATAAATTCTTTGCTGACCTGCTG AATTACTTTTATGTCCCCTGTTGACTGG 140

LUZP4 60 CTTCGTTTCGGAAGCTAACGC CTCCGATGGCGATGTCTATGA 217

MAGEA1 60 AGAAGCGAGGTTTCCATTCTGA GGAATCCTGTCCTCTGGGTTG 116

MAGEA2 62 CTCCAGCTTCTCGACTACCATC GACTCCAGGTCGGGAAACATTC 148

MAGEA3 62 ATCTTCAGCAAAGCTTCCAGT GGTGGCAAAGATGTACAAGTGG 93

MAGEA4 58 GAGCTTCTGCGTCTGACTCG TGTCTGCTCAGAACCTTGTCTC 85

MAGEA8 60 GGTCGGCTTGAGATCGGCT CCTCAGCTTGACTGCTACTACTG 150

MAGEA9B 60 GCTTGATACCGGTGGAGGAG GGTTAGCCTGTCCCGAGAAC 124

MAGEA10 62 GAGATCGGCTGAAGAGAGCG ACTCTTGTCAGATCCTGCGAC 140

MAGEB1 60 TGAAGTAGTGAGCAGCCAAGA GCTGGCAGCACCAATAAATGT 172

MAGEB2 58 TCCTGACTTCCGCTTTGGAGGC GCACGGAGCTTACTCTTCTGACC 135
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Primer Tm Forward Primer Reverse Primer Product 
Length

MAGEB3 60 CTACCCAAACCTCTTCTCAGCC AGACCCTGGATCCTCCCTCTA 144

MAGEB6 62 ACCCTTGTCAGCAAGCTAGG GATCACAACCAGGAGCGACA 99

MAGEC1 62 GGCCATCTTGGGAGTCTGAA TGGAGCACCTTGAAGACTGG 106

MAGEC2 62 GGAGTCAAGGCCTGTTGGAT GGGAGGCATGACGACTTCTT 84

PAGE1 62 GGCTGAAGTTGTGAAATATGGGT CTGCAGATGCTCCCTCATCC 177

PAGE5 62 TGATGTCAGGGAGGGGACTC TGGTTTCAGTCTTCATTTGTCTTGG 105

PASD1 62 TGCAGAGGTTGAGCAGTATGG GGATTCACCTCAGGCTCACC 153

PLAC1 60 ACACAGCAAGTTCCTTCTTCC GAGGATTTCTTCTTCTGGCAGC 118

PMM1 58 CGAGTTCTCCGAACTGGAC CTGTTTTCAGGGCTTCCAC 86

RNF17 60 GGACAATGCAGTGGTCCAAAG AGGAGCACCAAGAGAATCGAA 137

SAGE1 58 CCTTAGCTGACTCTGGTGCTC GACTCGTTTGAAGTGGAGAAGC 150

SLCO6A1 62 TGGCCTTGGGTGTAAGCTATG ATCCAACAACGTCCTGTGTG 136

SPANXA 62 ATGATGCCGGAGACCCCAAC GTGGTCATTCAGCAGTTCCTCT 144

SPANXC 60 CGCTACAGGAGGAACGTGAA ATTCCTCCTCCTCCATTTGG 100

SPANXN3 62 ACCAGAATCATGGAACAGCCAA TGTTTGGTACCTCTTGCATCTC 106

SYCP1 62 CTATCTGTGGACATCTGCCAA TTGGTTTTGTTGGTGTCTTCAC 80

TEKT5 62 GGTCCATGACAACGTGGAGA TGCTGAGCATCCCGGTTATC 126

TFDP3 60 TTGGAGGTGTGTTCACGACG CTGAGATCCACCGGAGCTTG 113

TPPP2 60 GCAAAGTCAAGGCCAAGAACG CTGGACTCTTCCCTTTGAAGC 99

TSPY 62 ACAAGATTGCTGAGTCCCCTG TCAACAACTGGGAGTCCCCT 149

ZCCHC13 62 TGCTACAACTGTGGGAGAAGC TGACGATCACAGTCACGAGC 122

Supplementary Table S2. (continued)
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Supplementary Table S3. Results of the literature search and overview of included articles.

Study Gene(s) Population Detection 
method Outcome

Wei Y, et al. Int 
J Oncol.  20182

MAGEA9 HCC patients (n=90; 
China)

IHC IHC: 40/90 (44%) MAGEA9+

Jiao Y, et al. 
PLoS One. 
20173

TFDP3 HCC cell line (HepG2) and 
normal human hepato-
cyte cell line (L-02) and 
HCC patients (China)

RT-qPCR and 
IHC

mRNA and IHC: HepG2 and L02 are 
both TFDP3+, expression is higher 
in HepG2. Also protein expression in 
HCC patients.

Liu, et al. Can-
cer Lett. 20174

CTCFL HCC cell lines (HepG2, 
SMMC-7721, Huh7, 
HCCLM3, PLC/PRF/5), 
normal human hepato-
cyte cell lines (L-02 and 
WRL68) and HCC patients 
(n=25; China)

RT-qPCR and 
IHC

RT-qPCR: all cell lines positive, ex-
pression higher in HCC cell lines than 
normal human hepatocyte cell lines
IHC: 18/25 (72%) CTFCLhigh and 7/25 
(28%) CTCFLlow

Xie, et al. Drug 
target. 20175

TTK Review n.a. Liu, Oncotarget 2015: 118/152 
(77.63%) of HCC patients mRNA TTK+ 
– China 

Charoentong, 
et al. Cell Rep. 
20176

BRDT, CAGE1, CCDC83, 
CPXCR1, CSAG2, CT45A1, 
DDX53, DPPA2, FMR1NB, 
FTHL17, GAGE1, LUZP4, 
MAGEA1, MAGEA2, MAGEA3, 
MAGEA4, MAGEA5, MAGEA9, 
FAM46D,  MAGEB1, MAGEB2,  
MAGEB3, MAGEC1, PAGE1, 
PASD1, POTEA, POTEB, 
POTED, SLCO6A1, SPANXC, 
SPANXN3, SSX3, SSX5,  SSX7, 
TSPY2, TSPY3, TSSK6, XAGE2, 
ZNF645, 

The Cancer Genome 
Atlas (TCGA); including 
363 HCC patients

RNA sequenc-
ing

Aforementioned genes are all cor-
related with CD4 and/or CD8 T cells 
in HCC

Kido, et al. J 
Genet Genom-
ics. 20167

TSPY TCGA and refers to Kido, 
et al. 2014 IHC: male 
HCC patients (n=287; 
TMA purchased from US 
Biomax) and RT-qPCR: 
male HCC patients (n=32; 
China)

TCGA: RNA 
seq
Kido, et al. 
2014: RT-qPCR 
and IHC

This paper researches the TSPY 
co-expression network (TCN), which is 
activated in 30% of HCCs (TCGA). 
Kido, et al. 2014: RT-qPCR: 15/32 
(46.9%) TSPY+
IHC: 55/287 (19.2%) TSPY+

Fu,  et al. Int J 
Clin Exp Pathol. 
20158

ACRBP HCC cell lines (Bel-74041, 
HepG22, QGY-77033, 
QGY-77014, BEL-74025, 
SMMC-77216)

RT-PCR1-6, 
IHC1,2 and 
WB1,2

RT-PCR: 6/6 cell lines
IHC: 2/2 cell lines
WB: 2/2 cell lines

Wang, et al. 
Int J Clin Exp 
Pathol. 20159

MAGEA3, MAGEA4, MAGEC2, 
NY-ESO-1

HCC cell lines (LO2, 
HepG2, Hep3B, Huh7, 
SMMC-7721) and HCC 
patients (China; n=142)

RT-PCR and 
IHC

Cell lines: 4/5 cell lines for 4 TAAs.
HCC patients: 112/142 (78.9%) MA3+, 
48/142 (33.8%) MA4+, 106/142 
(74.6%) MC2+, 20/142 (14.1%) NY-
ESO-1+. No expression in TFL.
IHC: 108/142 (76.1%) MA3+, 44/142 
(31.0%) MA4+, 99/142 (69.7%) MC2+, 
19/142 (13.4%) NY-ESO-1+

Sideras, et al. 
Br J Cancer. 
201510

MAGEA1, MAGEA3/4,
MAGEA10, MAGEC1, 
MAGEC2, NY-ESO-1, SSX2, 
SP17

HCC patients (Nether-
lands; n=133)

IHC 9.8% MAGEA1+, 3.0% MAGEA3/4+, 
7.5% MAGEA10+, 17.3% MAGEC1+, 
19.5% MAGEC2+, 3.8% NY-ESO-1+, 
0% SSX2+, 87% SP17+. No expression 
in TFL, except SP17 (88.0%)

Melis, et al. J 
Transl Med. 
201411

NUF2, TTK, MAGEA3, CEP55 HBV+ HCC patients 
(n=10; Italy)

RT-PCR Expression of al 4 TAAs in 10 patients, 
both in HCC and TFL, but higher in 
HCC.

Li, et al. J Transl 
Med. 201412

TSPY HCC cell lines (HepG2, 
SMMC7721, Huh7, MHC-
C97L, MHCC97H, HC-
CLM3) and HCC patients 
(n= 52;China)

RT-PCR 6/6 cell lines and expression of TSPY 
in male HCC tissues, but not female 
HCC tissues
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Study Gene(s) Population Detection 
method Outcome

Deng, et al. 
Hepatology. 
201413

DUSP21, CT45, ZCCHC13, 
MAGEA9, MAGEB6, PIHD3, 
PNMA5, MPC1L, IL13RA1

HCC patients (n=24; 
China?)

RT-PCR 8/24 (33.3%) DUSP21+, 7/24 (29.2%) 
CT45+, 4/24 (16.7%) ZCCHC13+, 
3/24 (12.5%) MAGEA9+, 3/24 (12.5%) 
MAGEB6+, 4/24 (16.7%) PIHD3+, 6/24 
(25%) PNMA5+, 6/24 (25%) MPC1L+, 
1/24 (4.2%) IL13RA1+

Xia, et al. Int J 
Clin Exp Pathol. 
201314

SP17, MAGEC1, NY-ESO-1 HCC patients (n=45; 
China)

IHC 16/45 (35.6%) MAGEC1+, 7/45 (15.6%) 
NY-ESO-1+, 36/45 (80%) SP17+

Zhou, et al. 
Oncol Rep. 
201315

FAM9C HCC cell lines (SSMC-
7721, QGY-7703, BEL-
7404, BEL-7405, YY-8103, 
Huh7) and HCC patients 
(n=46; China)

RT-qPCR and 
IHC

RT-qPCR: 25/46 HCC patients have 
upregulation of FAM9C in T compared 
to TFL
Cell lines: 2/6 FAM9C+
IHC showed nuclear staining (T>TFL)

Chen, et al. 
Genet Test Mol 
Biomarkers. 
201316

CTCFL HCC cel lines (SMMC-
7721, BEL-7402, Huh7, 
HepG2) and HCC patients 
(n=105; China)

RT-PCR, IHC 
and WB

Cell lines: 3/4 CTCFL+ (RT-PCR and 
WB)
HCC patients: 58/105 (55.2%) CTCFL+ 
(IHC)

Song, et al. 
Oncol Rep. 
201217

AKAP3, CTp11 HCC cell lines (SNU-354, 
SNU-398, SNU-423, SNU-
449, HepG2) and HCC 
patients (n= 10; Korea)

RT-PCR 5/10 (50%) AKAP3+, 1/9 (11.1%) 
CTp11+

Li, et al. Bull 
Cancer. 201218 – 
no full text

CABYR-c HCC patients (n=20; 
China)

RT-PCR and 
WB

Both mRNA and protein expression 
are significantly higher in HCC com-
pared to TFL

Yoon, et al. 
Tohoku J Exp 
Med. 201119

RNF17 HCC patients (n=28; Ko-
rea), CCA patients (n=5) 
and combined HCC-CCA 
(n=8) – Korea 

RT-qPCR 4/28 (14.3%) HCC RNF17+, 1/5 (20%) 
CCA RNF17+, 2/8 (25%) combined 
HCC/CCA RNF17+. No expression 
in TFL.

Tseng, et al. 
Oncol Rep. 
201120

CABYR-a/b, CABYR-c/d, 
CABYR-e

HCC cell lines (HepG2, 
Huh7) and HCC patients 
(n=16; Taiwan)

RT-PCR and 
WB

Cell lines: 2/2 expressed CABYR-a/b 
and CABYR-c/d
HCC patients: 7/16 (43.8%) CABYR-a/
b+, 14/16 (87.5%) CABYR-c/d+, 0/16 
(0%) CABYR-e+

Wang, et al. 
Oncol Rep.  
200921

NY-ESO-1, CTAG2, SSX1 HCC patients (n=64; 
China)

RT-PCR 19/64 (29.7%) NY-ESO-1+, 29/64 
(45.3%) CTAG2+, 24/64 (37.5%) SSX1+

Riener, et al. 
Int J Cancer.  
200922

MAGEA4, MAGEC1, MAGEC2, 
GAGE, NY-ESO-1

HCC patients (n=146; 
Switzerland), CCA (n=50), 
GBC (n=32)

IHC HCC: 0/146 (0%) MAGEA4+, 17/146 
(12%) MAGEC1+, 50/146 (34%) 
MAGEC2+, 16/146 (11%) GAGE+, 
3/146 (2%) NY-ESO-1+. 
No expression in CCA. 
GBC: 4/32 (13%) MAGEC2+, 1/32 
(3%) GAGE+, 1 (3%) NY-ESO-1+, 0/32 
MAGEC1/MAGEA4+

Lu, et al. Chin 
Med J. 200723

NY-ESO-1, SSX1 HCC patients (n=36; 
China)

RT-PCR 4/36 (11.1%) NY-ESO-1+, 22/36 
(61.1%) SSX1+

Wu, et al. Life 
Sci. 200624

SSX2, SSX5 HCC patients (n=36; 
China)

RT-PCR 13/36 (36.1%) SSX2, 17/36 (47.2%) 
SSX5

Watanabe, et 
al. Cancer Sci. 
200525

IGSF11 HCC cell line (Alexander, 
Huh7, HepG2, SNU475)

RT-PCR HCC cell lines: 3/4 IGSF11+

Yin, et al. Br J 
Cancer. 200526

TSPY HCC cell lines (hep-hcc-1, 
hep-hcc-2, hep-hcc-HLE, 
Hep3B, COS7) and HCC 
patients (n= 57;China)

RT-PCR 20/57 (35%) TSPY+

Shi, et al. Br J 
Cancer. 200527

DDX53 HCC patients (n=33; 
China)

RT-PCR 13/33 (39.4%) DDX53+

Supplementary Table S3. (continued)
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Peng, et al. 
Cancer Lett. 
200528

MAGEA1, MAGEA3, MAGEA4, 
MAGEA10, SSX1, SSX2, SSX4, 
SSX5, NY-ESO-1, MAGEB1, 
MAGEB2, MAGEC1, MAGEC2, 
SYCP1

HCC patients (n=73; 
China)

RT-PCR 51/73 (69.9%) MAGEA1+, 35/73 
(47.9%) MAGEA3+, 6/30 (20%) MA-
GEA4+, 11/30 (36.7%) MAGEA10+, 
29/43 (67.4%) SSX1+, 26/73 (35.6%) 
SSX2+, 21/43 (48.8%) SSX4+, 13/43 
(30.2%) SSX5+, 31/73 (42.5%) NY-
ESO-1+, 13/25 (52%) MAGEB1+, 
15/25 (60%) MAGEB2+, 12/25 (48%) 
MAGEC1+, 17/25 (68%) MAGEC2+, 
10/30 (33.3%) SYCP1+

Sato, et al. Int J 
Oncol.  200529 – 
no full text

NY-ESO-1, CTAG2 HCC patients – Japan RT-PCR and 
IHC

IHC: 3/10 (30%) NY-ESO-1+ - all 10 
samples expressed NY-ESO-1 mRNA
1/6 (16.7%) CTAG2+ - all 6 samples 
expressed CTAG2 mRNA

Yang, et al. Lab 
Invest.  200530

FATE HCC patients (n=35; 
China)

RT-PCR and 
IHC

RT-PCR: 10/15 (66%) FATE+
IHC: 7/35 (20%) FATE+

Dong, et al. 
Biochem Cell 
Biol.  200431 – 
no full text

FATE HCC patients (China) RT-PCR 25% of HCC samples FATE+

Dong, et al. Br J 
Cancer.  200432

ZNF165 HCC patients (n=42; 
China)

RT-PCR 22/42 (52%) ZNF165+

Zhao, et al. 
World J Gastro-
enterol.  200433

MAGEA1, MAGEC2, SSX1, 
SPANXC

HCC patients (n=105; 
China)

RT-PCR 79/105 (75.2%) MAGEA1+, 59/105 
(56.2%) MAGEC2+, 76/105 (72.4%) 
SSX1+, 66/105 (62.9%) SPANXC+

Li, et al. Lab 
Invest.  200334 – 
no full text

MAGEC2 HCC patients (n=70; 
China)

IHC 26/70 (37.1%) MAGEC2+

Dong, et al. Br J 
Cancer.  200335

FATE, TPTE HCC patients (n=62; 
China)

RT-PCR 41/62 (66%) FATE1+, 24/62 (39%) 
TPTE+

Luo, et al. 
Cancer Immun.  
200236

MAGEA1, MAGEA3, MAGEA4, 
GAGE, NY-ESO-1, SSX1, SSX2, 
SSX4, SYCP1, LUZP4

HCC patients (n=21; 
China)

RT-PCR 4/21 (19%) MAGEA1+, 5/21 (24%) 
MAGEA3+, 1/21 (4.8%) MAGEA4+, 
8/21 (38%) GAGE+, 0/21 (0%) NY-
ESO-1+, 8/21 (38%) SSX1+, 2/21 
(9.5%) SSX2+, 2/21 (9.5%) SSX4+, 6/21 
(29%) SYCP1+, 4/21 (19%) LUZP4+

Wang, et al. 
J Immunol.  
200237

MAGEC2, TFDP3 HCC patients (n=20; 
China)

RT-PCR 14/20 (70%) MAGEC2+, 5/17 (29.4%) 
TFDP3+

de Wit, et al. 
Int J Cancer.  
200238

DSCR8 HCC cell lines (Hep3B, 
HepG2, PLC/RPF/5, Huh7)

RT-PCR 1/4 cell lines DSCR8+

Ono, et al. Proc 
Natl Acad Sci U 
S A.  200139

ACRBP HCC patients (n=5; 
Japan)

RT-PCR 2/5 (40%) ACRBP+

Chen, et al. 
Cancer Lett.  
200140

SSX1, SSX2, SSX4, SSX5, 
SYCP1, NY-ESO-1

HCC patients (n=30; 
Taiwan)

RT-PCR 24/30 (80%) SSX1+, 14/30 (46.7%) 
SSX2+, 22/30 (73.3%) SSX4+, 10/30 
(33.3%) SSX5+, 2/30 (6.7%) SYCP1+, 
11/30 (36.7%) NY-ESO-1+

Supplementary Table S3. (continued)
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Supplementary Table S4. Frequency table of healthy liver tissues (n=21) expressing mRNA of the 
CTAs. 

 
mRNA+ healthy 

liver (%)  
mRNA+ healthy 

liver (%)

CAGE1 0.0 MAGEA10 0.0

CBLL2 42.9 MAGEB1 19.0

CCDC83 0.0 MAGEB2 0.0

CPXCR1 0.0 MAGEB3 28.6

CSAG2/3 85.7 MAGEB6 28.6

CT45 14.3 MAGEC1 4.8

CT47A1 0.0 MAGEC2 0.0

Cxorf48 0.0 NYESO1 0.0

DDX53 47.6 PAGE1 0.0

DPPA2 0.0 PAGE5 100.0

DUSP21 23.8 PASD1 0.0

FAM46D 0.0 PLAC1 0.0

FATE1 33.3 RNF17 4.8

FBXO39 100.0 SAGE1 0.0

FMR1NB 0.0 SLCO6A1 0.0

FTHL17 42.9 SPANXA 66.7

GAGE1 23.8 SPANXC 38.1

HORMAD1 100.0 SPANXN3 0.0

LUZP4 0.0 SYCP1 47.6

MAGEA1 0.0 TEKT5 100.0

MAGEA2 23.8 TFDP3 33.3

MAGEA3 14.3 TPPP2 100.0

MAGEA4 0.0 TSPY 0.0

MAGEA8 0.0 ZCCHC13 38.1

MAGEA9 0.0   

Colors correlate to the percentage of positive healthy liver tissues.
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Supplementary Table S5. Expression of excluded CTAs in HCC patients and in cirrhotic liver tissues 
without malignancy.

mRNA-
positive 
HCC (%)1

mean in mRNA-+ 
HCC (range)2

Relative 
expression HCC 
(compared to 

testis)3

mRNA-
positive 
TFL (%)4

mean in mRNA-+ 
TFL (range)5

Relative expression 
TFL 

(compared to 
testis)6

mRNA-positive 
cirrhotic tissue7

CCDC83 0.00 #VALUE!  0.00 #VALUE!  0

CPXCR1 2.02 0.001 (0.001-0.001) 0.00378 0.00 #VALUE!  0

Cxorf48 8.25 0.157 (0.002-0.991) 1.839 2.04 0.012 (0.001-0.023) 0.139 2.9

DPPA2 1.03 0.135 (0.135-0.135) 1.204 0.00 #VALUE!  0

FAM46D 5.15 0.003 (0.002-0.004) 0.058 0.00 #VALUE!  2.9

FMR1NB 6.19 0.031 (0.002-0.124) 0.022 1.02 0.088 (0.088-0.088) 0.062 0

LUZP4 6.19 0.106 (0.001-0.49) 0.242 1.02 0.279 (0.279-0.279) 0.636 0

MAGEA4 6.19 0.803 (0.001-2.559) 28.036 0.00 #VALUE!  0

MAGEA8 3.09 0.014 (0.004-0.022) 5.115 0.00 #VALUE!  0

PASD1 2.02 0.017 (0.007-0.026) 0.007 2.00 0.02 (0.019-0.021) 0.009 0

PLAC1 4.12 0.014 (0.001-0.041) 0.146 0.00 #VALUE!  0

RNF17 21.65 0.053 (0.001-0.507) 0.04570 13.27 0.023 (0.002-0.134) 0.01964 5.7

SAGE1 4.12 0.086 (0.008-0.15) 0.505 3.06 0.19 (0.006-0.543) 1.117 0

SPANXN3 1.01 0.004 (0.004-0.004) 52.644 3.00 0.002 (0.001-0.003) 27.174 0.0
1
Percentage of hepatocellular carcinomas (HCC) expressing mRNA of the excluded CTAs – meaning a Ct-value <35 

and relative expression > 0.001 (n=100); 
2
Mean relative expression (relative to the geometric mean of the 3 household 

genes- GUSB, HPRT1, PMM1) level in HCCs expressing the CTA and range; 
3
Mean relative expression of the CTA in HCC 

expressing the CTA,  relative to the relative mean expression in 3 testis tissues; 
4
Percentage of paired tumor-free liver 

tissues (TFL) expressing mRNA of the excluded CTAs (n=100); 
5
Mean relative expression level in TFLs expressing the CTA 

and range; 
6
Mean relative expression of the CTA in TFL expressing the CTA,  relative to the relative mean expression in 

3 testis tissues; 
7
Percentage of non-cancerous cirrhotic liver tissues expressing  the CTA (n=35). 
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Supplementary Table S6. Patient characteristics of HCC-patients included in protein expression 
analysis.

Characteristic HCC patients (n=76)

Age at surgery (years)

Mean ± SD 60.4 ± 14.4

Median (range) 64 (16-82)

Sex – no. (%)

Male 47 (61.8)

Female 29 (38.2)

Race – no. (%)

White 64 (84.2)

African 6 (7.9)

Asian 5 (6.6)

Not reported 1 (1.3)

Etiology – no. (%)

No known liver disease 21 (27.6)

Alcohol 17 (22.4)

Hepatitis B 9 (11.8)

NASH 8 (10.5)

Hepatitis C + Alcohol 6 (7.9)

Hepatitis B + Alc/HepC/HepD/NASH 6 (7.9)

Hepatitis C 5 (6.6)

Fibrolamellar HCC 3 (4.0)

Hemochromatosis + NASH 1 (1.3)

Autoimmune hepatitis -

Primary sclerosing cholangitis -

Hepatitis status – no. (%)

Hepatitis B or C positive 26 (34.2)

Chronic Hepatitis B 15 (19.7)

Chronic Hepatitis C 12 (15.8)

Cirrhosis – no. (%)

Yes 23 (30.3)

No 53 (69.7)

Tumor differentiation – no. (%)

Good 8 (10.5)

Moderate 41 (54.0)

Poor 14 (18.4)

Unknown 13 (17.1)



122

Chapter 4

Characteristic HCC patients (n=76)

Vascular invasion – no. (%)

Yes 40 (52.6)

No 29 (38.2)

Unknown 7 (9.2)

Number of lesions – no. (%)

1 40 (52.6)

>1 36 (47.4)

Median (range) 1 (1-11)

Size of largest lesion (cm)

Mean ± SD 7.4 ± 5.2

Median (range) 6.1 (1-24)

AFP level before resection (ug/l)

Mean ± SD 64965 ± 401956

Median (range) 9.5 (2-3118700)

Supplementary Table S6. (continued)
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Supplementary Table S7. Cox regression analysis of HCC recurrence and HCC-specific survival 
based on CTA protein expression in TFL.

Early recurrence HCC-specific survival

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

Variable HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

≥1 CTA in TFL 1.9 (0.9-3.9) 0.092 2.5 (1.2-5.2) 0.02 2.6 (1.1-6.1) 0.03 3.8 (1.5-9.6) 0.004

Number of CTAs 
in TFL (numeric) 1.9 (0.98-3.7) 0.058 2.7 (1.2-6) 0.012

>2 tumors 4.7 (2-11) 0.00029 3.7 (1.5-8.9) 0.004 2.6 (0.9-7.2) 0.066

Chronic viral 
hepatitis 3.4 (1.6-7.1) 0.0011 2.8 (1.3-6.2) 0.01 3.1 (1.3-7.3) 0.01 4.4 (1.8-11.1) 0.001

Vascular invasion 1.6 (0.73-3.7) 0.23 1.3 (0.5-3.1) 0.57

Tumor > 5 cm 1.1 (0.49-2.3) 0.89 1.7 (0.7-4.5) 0.26

AFP > 400 ug/l 1.9 (0.84-4.3) 0.12 2.2 (0.9-5.6) 0.083

Abbreviations: HR, hazard ratio; CI, confidence interval; CTA, cancer-testis antigen; TFL, tumor-free liver; AFP , 
alphafetoprotein

Supplementary Table S8. Cox regression analysis of HCC recurrence and HCC-specific survival 
based on CTA mRNA expression in HCC tumors.

HCC recurrence HCC survival

Univariate analysis Univariate analysis

Variable HR (95% CI) p-value HR (95% CI) p-value

≥1 CTA in tumor 1.8 (0.86-3.6) 0.12 1 (0.41-2.6) 0.94

≥2 CTAs in tumor 1.1 (0.65-1.9) 0.67 0.86 (0.39-1.9) 0.7

≥3 CTAs in tumor 1.1 (0.62-1.8) 0.85 0.74 (0.34-1.6) 0.47

Number of CTAs in tumor (numeric) 1 (0.96-1.1) 0.29 1 (0.87-1.1) 1

>1 tumor 1.2 (0.68-2) 0.56 1.1 (0.49-2.4) 0.83

>2 tumors 2.6 (1.3-4.9) 0.0042 1.8 (0.69-4.9) 0.22

Cirrhosis 1.6 (0.89-2.8) 0.12 1.5 (0.66-3.4) 0.33

Chronic viral hepatitis 2.3 (1.3-4) 0.0031 3.3 (1.5-7.2) 0.0032

Vascular invasion 1.3 (0.72-2.3) 0.41 2.2 (0.96-4.9) 0.063

Tumor > 5 cm 1.3 (0.74-2.3) 0.37 2.3 (0.9-5.7) 0.081

AFP > 200 ug/l 1.9 (1-3.4) 0.034 2.7 (1.2-6) 0.013

AFP > 400 ug/l 2.4 (1.3-4.5) 0.0051 3.3 (1.5-7.3) 0.0038

Abbreviations: HR, hazard ratio; CI, confidence interval; CTA, cancer-testis antigen; AFP , alphafetoprotein
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Supplementary Table S9. Antibodies used for immunohistochemistry.

Antibody Host 
Species Dilution Company Clone Lot 

number Procedure
Ab 
incubation 
at 37˚C

PAGE1 Rabbit 1:1000 Sigma-Aldrich Poly-
clonal R04065 Optiview CC1 32’ 32 minutes

TSPY Rabbit 1:200 Sigma-Aldrich Poly-
clonal R59337 Optiview CC1 32’ 32 minutes

MAGEA9 Mouse 1:50 Prof. Y. Fradet, Québec, 
Canada41 14A11 N/A Optiview CC1 32’ 32 minutes

MAGEC2 Rabbit 1:500 Sigma-Aldrich Poly-
clonal A115364 Optiview CC1 32’ 32 minutes

CT47A1 Rabbit 1:8000 Sigma-Aldrich Poly-
clonal R39285 Optiview CC1 32’ 32 minutes

MAGEA1 Mouse 1:50 Santa Cruz MA454 B0507 Optiview CC1 32’ 32 minutes

MAGEB2 Rabbit 1:500 Sigma-Aldrich Poly-
clonal R109336 Optiview CC1 32’ 32 minutes

SLCO6A1 Rabbit 1:200 Sigma-Aldrich Poly-
clonal R72094 Optiview CC1 32’ 32 minutes

MAGEC1 Mouse 1:3200 Santa Cruz CT7-33 A1807 Optiview CC1 32’ 32 minutes
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Supplementary Figure S1. Number of CTAs co-expressed in HCC tumors and TFL, based on mRNA 
expression. 

Supplementary Figure S2. TSPY expression in female HCC tumors and SLCO6A1 expression. 
A. TSPY protein expression was determined by IHC. TSPY is expressed in spermatogonia of normal testis, as expected.42 
However, TSPY protein expression was also found in two female HCC patients, of which one example is shown above. 
The staining is absent in the negative control and in the PAGE1 stained core. TSPY is encoded by the y-chromosome, 
expression in women is thus biologically impossible. B. Representative example of immunohistochemical stains of 
SLCO6A1 in testis, a positive HCC tumor tissue and the paired TFL tissue.
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Supplementary Figure S3. Protein expression of CTAs in HCC tumors paired tumor free liver. 
TMAs of tumor and TFL tissues were immunohistochemically stained to study the protein expression of aforementioned 
CTAs. The average intensity scores of three different tissue cores is depicted.

Supplementary Figure S4. Proteins are focally expressed in most tumors. 
Protein expression was determined on TMAs, which had 3 cores of each tumor and TFL. The graphs display the 
percentage of cores containing protein-expressing cells (a score ≥1A). Most tumors and TFL express the proteins 
focally, illustrated by not all cores being positive. Wilcoxon signed-rank test. ** P<0.01, **** P<0.0001
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Supplementary Figure S5. HCC recurrence and HCC-specific survival by number of CTAs expressed 
in the discovery cohort (based on mRNA expression) in TFL. 
Log-rank test.

Supplementary Figure S6. Local and distant HCC recurrence by expression of CTAs in TFL in the 
discovery and validation cohort. 
Log-rank test.
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Supplementary Figure S7. PAGE1 expressing tumor nodule in TFL. 
Example of IHC staining of PAGE1 protein expression in an intravascular tumor nodule in TFL, and accompanying 
patient data. 

Supplementary Figure S8. HCC recurrence and HCC-specific survival by CTA mRNA-expression in 
tumor tissue in the discovery cohort. 
Log-rank test.
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Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related deaths worldwide 
due to high recurrence rates after curative treatment and being frequently diagnosed 
at an advanced stage. Immune-checkpoint inhibition (ICPI) has yielded impressive clinical 
successes in a variety of solid cancers, however results in treatment of HCC have been modest. 
Vaccination could be a promising treatment to synergize with ICPI and enhance response 
rates. Cancer testis antigens (CTAs) were recently discovered to be widely expressed in HCC 
and expression in macroscopically tumor-free tissues correlated with recurrence, implying the 
presence of micro-satellites. To determine whether CTAs are immunogenic in HCC patients, we 
analyzed systemic T-cell and humoral responses against seven CTAs in 38 HCC patients using 
a multitude of techniques; flowcytometry, ELISA and whole antigen and peptide stimulation 
assays. CTA-specific T-cells were detected in all (25/25) analyzed patients, of which most had 
a memory phenotype but did not exhibit unequivocal signs of chronic stimulation or recent 
antigen encounter. Proliferative CD4+ and CD8+ T-cell responses against these CTAs were 
found in 14/16 analyzed HCC patients. CTA-peptide stimulation induced granzyme B, IL2 and 
TNFa in 8/8 analyzed patients, including two MAGEA1 peptides included based on in silico 
prediction. Finally, IgG responses were observed in 13/32 patients, albeit with low titers. The 
presence of CD4+ and CD8+ T-cells and IgG responses shows the immunogenicity of these 
CTAs in HCC-patients. We hypothesize that vaccines based on these tumor-specific antigens 
may boost pre-existing CTA-specific immunity and could enhance therapeutic efficacy of ICPI 
in advanced HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common occurring liver cancer and the fourth leading cause 
of cancer related death worldwide.1 As a result of an increased prevalence of several risk factors such 
as obesity and diabetes, the incidence of HCC in Western countries is rising.2 Early HCC can be treated 
with curative intent by either radiofrequency ablation (RFA) or surgical resection. However, up to 70% 
of these patients experience cancer recurrence, and currently there is no therapy to prevent this.3 In 
addition, most patients are diagnosed at a late stage and can only be offered palliative treatments 
such as transarterial chemoembolization (TACE) or multikinase inhibitors, which have limited survival 
benefits.4  Recently, combination therapy of the ICPI atezolizumab (a programmed death-ligand 1 [PD-
L1] inhibitor) and bevacizumab (blocking vascular endothelial growth factor [VEGF]) showed modest 
survival benefit compared to treatment with the multikinase inhibitor sorafenib in advanced HCC.5 

ICPI therapy is generally most effective in patients with T-cell inflamed “hot” tumors,6, 7 and recent data 
indicate this is also true for HCC.8 Attempts to transform immunologically “cold” tumors into “hot” 
tumors to sensitize them to ICPI therapy have yielded promising clinical results by combining ICPI 
therapy with immunogenic cell death-inducing chemotherapeutics.6, 7, 9 Similarly, recent studies suggest 
synergistic effects of combining ICPI therapy with therapeutic cancer vaccination to enhance anti-tumor 
immunity and T-cell infiltration. 10, 11-14 Such combinatorial studies have not been performed yet in HCC, 
but therapeutic vaccination with tumor-associated antigen (TAA)-derived peptides can elicit systemic 
TAA-directed T-cell immunity and tumor T-cell infiltration in both early and advanced HCC patients.15, 

16 Clinical responses, however, were thus far limited and call for a strategy targeting multiple different 
strongly immunogenic TAA at the same time. Hence there is a need to discover additional TAA targets 
for example by mass spectrometry-based HLA-peptidomics.17-19

Target antigens for cancer vaccines need to be selected carefully to avoid on-target/off-tumor toxicities. 
A subset of cancer-testis antigens (CTAs) is not expressed in adult healthy tissues, except in immune-
privileged germ cells, but can reach high levels in cancer cells due to epigenetic aberrations.20 CTAs have 
therefore been targeted with therapeutic cancer vaccines. A major advantage of CTAs over neo-antigens 

is shared expression of specific CTAs in tumors of the same type from different patients, enabling their 
targeting with off-the-shelf vaccines for groups of patients. However, careful selection of CTAs that are 
highly prevalent in a specific cancer but absent in healthy tissue (except immune-privileged germ cells) 
is required for inclusion in a therapeutic cancer vaccine.20 Until recently, clinical results of CTA-based 
vaccines have been largely disappointing,21 but new powerful vaccination strategies in combination with 
ICPI therapy have lately demonstrated the potential of CTAs as vaccine targets in cancer.11,12

Recently, we identified a panel of 12 tumor-restricted CTAs prevalent in HCC, but absent from healthy 
tissue.22 This panel of CTAs may therefore hold attractive targets for therapeutic vaccination. Moreover, 
while absent from healthy liver tissue, we detected low-level expression of one or more of these CTAs in 
histologically tumor-free liver tissues of 28% and 45% of HCC patients respectively in two independent 
cohorts undergoing primary tumor resection. In both cohorts, CTA expression in tumor-surrounding 
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liver tissue was independently associated with cancer recurrence and poor survival after resection.22 
These data suggest the presence of CTA-expressing occult micro-metastases or (pre-)malignant cells 
in tumor-surrounding liver tissue that give rise to new tumors after resection. Therefore, we postulated 
that our panel of HCC-restricted CTAs may be targets for adjuvant vaccination strategy to prevent cancer 
recurrence after primary tumor resection or to sensitize advanced HCC patients to ICPI therapy.

An important prerequisite for clinical efficacy of vaccines is antigen immunogenicity in the target 
patient population. Yet, immunogenicity is largely unknown for our panel of CTAs in HCC patients. To 
determine whether these CTAs are immunogenic in HCC patients, we analyzed systemic CD4+ and CD8+ 
T-cell responses as well as IgG-responses against six CTAs of our panel (melanoma-associated antigen 
1 [MAGEA1], melanoma-associated antigen 9 [MAGEA9], melanoma-associated antigen B2 [MAGEB2], 
melanoma-associated antigen C1 [MAGEC1], melanoma associated antigen C2 [MAGEC2], P antigen 
family member 1 [PAGE1]) in HCC patients. We also included synovial sarcoma, X breakpoint 2 (SSX2), a 
thoroughly studied tumor-restricted and immunogenic CTA with known expression in HCC.23-25 Because 
systemic T-cell responses against TAAs may be transiently enhanced after local tumor ablation in HCC 
patients,26, 27 we analyzed these immunological responses before and at several time points after RFA or 
TACE.

MATERIALS AND METHODS

HCC Patients
Thirty-eight patients diagnosed with HCC and referred for RFA or TACE, were enrolled in the Erasmus 
Medical Center, Rotterdam, the Netherlands, between January 2016 and May 2019. Diagnosis was based 
on pathognomonic radiological findings, and all lesions were classified as LI-RADS 5.28 Successfulness of 
treatment of the lesion was assessed by computed tomography (CT) and alfa feto protein (AFP) level in 
blood. If necessary treatment was repeated. Multiple patients experienced rapid recurrence after initial 
treatment, and one retreated patient (ITV-016) was included twice. HCC recurrence was evaluated by 
CT scan routinely after approximately 6 weeks (range 5-11 weeks), and subsequently every 3 months.

Blood was collected before treatment and after 3 (3-5), 7 (5-11) and 25 (13-47) weeks (median (range)) 
of treatment. Variation in blood collection time was due to differences in individual treatment plans and 
out-patient clinic visits. Six patients were excluded from analysis because only blood before treatment 
was collected (Supplementary Table S1A). Medical records were reviewed for clinicopathological 
variables, dates of first cancer recurrence, HCC-specific death, liver transplantation (LTx; after which 
follow-up stopped) or last follow-up until April 1st 2020 (Table 1). All patients signed informed consent 
before participation. The study adhered to the Helsinki declaration and was approved by the local 
medical ethical committee (MEC-2015-563). 

PBMC isolation, HBsAg and anti-HBsAg determination and flowcytometric HLA-A*02 typing
Blood was collected in Sodium Heparin tubes (BD), which were centrifuged at 120xg for 20 min to collect 
plasma. Consecutively, the plasma was centrifuged at 3220xg for 15 min to discard platelets. Plasma 
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samples were stored at -80°C until use. Quantitative measurements of Hepatitis B surface antigen 
(HBsAg) and anti-HBsAg were performed in thawed plasma using tests from the DiaSorin LIAISON® 
XL HEPATITIS A and B LINE by the Department of Virology, Erasmus MC, Rotterdam, the Netherlands. 
Peripheral blood mononuclear cells (PBMC) were isolated from the plasma-depleted fraction by Ficoll 
density gradient centrifugation. To select human leukocyte antigen (HLA)-A*02-positive patients for 
analysis of CTA-specific CD8+ T-cells using HLA-A*02:01 dextramers, a sample of PBMC was labeled with 
a fluorochrome-conjugated anti-HLA-A*02 antibody (Supplementary Table S2) and analyzed by flow 
cytometry (FACS Canto II [BD Biosciences]). Remaining PBMC were cryopreserved in 49% RPMI-1640 
medium (Gibco), 0.5% penicillin/streptomycin (Gibco), 0.5% ultraglutamin (Lonza), 40% fetal calf serum 
(FCS, Sigma) and 10% DMSO (Sigma), and stored in liquid nitrogen until use. 

Ex vivo CTA-specific T-cell proliferation assay
Autologous B-cell blasts were generated from 10x106 PBMC by culturing with 1 ug/ml soluble human 
trimeric CD40ligand (CD40L; kindly provided by National Institutes of Health (NIH), Bethesda, MD, USA), 
40 IU/ml recombinant interleukin 4 (rIL4; Strathman) and 1 ug/ml Cyclosporin A (Novartis) for 3 weeks, as 
previously described.29 Vitality, purity and maturation status were checked by flow cytometry (FACS Canto 
II [BD Biosciences]) after antibody staining (see Supplementary Table S2) and 7-Aminoactinomycin D 
(7AAD; Invitrogen), shown in Supplementary Figure S1. B-cell blasts were electroporated with 10 μg of 
messenger RNA (mRNA) encoding MAGEA1, MAGEA9, MAGEB2, MAGEC1934-1142, MAGEC2, PAGE, SSX2, 
or luciferase, (Supplementary File) by electroporation using the square-wave protocol with a single 
pulse of 800 V and a length of 0.6 ms in a 4 mm cuvette, as previously described.29 After electroporation 
the B cells were rested for at least two hours at 37 °C. Messenger RNAs were synthesized by BioNTech 
SE by in vitro transcription from linearized plasmids in which the full-length (or in case of MAGEC1 
amino acids 934-1142, because of its large size and the presence of known immunogenic epitopes in 
this part 30) coding sequences of the respective genes were flanked with an HLA class I signal peptide 
fragment (sec) at the 5’- and an HLA class I trafficking signal at the 3’-end to facilitate loading in HLA 
class II.31 For comparison, B-cell blasts were electroporated with 10 μg glypican 3 (GPC-3) or enhanced 
green fluorescent protein (eGFP) encoding mRNAs, purchased from eTheRNA (Belgium), which we used 
in previous studies.29, 32 In these constructs, antigens were fused to the transmembrane and luminal 
regions of DCLamp for endo-lysosomal targeting. mRNA encoding New York esophageal squamous cell 
carcinoma-1 (NY-ESO-1) was not available. 

HCC patient PBMC were thawed, stained with CellTrace CFSE (Invitrogen), and co-cultured with transfected 
autologous B-cell blasts at a 1:10 B-cell:PBMC ratio in RPMI1640 supplemented with ultraglutamine 
(Lonza), 10% normal human AB serum (Sigma), 1% penicillin/streptomycin (Gibco), 10mM Hepes buffer 
(Lonza), 1mM Sodium Pyruvate (Invitrogen) and 1% MEM Non-Essential Amino Acids Solution 100x 
(MEM-NEAA, Invitrogen) for 6 days at 37°C in a humidified atmosphere supplemented with 5% CO2. 
Triplicate cultures were set up for each CTA as well as for luciferase, GPC-3, and eGFP. As a positive 
control, PBMC were stimulated with 25 ng/ml Staphylococcal Endotoxin B (SEB; Sigma). Total numbers 
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Characteristic HCC patients (n=32) Healthy controls (n=15)

Age at surgery (years)

Mean ± SD 68.7 ± 7.0 63.9 ± 3.8

Median (range) 68.5 (54-81) 64 (56-69)

Sex – no. (%)

Male 27 (84.4) 13 (86.7)

Female 5 (15.6) 2 (13.3)

Race – no. (%)

White 30 (93.8) -

African 1 (3.1) -

Asian 1 (3.1) -

Unknown - 15 (100)

Etiology – no. (%)

Alcohol 13 (40.6) NA

NASH 6 (18.8) NA

No known liver disease 4 (12.5) NA

Hepatitis B 3 (9.4) NA

Hepatitis C 3 (9.4) NA

Hepatitis C + Alcohol 1 (3.1) NA

Hemochromatosis + NASH 1 (3.1) NA

Porphyria 1 (3.1) NA

Hepatitis status – no. (%)

Chronic Hepatitis B 3 (9.4) 0 (0)

Cleared Hepatitis B 2 (6.3) 0 (0)

Hepatitis C + Cleared Hepatitis B 2 (6.3) 0 (0)

Hepatitis C 2 (6.3) 0 (0)

Cirrhosis – no. (%)

Yes 31 (96.9) 0 (0)

No 1 (3.1) 15 (100)

Initial treatment – no. (%)

RFA 25 (78.1) NA

TACE 5 (15.6) NA

RFA + TACE 2 (6.3) NA

BCLC stage – no. (%)

A 27 (84.4) NA

B 5 (15.6) NA

Number of lesions – no. (%)

1 17 (53.1) NA

>1 15 (46.9) NA

Median (range) 1 (1-3) NA

Size of largest lesion (cm)

Mean ± SD 2.8 ± 1.4 NA

Median (range) 2.3 (1.2-7.0) NA

AFP level before resection (ug/l)

Mean ± SD 763 ± 3148 NA

Median (range) 7 (1-17276) NA

Table 1. Patient Characteristics.
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of PBMC varied between 1.1-2.2 x 105 cells per well, depending on the number of available PBMC. After 
6 days cells were harvested, technical triplicate cultures were pooled, and CFSE-dilution in CD4+ and 
CD8+ T-cells was analyzed by flow cytometry (FACS Canto II [BD Biosciences]), after surface labeling for 
20 min at 4°C with antibodies (anti-CD3 PE-Cy7, anti-CD4 APC-Cy7, anti-CD8 PerCP-Cy5.5, and anti-
CD56 PE; see Supplementary Table S2), followed by 7AAD (Invitrogen).29 Percentages of proliferated 
(CFSE-low) CD4+ and CD8+ T-cells were determined. Antigen-specific T-cell responses were considered 
positive when percentages of CFSE-low T-cells in cultures with CTA or GPC3 mRNA transfected B-cell 
blasts were at least 2-fold higher compared to percentages of CFSE-low T-cells in co-cultures of B-cell 
blasts transfected with luciferase or eGFP mRNA, respectively. Because >50% of T-cells were CFSE-low in 
all SEB-stimulated PBMC, all cultures could be accepted for analysis. A minimum of 50 (range 50-13845) 
CFSE- cells, 520 (range 520-32012) CD8+ T cells and 3091 (range 3091-107528) CD4+ T cells in the CTA-
stimulated conditions were acquired.

Flow cytometric PBMC phenotyping
For phenotypic analysis without HLA-A*02:01 dextramer labeling, PBMC were thawed, stained with a 
CCR7-specific mAb for 1 hour at room temperature (RT), followed by a fixable live/dead stain (eBioscience) 
for 20 min at 4°C, antibody labelling of other surface antigens for 20 min at 4°C, fixation with the FoxP3 
staining buffer kit (eBioscience) for 20 min at 4°C and staining of intracellular antigens for 20 min at 4°C. 
For phenotypic analysis including peptide-loaded HLA-A*02:01 dextramer labeling, PBMC of HLA-A*02+ 
patients and HLA-A*02+ healthy blood bank donors (with written informed consent from the donors 
provided by Sanquin Blood bank, Amsterdam) were thawed and stained with a CCR7-specific mAb for 
1 hr at RT, followed by a fixable live/dead stain (eBioscience) for 20 min at 4°C. Consecutively, before 
staining with CTA peptide-loaded HLA-A*02:01 dextramers, PBMC were incubated with 50 nM dasatinib 
(Sigma) for 30 min at 37°C to enhance T-cell receptor expression,33 followed by incubation with a pool of 
APC-labeled HLA-A*02:01 dextramers loaded with previously described immunogenic epitopes derived 
from 7 different CTAs (Immudex. Supplementary Table S3), or single CTA peptide-loaded dextramers 
for 10 min at RT. Cytomegalovirus (CMV)pp65 peptide loaded dextramer was included as a reference. 
Thereafter, cells were labelled for surface antigens for 20 min at 4°C, permeabilized and fixed with the 
FoxP3 staining buffer kit (eBioscience) for 20 min at 4°C and stained for intracellular antigens for 20 
min at 4°C. As no immunogenic epitope of PAGE1 is known, we could not include a PAGE1 dextramer 
labeling. For the PE-labeled CMVpp65-peptide loaded HLA-A*02:01 dextramer, pre-incubation with 
dasatinib was not required and therefore omitted. A threshold of a minimum of 10 events was set.

A detailed list of fluorochrome-conjugated antibodies used for phenotyping is listed in Supplementary 
Table S2. All antibody stains were carried out in presence of 0,2% Fc-block (BD Biosciences). Flow 
cytometric phenotyping was performed using a FACS Symphony (BD Biosciences), and analysis was 
performed using FlowJo version 10.4 software (FlowJo).
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High resolution HLA-I typing and peptide stimulation 
For high-resolution HLA-typing of HCC patients selected for peptide stimulation assays, DNA was 
isolated from PBMC using the QIAamp DNA Mini kit (Qiagen) according to manufacturer’s instructions. 
High resolution HLA-I typing was performed by the Department of Internal Medicine, Erasmus MC, 
Rotterdam, the Netherlands using the Illumina GSA beadchip GSA MD v2. HLA types were imputed 
from the obtained SNP data (after translation of Illumina IDs to Affymetrix IDs) using the Axiom HLA 
analysis tool (Affymetrix). Next, in silico prediction was performed (NetMHCpan3.0) to expand the CTA-
peptide pool that could be tested in donors that were negative for HLA-A*02:01 (ITV-006; ITV-007 
and ITV-021). Peptides that were predicted to bind (rank < 2.0) at least one HLA-type of a patient 
were included in peptide stimulation assays (underlined in Supplementary Table S4). Cryopreserved 
PBMC of 8 HCC patients were subsequently thawed and stimulated with CTA and hepatitis B virus (HBV) 
peptides (Peptide 2.0 Inc) at 37°C in a humidified atmosphere supplemented with 5% CO2 as described 
previously.34 Briefly, PBMC (1x106 cells/ml) were stimulated with pools of a maximum of 5 peptides of 
interest (Supplementary Table S4) based on HLA class I types of the patients (Supplementary Table 
S5) at a concentration of 5 ug/ml of each peptide in Iscove’s modified Dulbecco’s medium (IMDM; 
Lonza) supplemented with 2% normal human AB serum (Sanquin), 1% ultraglutamine (Lonza), 1% 
penicillin/streptomycin (Gibco) and 50 IU/ml hIL-2 (Miltenyi). After 14 days, cultured PBMC were re-
stimulated for 48 hr at 37°C with 5 ug/ml of each peptide separately or solvent-containing medium as 
a negative control. Depending on cell availability, 80.000 - 200.000 cultured PBMC were re-stimulated 
in duplicate. Cytokine production was assessed in pooled duplicate supernatants by the LEGENDplex™ 
Human CD8/NK Panel (BioLegend) according to the manufacturer’s instructions. Plates were read using 
the MACSQuant Analyzer 10 (Miltenyi) and analyzed using the LEGENDplex™ data analysis software 
(BioLegend). Peptides for which cytokine concentrations were ≥2 fold higher as compared to the 
corresponding negative control cultures were determined to have evoked a peptide-specific response.

CTA IgG ELISA
Plasma samples of 32 HCC patients and 15 healthy controls (Sanquin blood bank, informed consent 
supplied) were diluted 1:1 in glycerol (Sigma) for storage at -20°C and used for determination of 
Immunoglobulin G (IgG) against recombinant full length CTA proteins (Supplementary Table S6). 
Plasma IgG against CTAs was determined by indirect ELISA according to Gnjatic, et al,35 with minor 
adjustments made in preliminary testing of sera from melanoma patients which contained MAGEA1 or 
NY-ESO-1 specific IgG, kindly provided by Prof. Dr. S.B. Eichmüller (German Cancer Research Center, 

Heidelberg, Germany).36. For screening of IgG immune reactivity against CTAs in patient plasma samples, 
4 random plasma samples of healthy subjects were included as negative controls in ELISAs for each 
CTA, and all measurements were performed in duplicate. Maxisorp-plates™ (ThermoFisher) were coated 
with 1 µg/ml full length recombinant protein or 1 µg/ml bovine serum albumin (BSA, Sigma; negative 
control protein) in coating buffer (0.2M sodium carbonate, pH 9.5) overnight at 4°C. Plates were then 
washed eight times with phosphate buffered saline (PBS), and blocked with blocking buffer (5% non-
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fat dry milk [Bio-Rad] and 10% fetal calf serum in PBS) for 2 hours at RT. After washing the plates eight 
times with PBS, they were incubated with plasma samples diluted 1:20 in blocking buffer for 2 hours at 
RT. Consecutively, plates were washed four times with 0.1% Tween 20 (Sigma) in PBS, four times with 
PBS, and incubated with a goat anti-human IgG-horseradish peroxidase ([HRP]; 1:6000, BD Biosciences) 
detection antibody for 1 hour at RT. Plates were washed four times with 0.1%Tween 20 in PBS and four 
times with PBS, after which TMB substrate (Invitrogen) was added for 15 minutes. The reaction was 
stopped with 1N H2SO3 and absorbance was measured at 450 nm using an Infinite® 200 PRO microplate 
reader (Tecan).

The delta optical density (ΔOD) of each plasma sample was calculated by subtracting the OD from wells 
coated with BSA from those coated with the specific CTA. Patient plasma samples were considered 
positive if the ΔOD value exceeded the mean ΔOD plus ten times the standard deviation of the 4 healthy 
control plasma samples.35 

The positive plasma samples (at the screening dilution of 1:20) were then selected for determination of 
the CTA-specific IgG titer by testing plasma dilutions of 1:20, 1:40, 1:80, 1:160 and 1:320 using the same 
protocol.

Statistical analysis
Statistical analyses were performed using Graphpad (Version 8.2.1 for Windows, San Diego, CA) and R 
Statistical software (Version 3.6.1 for Windows, Foundation for Statistical Computing, Vienna, Austria). 
Heat maps were created with RStudio and the ‘gplots’ and ‘pheatmap’ packages. Used statistical tests 
are indicated in the figure legends. P-values < 0.05 were considered significant.

RESULTS

Patients and healthy controls
The clinicopathological characteristics of the 32 included HCC patients and 15 age and gender-matched 
healthy blood bank donors are shown in Table 1. The most prevalent etiology of HCC was alcoholic liver 
disease (n=13, 40.6%), second was non-alcoholic steatohepatitis (NASH; n=6, 18.8%). Most patients 
were classified as Barcelona clinic liver cancer (BCLC) stage A (n=27, 84.4%), 5 patients were classified 
as BCLC stage B (15.6%). Most patients were treated with RFA (n=25, 78.1%) and five were treated 
with TACE (15.6%), whereas two patients underwent both treatments subsequently (6.3%, both of these 
patients had BCLC stage B disease). During follow-up, 23 patients (71.9%) developed HCC recurrence, 7 
(21.9%) died of HCC and 8 (25%) underwent liver transplantation. Treatments, blood collection, tumor 
recurrence, LTx and HCC-specific death are summarized in Figure 1.
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HCC patients have enhanced frequencies of circulating CTA-specific CD8+ T-cells compared to 
healthy subjects
It has been described that local ablative therapies can enhance frequencies of circulating tumor-specific 
T-cells in HCC-patients.26, 27, 37 Therefore, to maximize the chance of detecting CTA-specific T-cells in 
HCC patients, we analyzed PBMC of 26 HCC patients by flow cytometry before treatment and at 3, 7, 
and 25 weeks after local ablative therapies (Supplementary Table S1A). No effect of ablative therapy 
on any of the major leukocyte (sub)populations was observed (Figure 2A, 2B and Supplementary 
Figure S2A, S2B). Also, the main T-cell subpopulations did not change in response to ablative therapy 
(Supplementary Figure S2C). Next, we determined the frequencies of CTA peptide-specific CD8+ T-cells 
in HLA-A*02:01+ patients (n=17, Supplementary Table S1A) and compared these with frequencies 
in 9 healthy HLA-A*02:01+ subjects, by staining with a pool of HLA-A*02:01 dextramers loaded with 
published immunogenic CTA-peptides (MAGEA1278-286, MAGEA9223-231, MAGEB2231-240, MAGEC11087-1095, 
MAGEC2191-200, NY-ESO-1157-165, and SSX241-49; Supplementary Figure S3A, Supplementary Table S3). A 
CMVpp65 dextramer was used as a non-tumor antigen reference. CTA peptide-specific CD8+ T-cells in 
HCC patients ranged between 0.07-1.99%, 0.12-1.45%, 0.09-1.3%, and 0.08-2.4% at t=0, 3, 7 and 25 weeks 
after treatment, respectively (Figure 2A). A maximum of 0.06% of CD8+ T-cells recognized these pooled 
CTA-peptides in healthy controls (Figure 2C). Using > 0.06% as a cut-off, these data demonstrate that all 
17 HCC patients who were included in this part of the study had enhanced frequencies of circulating CTA 

Figure 1. Patient treatment timeline. 
Schematic overview of events (blood sample collection, RFA/TACE, LTx, HCC-specific death) in HCC patients included in 
the study during the follow-up period. The colors indicate the presence or absence of detectable HCC tumor. Patient 
ITV-016 was retreated with RFA 13 weeks after the first treatment due to rapid recurrence. Of this patient, blood 
samples were collected before and after the first RFA and before and after the second RFA and were included in the 
study separately.
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peptide-specific CD8+ T-cells compared to healthy subjects. However, there were no marked changes in 
CTA-specific CD8+ T-cell frequencies over time upon local ablative therapies (Figure 2A).

 Using CD45RA and CCR7 expression, we subsequently analyzed the differentiation status of circulating 
CD8+ T-cells (Supplementary Figure S4). In agreement with previous reports 38, most CMV-specific 
CD8+ T-cells showed a terminally differentiated phenotype (Figure 2B). Most CTA peptide-specific 
CD8+ T-cells also showed a memory phenotype, but contained more effector memory (EM) and central 
memory (CM) T-cells than CMV-specific CD8+ T-cells (Figure 2B). To investigate whether CTA-specific 
CD8+ T-cells in HCC patients showed signs of recent activation, we determined their expression of 
activation marker CD137 and proliferation marker Ki67 (Figure 2D). Although we observed tendencies 
to slightly enhanced expression of CD137 and Ki67 in CTA-specific CD8+ T-cells compared to CMV-
specific CD8+ T-cells and non-CTA recognizing CD8+ T-cells, most of these differences did not reach 
statistical significance (Figure 2D).

Figure 2. HCC patients show enhanced frequencies of circulating CTA-specific CD8+ T-cells 
compared to healthy subjects. 
PBMC from HCC patients before (t=0), and approximately 3, 7, and 25 weeks (see Figure 1 for the exact time points) 
after RFA/TACE treatment were phenotyped by flow cytometry (n=26). CTA-specific CD8+ T-cells were determined 
in HLA-A*02:01-positive patients (n=17) using CTA peptide-loaded HLA-A*02:01 dextramers. Patient ITV-016 was 
included twice, before and after a first RFA and before and after a second RFA treatment. A. CTA-specific CD8+ T-cells 
were detected using a pool of 7 CTA peptide-loaded HLA-A*02:01 dextramers (Supplementary Table S3). Frequencies 
of CMVpp65495-503-specific CD8+ T-cells were measured for comparison. B. Differentiation status of CMVpp65495-503-dex+, 
CTA-dex+ and CTA-dex- CD8+ T-cells was determined based on CD45RA and CCR7 expression (Naïve; CD45RA+CCR7+, 
central memory [CM]; CD45RA-CCR7+, effector memory [EM]; CD45RA-CCR7-, and TEMRA; CD45RA+CCR7-). C. CMV-
specific CD8+ T-cells were detected in healthy blood bank donors, but only a maximum of 0.06% of CD8+ T-cells 
recognized the pooled CTA-peptides. D. Surface expression of activation marker CD137, intracellular expression of 
proliferation marker Ki67, cytotoxic effector molecule granzyme B and checkpoint inhibitor PD1 were determined in 
CTA-dex+, CMV-dex+ and CTA-dex- CD8+ T-cells. Wilcoxon signed-rank test, * p<0.05, **p<0.01, ***p<0.001. 
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Compared to non-CTA recognizing CD8+ T-cells, CTA-specific CD8+ T-cells showed reduced Granzyme 
B expression before local tumor ablation (Figure 2D). This was not accompanied by further signs of 
chronic stimulation and exhaustion as expression of the inhibitory receptors PD1, LAG3 and TIM3 was 
not elevated on CTA-specific CD8+ T-cells compared to their CMV-specific or non-CTA recognizing 
counterparts (Figure 2D and Supplementary Figure 3B). Moreover, LAG3 expression on CTA-specific 
CD8+ T-cells was reduced compared to CMV-specific CD8+ T-cells (Supplementary Figure S3B). Finally, 
we measured the binding of the individual CTA peptide-loaded HLA-A*02:01 dextramers to CD8+ T-cells. 
For this purpose, we pre-selected 5 HCC patients in which >0.5% of CD8+ T-cells bound the pool of CTA 
peptide-loaded HLA-A*02:01 dextramers at a given time point (Figure S5). We detected CD8+ T-cells 
specific for each individual CTA in these patients. Frequencies were low, but comparable to those of CD8+ 
T-cells that recognized the established immunogenic NY-ESO-1157-166 epitope. However, no consistent 
effect of local tumor ablation was observed, which is consistent with the pooled CTA-peptide dextramer 
results.

Taken together, we detected higher frequencies of CTA peptide-specific circulating CD8+ T-cells in all 17 
HCC patients compared to healthy subjects. Most of these cells had a memory phenotype, suggesting in 
vivo priming, but they did not exhibit unambiguous signs of chronic stimulation (co-inhibitory receptor 
expression), or recent antigen encounter (CD137 or Ki-67 expression). In addition, neither frequency nor 
differentiation or activation status of CTA peptide-specific CD8+ T-cells was influenced by local tumor 
ablation.

CD4+ and CD8+ T-cells of HCC patients show in vitro proliferative responses to CTA-specific 
stimulation
To study whether circulating CTA-specific T-cells in HCC patients are functionally competent, we first 
quantified in vitro proliferative responses of peripheral T-cells from 16 HCC-patients (Supplementary 
Tables S1A and S1B) against CTAs. One patient (ITV-016) was included twice in the study, using blood 
samples collected before and after an initial RFA and a second RFA performed 13 weeks after the first due 
to rapid cancer recurrence. CFSE-labeled PBMC were stimulated for 6 days with expanded autologous 
B-cell blasts electroporated with CTA-encoding mRNA or, as a negative control, with luciferase mRNA 
(see Supplementary Figure S1 for phenotyping results of generated B-cell blasts). Proliferative CD4+ 
and CD8+ T-cell responses were subsequently measured by CFSE-dilution and observed against all of the 
seven tested CTAs (MAGEA1, MAGEA9, MAGEB2, MAGEC1, MAGEC2, PAGE1 and SSX2). Overall, strong 
proliferative CD4+ and/or CD8+ T-cell responses (≥ 4-fold over response to luciferase) against each of 
the CTAs were observed in at least one patient. All but two HCC patients (ITV-011 and ITV-031) showed 
a proliferative T-cell response to at least 1 and maximally 6 CTAs (Figure 3A, B). MAGEC2-, PAGE1 
and SSX2-specific T-cell responses were most frequently observed (in 11/16, 9/16 and 9/16 patients, 
respectively), while T-cell responses against each of the other 4 CTAs were detected in 7 HCC patients. 
GPC3, a well-known immunogenic HCC-associated antigen 16, 39 was included as a reference antigen 
and induced a maximum fold-change in proliferation of 2.7-fold in CD4+ T-cells and 3.9-fold in CD8+ 
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Figure 3. CTA-specific stimulation induces proliferative responses in CD4+ and CD8+ T-cells of HCC 
patients.
CTA-specific CD4+ and CD8+ T-cell proliferation was measured in 16 HCC patients by 6-day stimulation of CFSE-labeled 
PBMC with CTA mRNA or luciferase mRNA (negative control)-electroporated autologous B-cell blasts. CTA-specific 
proliferation was then calculated by dividing the percentage proliferated (CFSE-low) T-cells upon CTA-stimulation by 
the percentage proliferated T-cells upon luciferase-stimulation. A. Gating example of proliferation of CD4+ and CD8+ 
T-cells collected before (t=0) and t=3 and t=45 weeks after RFA from patient ITV-023 upon 6 days of stimulation 
with MAGEA9 or luciferase mRNA electroporated B-cell blasts. B. Heat map indicates fold-changes in proliferation 
of peripheral CD4+ and CD8+ T-cells upon stimulation with individual CTAs compared to stimulation with luciferase 
(colored legend). CTA-specific T-cell responses were considered positive with a ≥two-fold increase compared to 
lucifase-stimulated T-cell proliferation was observed. For comparison, proliferative responses against the onco-fetal 
tumor-associated antigen GPC3 were measured in 11 patients and depicted as fold changes compared to stimulation 
with eGFP. Patient ITV-016 was included after initial RFA and after a second RFA 13 weeks after the first treatment due 
to rapid cancer recurrence. Annotation above the heat map indicates the etiology of HCC, AFP levels before treatment, 
and the treatment (RFA or TACE) which the patients received. Annotation below the heat map indicates the actual weeks 
after treatment at which blood samples of the individual patients were collected (t=0: before local tumor ablation).
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T-cells, which is lower than the maximum responses observed against each of the tested CTAs. We did 
not observe an uniform relation between tumor ablation and proliferative CTA-specific T-cell responses. 
In addition, we did not find a clear association between CTA-specific proliferative T-cell responses and 
etiology, AFP levels (Figure 3B), or other clinicopathological factors (Supplementary Figure S6).

In conclusion, proliferative CD4+ T-cell and CD8+ T-cell responses were found against one or more of the 
tested CTAs in 14 out of 16 analyzed HCC patients, but were not enhanced by local ablative therapies. 
CTA-peptide-specific stimulation induces pro-inflammatory cytokine and granzyme secretion by 
PBMC of HCC patients

To investigate whether our selection of CTAs could induce effector responses in T-cells, we tested 
production of cytokines and cytotoxic molecules secreted upon stimulation of PBMC. For this purpose, 
we included 8 HCC patients (Supplementary Tables S1A and S1B) and tested 8 different HLA class I 
epitopes derived from 5 CTAs (MAGEA1, MAGEA9. MAGEB2, MAGEC1, SSX2). The selected epitopes were 
matched with the HLA class I types of the included HCC patients (Supplementary Tables S4-S5). Five 
(out of the eight) epitopes had also been included in HLA-A:02:01 dextramer binding analysis of CD8+ 
T-cells (Supplementary Table S3). PBMC were pre-stimulated with pools of a maximum of 5 peptides 
for 14 days and re-stimulated with single peptides for 2 days after which secreted molecules were 
quantified. Due to limited numbers of PBMC, we could not test each epitope in all patients. Nevertheless, 
we observed that all CTA-epitopes stimulated production of IL-2, Granzyme B and/or TNFα in one or 
more patients (Figure 4A and B). Interestingly, combined production of 2 or 3 of these pro-inflammatory 
factors against CTA epitopes was identified 13 and 5 times across patients and time points, respectively 
(Figure 4B). Production levels were similar to those invoked by a known immunogenic peptide of GPC3 
(Figure 4). It is noteworthy that cytokine production was also observed in response to two MAGEA1 
peptides (MAGEA1161-169 and MAGEA1289-298) that are thus far only described as immunogenic in context 
of HLA-types not expressed in these 8 HCC patients. These peptides were included in our study based 
on in silico prediction of HLA-binding properties (indicated with an asterisk in Supplementary Table S4 
and underlined in Figure 4).

Figure 4. CTA-specific peptide stimulation induces cytokine and granzyme B production in 
PBMC of HCC patients. 
Peptide-specific induction of cytokine and granzyme B (GrB) production was measured after re-stimulation 
of expanded PBMC of 8 HCC patients prior to local ablative treatment (t=0) and at the indicated weeks after 
intervention. A. Heatmaps depicting the fold changes for production of the indicated cytokines and GrB in the 
peptide stimulated condition compared to the solvent-containing medium condition. Peptides with a ≥2 fold 
change were determined to have evoked a peptide-specific response and are depicted as such (color-coded 
legend). B. Heatmap displaying concomitant production of GrB, IL-2 and/or TNF-α in the combinations indicated by 
the color-coded legend. Annotation above the heat map indicates the etiology of HCC, AFP levels before treatment, 
the treatment (RFA or TACE) patients received, and HBV status. Underlined peptides were included in our study 
based on in silico prediction of HLA-binding properties.
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Since 5 of the HCC-patients included in the peptide stimulation experiments had a (clinical history 
of) HBV infection, we additionally investigated functional responses against well-known HBV-derived 
HLA class I epitopes (Supplementary Figures S7-9). A total of 23 HBV-derived epitopes were tested, 
representing all HBV proteins and several common HLA-types. Production of IL-2, Granzyme B and/or 
TNFα was observed in response to 21 out of 23 epitopes, with numerous responses both in patients 
with an ongoing chronic (ITV-006 and ITV-007) or resolved (ITV-010 and ITV-021) HBV infection. The 
HBV parameters HBsAg and anti-HBsAg did not seem to relate to local ablative intervention, although 
numbers of patients are too few to draw definitive conclusions (Supplementary Figure S10).

HCC patients have IgG-responses against CTAs
To gain further insight into the immunogenic potential of the selected CTAs, we investigated humoral 
IgG responses by ELISA. We screened 105 plasma samples, obtained from 32 HCC patients, and 15 
healthy subjects (negative controls) for IgG antibodies against MAGEA1, MAGEA9, MAGEB2, MAGEC2, 
PAGE1 and SSX2 recombinant full length CTA proteins. We additionally investigated IgG titers against 
the established immunogenic tumor antigen NY-ESO-1 (Supplementary Table S6) as reference. We 
could not include MAGEC1 in antibody screening, because neither full-length nor MAGEC1934-1142 protein 
are commercially available. Compared to healthy subjects, we detected enhanced levels of specific IgG 
against every CTA in at least one HCC patient (Figure 5A). In 13 out of 32 HCC patients we found IgG 
specific for at least one CTA, and in 11 patients the anti-CTA antibodies were already present before 
tumor ablation. These pre-existing humoral responses were generally stable over time, with titers 
ranging between 1:20 and 1:640 (Figures 5A, B and C). In comparison, two positive control sera from 
melanoma patients showed NY-ESO-1-specific IgG titers of 1:1000, and a positive control serum from a 
melanoma patient showed a MAGEA1-specific IgG titer of 1:200 (Supplementary Figure S11). De novo 
induction of CTA-specific IgG after local tumor ablation was observed in 4 patients. 

Taken together, IgG responses against all 7 CTAs were observed in our HCC patient cohort. In general, 
local tumor ablation may induce de novo anti-CTA IgG responses or enhance CTA-specific IgG titers, 
however, numbers are too small to draw any conclusions.

DISCUSSION/CONCLUSION
Recently, we have identified a panel of 12 CTAs prevalent in HCC, but absent from healthy tissue except 
immune-privileged germ cells. Moreover, we demonstrated that expression of these CTAs in non-tumor 
liver tissues was associated with early cancer recurrence after primary tumor resection and may indicate 
presence of occult micro-metastases or pre-malignant transformation of liver tissue. Therefore, we 
postulated that vaccination strategies targeting these CTAs in early-stage HCC may have clinical utility 
as adjuvant therapy to prevent cancer recurrence after primary tumor resection.22 In advanced HCC such 
vaccination approach may synergize with ICPI therapy.

Here, we comprehensively studied the immunogenicity of six of these pre-defined CTAs and of SSX-2 in 

HCC patients before and after local tumor ablation. We demonstrate systemic IgG responses against one 
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Figure 5. HCC-patients mount CTA-specific IgG responses. 
CTA-specific IgG responses were measured in 32 HCC patients by indirect ELISA. ELISA plates were coated with human 
recombinant full length CTA protein, and after incubation with HCC patients’ plasma, CTA-specific IgG was detected 
by anti-human IgG-HRP. After screening of 1:20 plasma dilutions, the positive samples were titrated. A. Heat map 
displaying the CTA-specific IgG responses in individual before and at different time points (weeks) after local tumor 
ablation. Columns show IgG titers against the 7 different CTAs. Colors indicate the detected titers (legend). B, C. 
Examples of serial dilutions of plasma samples of 3 HCC-patients in MAGEA1 ELISA (B) and of 2 patients in MAGEC2 
ELISA (C). The delta optical density (ΔOD) of each plasma sample was calculated by subtracting the sample’s OD in 
wells coated with BSA from the OD in wells coated with the specific CTA protein. In each ELISA, plasma samples of 4 
healthy individuals (indicated by E numbers) were included as negative controls to determine the cut-off OD-value 
that was used to determine positivity of patient samples. The dotted line indicates the cut-off for each dilution, which 
was determined by the average plus 10 times the standard deviation of the OD-values of 4 healthy control samples.
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or more CTAs in 40% of HCC patients and establish the presence of CD4+ and CD8+ T-cells which mount 
proliferative responses against one or more CTAs in the circulation of most HCC patients. In addition, 
we found higher frequencies of circulating CTA peptide-specific CD8+ T-cells in HCC patients compared 
to healthy subjects. Moreover, we demonstrate that HLA class I epitopes derived from five of the CTAs 
induce cytokine and granzyme B production in PBMC, indicating that CTA-specific T-cells, most likely 
CD8+, in HCC patients are functionally competent. 

Whereas MAGEA1-, MAGEC1, MAGEC2-, and SSX2-specific CD8+ T-cells have been detected in HCC 
patients in previous studies.23, 29, 37, 40-43, the current study is the first to demonstrate MAGEA9, MAGEB2, 
and PAGE1-specific CD8+ T-cell responses in HCC patients. Using CTA peptide-loaded HLA class I 
multimers, we observed that already prior to ablative therapy more than 50% of CTA-specific CD8+ 
T-cells displayed a phenotype that suggested they were antigen experienced. It should be noted that 
for these multimer experiments CTA peptides were pooled with a peptide from NY-ESO and hence part 
of the responses may have been directed against this CTA that was not focus of our study. Staining for 
single multimers, however, indicated T cells against the other CTA contributed as well.  We did not find 
clear signs of recent activation, chronic activation or exhaustion on CTA peptide-specific CD8+ T-cells. 
The observed proliferative CD8+ T-cell responses against the CTAs together with the observed cytokine 
and granzyme B production upon stimulation of PBMC with HLA class I CTA epitopes, indicate that 
CTA-specific CD8+ T-cells in HCC patients are functionally competent. Although viral epitopes, due to 
their foreign nature,44 are considered to be more immunogenic than CTA epitopes, the strength of 
cytokine and granzyme B production upon stimulation of PBMC with either HBV or CTA peptides was 
comparable. Moreover, the maximum proliferative CD8+ T-cell responses against all CTAs tested were 
stronger than those against the well-known immunogenic HCC-associated antigen GPC3.16, 39 Together, 
these data may suggest that tumor-restricted CTAs are sufficiently immunogenic to stimulate functional 
CD8+ T-cell responses in HCC patients. This is in accordance with recent data generated by us and others 
that show abundant presence of peptides derived from CTA such as MAGEA1, MAGEB2 and MAGEC2 in 
HLA class I restricted epitopes of HCC tumors.45

CD4+ T-cells are needed for optimal expansion of CD8+ T-cells and for CD8+ T-cell memory and are 
therefore indispensable for adequate and sustained anti-tumor immunity.46. Recently also the direct 
anti-tumor potency of CD4+ T-cells was demonstrated, as well as their role in directing a sustained anti-
tumor response.47 Nevertheless, CD4+ T-cell responses against CTAs have been rarely studied in HCC. 
To our knowledge, we are the first to demonstrate CD4+ T-cell responses against MAGEA1-, MAGEA9, 
MAGEB2, MAGEC1, MAGEC2-, PAGE1, and SSX2 in HCC patients, while confirming the presence of 
MAGEC2- specific CD4+ T-cells in HCC.29, 48. Similar to CD8+ T-cell responses, the maximum proliferative 
CD4+ T-cell responses against CTAs were stronger than those against GPC3. 

In contrast to T-cell immunogenicity, the role of tumor-specific antibodies in anti-tumor immunity 
is not yet clear and a frequently debated topic. However, antibody presence is at least an additional 
indication for antigen immunogenicity, and could be a sign of the presence of CD4+ T helper cells 
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recognizing the antigen.47 Moreover, tumor-specific antibodies can form immune complexes with TAAs 
and thereby facilitate cross-presentation by dendritic cells.49 Even antibodies against intracellular TAAs 
may contribute via this mechanism to anti-tumor immunity upon release of the TAA from tumor cells.50 
Importantly, several studies demonstrated positive associations between humoral responses against 
TAAs and therapeutic outcome after ICPI therapy or vaccination with TAA-containing cancer vaccines.51-53 
We detected IgG responses against every tested CTA in our cohort of 32 HCC patients. However, the 
prevalence of IgG responses against most individual CTAs was rather low. For instance, serum IgG 
against the established immunogenic tumor antigen NY-ESO-1 was detected in only 2 patients, but 
this is in line with its low prevalence in HCC.48, 54, 55 The most frequently detected humoral response was 
directed against MAGEA1 (in 6 patients). Antibodies against these CTAs have been detected in other 
types of cancers,36, 56-60 but in HCC patients humoral responses against these CTAs, excluding anti-NY-
ESO-1, have not been previously assessed. The titers of CTA-specific IgGs were comparable to previously 
reported anti-NY-ESO-1 IgG titers in HCC patients 48, 54, 55 and IgG titers against other CTAs in patients 
with other types of cancer.58 The presence of both IgG- and T-cell responses provides further evidence 
for their immunogenicity of studied CTA in HCC patients. 

Whereas previous studies have reported transient increases in systemic T-cell responses against TAAs 
between 2 to 4 weeks after local tumor ablation in HCC patients,26, 27, 37 we did not find any increase in 
CTA-specific T-cell responses at 3 weeks or later time points after RFA and/or TACE. This discrepancy may 
be caused by several factors. Most importantly, we analyzed T-cell responses against tumor-restricted 
CTAs, whereas Zerbini et al 26 studied T-cell responses against autologous tumor lysate and Mizukoshi 
et al 27, 37 quantified T-cell responses against a panel of TAAs which are also expressed, although at lower 
levels, in healthy tissues.61-64 Furthermore, the patient cohorts differ quite significantly, as only a few 
patients in our cohort had HCC caused by chronic viral hepatitis, whereas this was the major etiology 
in these previous studies. Finally, whereas TAA-specific T-cells were detected by IFN-γ ELISPOT assays 
in the previous studies, we used three other techniques. A recent study reported transiently enhanced 
T-cell responses against MAGEA1, MAGEC1 and a few other tumor-restricted CTAs, at 1 week after 
microwave ablation in 30% of HCC patients.43 Because the earliest time point at which we analyzed T-cell 

responses was at 3 weeks after local tumor ablation, we might have missed such early T-cell responses. 
Changes in circulating T-cell and NK cell subsets after tumor ablation in HCC patients were recently 
shown to be detectable only at 1 day after RFA,65 which explains that we did not observe such effects. 

The present study provides a comprehensive overview of systemic adaptive immune responses against 
tumor-restricted CTAs in HCC published to date. Despite demonstrating CD4+, CD8+ and IgG responses 
against a large set of CTAs in HCC patients for the first time, we acknowledge that our study has some 
limitations. Not all included patients were treatment naïve before inclusion in the study, and therefore it is 
unclear whether the detected CTA-specific immune responses can be considered spontaneous. Second, 
due to unavailability of reagents such as in vitro transcribed mRNA for several CTAs, we could not study 

the immunogenicity of 6 additional tumor-restricted CTAs we previously described in HCC. Importantly, 
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we were able to include the most prevalent CTAs in HCC; MAGEA1 (found in 59% of patients), MAGEC1 
(48%), and MAGEC2 (56%) 22. Third, due to limitations in numbers of PBMC, we could not apply all three 
techniques for analysis of T-cell responses in all individual patients. This, combined with the usage of 
different techniques, makes direct comparison of the different results difficult, yet we observed that 
overall, some patients displayed broader responses than others. Fourth, due to unavailability of tumor 
biopsies, we could not analyze whether presence and/or intensity of CTA-specific immune responses in 
individual patients was related to CTA expression in the tumors and could not correlate CTA expression 
to outcome after local ablative therapies. Last but not least, to establish the therapeutic potential of each 
of these TAAs, further (pre-)clinical studies are needed.

In conclusion, the presence of CD4+ and CD8+ T-cell and IgG responses against seven tumor-restricted 
CTAs shows the immunogenicity of these CTAs in HCC-patients. Further research should elucidate 
whether vaccines based on these tumor-specific antigens can boost pre-existing CTA-specific immunity 
sufficiently to combat small malignant foci remaining after primary tumor resection in early HCC and/ or 
to enhance therapeutic efficacy of ICPI blockade in advanced HCC.
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Supplementary Table S1A. Overview of patients included in each experiment. 

Patient Phenotype CTA-specific T cell responses Humoral anti-CTA 
responses

General CTA peptide-specific Proliferation Cytokine production Plasma IgG

Figure 2 Figure 2 Figure 3 Figure 4 Figure 5

ITV-001

ITV-002

ITV-003

ITV-004

ITV-005

ITV-006

ITV-007

ITV-008

ITV-009

ITV-010

ITV-011

ITV-012

ITV-013

ITV-014

ITV-015

ITV-016-1

ITV-016-2

ITV-017

ITV-018

ITV-019

ITV-020

ITV-021

ITV-022

ITV-023

ITV-024

ITV-025

ITV-026

ITV-027

ITV-028

ITV-029

ITV-030

ITV-031

ITV-032

ITV-033

ITV-034

ITV-035

ITV-036

ITV-037

ITV-038

Green: included. Black: not included. Patient ITV-016 was included twice due to rapid tumor progression and re-RFA 
treatment. 
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Supplementary Table S1B. 
Overview of CTA-specific responses in patients that have been included in CTA-specific assays. Responses above the 
assay-specific threshold (methods and figure legends) are indicated in red, response below the assay-specific threshold 
are indicated in green. Conditions that were not tested are indicated in grey.

ITV- MAGEA1 MAGEA9 MAGEB2 MAGEC1 MAGEC2 SSX2 NYESO1 PAGE1 GPC3

002          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

003          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

005          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

+ - -  - - - -  Plasma IgG (Fig 5A)

006          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

+         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

007          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

+         Cytokine production (Fig 4B)

+ - -  - - - -  Plasma IgG (Fig 5A)

008 + - - - + -  - + Proliferation CD4+ (Fig 3B)

- - - - - -  - - Proliferation CD8+ (Fig 3B)

+ + + +  +   + Cytokine production (Fig 4B)

+ - -  - - - -  Plasma IgG (Fig 5A)

009          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

010          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

+ + + +  -   + Cytokine production (Fig 4B)

- - +  + - - -  Plasma IgG (Fig 5A)

011 - - - - - -  - - Proliferation CD4+ (Fig 3B)

- - - - - -  - - Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - +  - + - -  Plasma IgG (Fig 5A)
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ITV- MAGEA1 MAGEA9 MAGEB2 MAGEC1 MAGEC2 SSX2 NYESO1 PAGE1 GPC3

012 - + - - + -  - + Proliferation CD4+ (Fig 3B)

- - - - - -  - - Proliferation CD8+ (Fig 3B)

+ + + +  +   - Cytokine production (Fig 4B)

- - -  - - - +  Plasma IgG (Fig 5A)

013          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

014 - + + + + -  + - Proliferation CD4+ (Fig 3B)

- + - + - -  + - Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

015          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

016 + - - - - -  - - Proliferation CD4+ (Fig 3B)

(1) - - - + - -  - - Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

016 - - + - + +  + - Proliferation CD4+ (Fig 3B)

(2) - - - + - -  - - Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

017 - - - - + -  - - Proliferation CD4+ (Fig 3B)

- - - - - -  - - Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

019          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

020 + - + - - -  +  Proliferation CD4+ (Fig 3B)

- - + - + +  +  Proliferation CD8+ (Fig 3B)

+ + + +  -   - Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

Supplementary Table S1B. (continued)
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ITV- MAGEA1 MAGEA9 MAGEB2 MAGEC1 MAGEC2 SSX2 NYESO1 PAGE1 GPC3

021          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

+        - Cytokine production (Fig 4B)

+ + -  - - - -  Plasma IgG (Fig 5A)

022 - + - - - +  - + Proliferation CD4+ (Fig 3B)

+ + - - + -  + - Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

023 + + - + + +  -  Proliferation CD4+ (Fig 3B)

+ + - + + +  -  Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - +  - - - -  Plasma IgG (Fig 5A)

024 - - + + - -  + + Proliferation CD4+ (Fig 3B)

- - + + - +  + + Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - +  - + - -  Plasma IgG (Fig 5A)

025 + + + - + +  + - Proliferation CD4+ (Fig 3B)

- + - - - -  - + Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

026          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

027 - + + + - +  - + Proliferation CD4+ (Fig 3B)

- + + - - -  + + Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

028          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

029 + - - - + -  + - Proliferation CD4+ (Fig 3B)

+ - - - - -  + - Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

Supplementary Table S1B. (continued)
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ITV- MAGEA1 MAGEA9 MAGEB2 MAGEC1 MAGEC2 SSX2 NYESO1 PAGE1 GPC3

030 - + + + - -  +  Proliferation CD4+ (Fig 3B)

- + - + + +  +  Proliferation CD8+ (Fig 3B)

+ + + +  +   + Cytokine production (Fig 4B)

- - -  + - - -  Plasma IgG (Fig 5A)

031 - - - - - -  -  Proliferation CD4+ (Fig 3B)

- - - - - -  -  Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

032          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

+ - -  - - + -  Plasma IgG (Fig 5A)

033          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - - - -  Plasma IgG (Fig 5A)

034          Proliferation CD4+ (Fig 3B)

         Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

+ - -  - - - -  Plasma IgG (Fig 5A)

037 + - - - - +  -  Proliferation CD4+ (Fig 3B)

+ - - - - -  -  Proliferation CD8+ (Fig 3B)

         Cytokine production (Fig 4B)

- - -  - + + -  Plasma IgG (Fig 5A)

Supplementary Table S1B. (continued)
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Supplementary Table S2. 
Antibodies used for flow cytometric analysis of PBMC, expanded B-cell blasts, and CTA-specific T cell assays

Specificity Fluorochrome Clone Company

CCR7 FITC 150503 R&D Systems

CD137 BV750 4B4-1 Biolegend

CD14 PerCP-Cy5.5 61D3 eBioscience

CD154 APC TRAP1 BD

CD16 BV650 3G8 Biolegend

CD19 PE HIB19 eBioscience

CD3 PE-Cy7 UCHT1 eBioscience

CD3 APC-R700 UCHT1 BD

CD38 eFluor450 HIT2 eBioscience

CD4 APC-H7 RPA-T4 BD

CD45RA BV570 HI100 Biolegend

CD56 PE TULY56 eBioscience

CD56 PE-Dazzle594 HCD56 Biolegend

CD8 PerCP-Cy5.5 SK1 BD

CD80 FITC MAB104 Beckman&Coulter

CD86 APC IT2.2 Biolegend

CTLA4 BV786 BNI3 Biolegend

FoxP3 PE 236A/E7 eBioscience

GrB BV421 GB11 BD

HLA-A2 AF488 BB7.2 Biorad

HLA-DR APC-eFluor780 LN3 eBioscience

Ki67 BV711 B56 BD

LAG3 BV650 11C3C65 Biolegend

PD-1 PE-Cy7 J105 eBioscience

TIM3 BV421 F38-2E2 Biolegend

TIM3 BV786 F38-2E2 Biolegend

mIgG1 PE P3.6.2.8.1 eBioscience

mIgG1 PE-Cy7 MOPC-21 Biolegend

mIgG1 APC MOPC-21 Biolegend

mIgG1 BV421 X40 BD

mIgG1 PE-CF594 X40 BD

mIgG1 BV650 MOPC-21 Biolegend

mIgG1 BV711 MOPC-21 Biolegend

mIgG1 PE-CF594 MOPC-21 Biolegend

mIgG1 BV750 MOPC-21 Biolegend
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Supplementary Table S3. 
Peptides in HLA-A*02:01 dextramers with literature references for the selected peptides

Protein Position Epitope sequence Fluorochrome Literature

CMVpp65 495-503 NLVPMVATV PE Gamadia et al 20011

MAGEA1 278-286 KVLEYVIKV APC Ottaviani et al 20052

MAGEA9 223-231 ALSVMGVYV APC Oehlrich et al 20053

MAGEB2 231-240 GVYDGEEHSV APC Barnea et al 20024

MAGEC1 1087-1095 FLAMLKNTV APC Tyler et al 20145

MAGEC2 191-200 LLFGLALIEV APC Zhou et al 20176

NYESO1 157-165 SLLMWITQV APC Chen et al 20007

SSX2 41-49 KASEKIFYV APC Smith et al 20118



164

Chapter 5

Su
pp

le
m

en
ta

ry
 T

ab
le

 S
4.

 P
ep

tid
es

 u
se

d 
fo

r p
ep

tid
e 

st
im

ul
at

io
n 

as
sa

ys
. I

m
m

un
og

en
ic

 p
ep

tid
es

 w
er

e 
se

le
ct

ed
 fr

om
 th

e 
re

fe
rre

d 
lit

er
at

ur
e

Pr
ot

ei
n

Po
si

tio
n

Se
qu

en
ce

Li
te

ra
tu

re
IE

D
B 

en
tr

y
A*

01
A*

02
A*

03
A*

11
A*

23
A*

26
A*

68
B*

15
B*

35
B*

53
C*

04
C*

07

GP
C3

14
4-

15
2

FV
GE

FF
TD

V
Sa

w
ad

a,
 e

t a
l.9 , 

Ts
uc

hi
ya

, e
t a

l.10
73

58
28

x

GP
C3

29
8-

30
6

EY
IL

SL
EE

L
Sa

w
ad

a,
 e

t a
l.9 , 

Ts
uc

hi
ya

, e
t a

l.10
73

58
25

x*

M
AG

EA
1

96
-1

04
SL

FR
AV

IT
K

Ch
au

x, 
et

 a
l.11

59
10

1
x

M
AG

EA
1

16
1-

16
9

EA
D

PT
GH

SY
Ce

lis
, e

t a
l.12

11
01

0
x*

x*
x*

x*

M
AG

EA
1

27
8-

28
6

KV
LE

YV
IK

V
O

tta
vi

an
i, 

et
 a

l.2
34

09
5

x

M
AG

EA
1

28
9-

29
8

RV
RF

FF
PS

L
Lu

ite
n,

 e
t a

l.13
17

98
97

x*
x*

M
AG

EA
9

22
3-

23
1

AL
SV

M
GV

YV
O

eh
lri

ch
, e

t a
l.3

10
75

17
9

x

M
AG

EA
10

25
4-

26
2

GL
YD

GM
EH

L
H

ua
ng

, e
t a

l.14
18

94
01

x

M
AG

EB
2

23
1-

24
0

GV
YD

GE
EH

SV
Ba

rn
ea

, e
t a

l.4
23

21
4

x

M
AG

EC
1

10
87

-1
09

5
FL

AM
LK

N
TV

Ty
le

r, 
et

 a
l.5

N
.A

.
x

SS
X2

41
-4

9
KA

SE
KI

FY
V

Sm
ith

, e
t a

l.8
45

13
42

x

H
Bc

Ag
18

-2
7

FL
PS

D
FF

PS
V

Be
rto

ni
, e

t a
l.15

16
83

3
x

x

H
Bc

Ag
88

-9
6

YV
N

VN
M

GL
K

Ta
n,

 e
t a

l.16
76

37
0

x

H
Bc

Ag
13

9-
14

8
IL

ST
LP

ET
TV

Le
e,

 e
t a

l.17
27

36
5

x

H
Bc

Ag
14

1-
15

1
ST

LP
ET

TV
VR

R
D

ep
la

, e
t a

l.18
61

74
5

x
x

H
Bs

Ag
18

3-
19

1
FL

LT
RI

LT
I

D
ep

la
, e

t a
l.18

16
75

5
x

H
Bs

Ag
19

9-
20

7
W

TS
LN

FL
GG

D
es

m
on

d,
 e

t a
l.19

N
.A

.
x

H
Bs

Ag
31

3-
32

1
IP

IP
SS

W
AF

Be
rto

ni
, e

t a
l.15

27
87

8
x

x

H
Bs

Ag
32

4-
33

2
YL

W
EW

AS
VR

D
es

m
on

d,
 e

t a
l.19

22
68

09
x

H
Bs

Ag
33

5-
34

3
W

LS
LL

VP
FV

D
ep

la
, e

t a
l.18

72
79

4
x

x

H
Bs

Ag
34

8-
35

7
GL

SP
TV

W
LS

V
va

n 
de

r B
ur

g,
 e

t a
l.20

21
13

9
x

H
BV

 P
ol

47
-5

5
N

VS
IP

W
TH

K
D

ep
la

, e
t a

l. 
18

46
48

0
x

x

H
BV

 P
ol

14
9-

15
9

H
TL

W
KA

GI
LY

K
Be

rto
ni

, e
t a

l. 
15

24
94

3
x

x

H
BV

 P
ol

35
4-

36
3

TP
AR

VT
GG

VF
Be

rto
ni

, e
t a

l.15
65

50
9

x

H
BV

 P
ol

37
7-

38
6

LV
VD

FS
Q

FS
R

D
ep

la
, e

t a
l. 

18
40

62
4

x

H
BV

 P
ol

44
2-

45
0

GL
SR

YV
AR

L
D

ep
la

, e
t a

l. 
18

21
14

5
x



165

Ch
ap

te
r 5

CTA immunogenicity

Pr
ot

ei
n

Po
si

tio
n

Se
qu

en
ce

Li
te

ra
tu

re
IE

D
B 

en
tr

y
A*

01
A*

02
A*

03
A*

11
A*

23
A*

26
A*

68
B*

15
B*

35
B*

53
C*

04
C*

07

H
BV

 P
ol

48
9-

49
7

KL
H

LY
SH

PI
Ge

hr
in

g,
 e

t a
l. 

21
31

89
8

x

H
BV

 P
ol

53
8-

54
5

YM
D

DV
VL

G
D

ep
la

, e
t a

l. 
18

N
.A

.
x

H
BV

 P
ol

56
2-

57
0

FL
LS

LG
IH

L
D

ep
la

, e
t a

l. 
18

16
75

1
x

H
BV

 P
ol

61
2-

62
0

PV
N

RP
ID

W
K

Be
rto

ni
, e

t a
l. 

15
49

92
3

x
x

H
BV

 P
ol

65
4-

66
3

Q
AF

TF
SP

TY
K

Be
rto

ni
, e

t a
l. 

15
50

25
3

x
x

H
Bx

Ag
52

-6
0

H
LS

LR
GL

PV
D

in
g,

 e
t a

l. 
22

24
30

2
x

H
Bx

Ag
11

5-
12

3
CL

FK
DW

EE
L

D
in

g,
 e

t a
l. 

22
65

56
x

H
Bx

Ag
13

5-
14

3
GG

CR
H

KL
VC

D
es

m
on

d,
 e

t a
l. 

19
N

.A
.

x

*B
as

ed
 o

n 
in

 si
lic

o 
pr

ed
ic

tio
n 

of
 H

LA
-b

in
di

ng
 p

ro
pe

rti
es

 (N
et

M
H

Cp
an

3.
0;

 ra
nk

 ≤
 2

.0
)



166

Chapter 5

Supplementary table S5. 
HLA-I types of HCC patients used for peptide stimulation assays

Patient HLA-A HLA-B HLA-C

ITV-006 68:02 03:01 35:01 53:01 04:01 04:01

ITV-007 26:01 11:01 39:01 15:02 07:02 08:01

ITV-008 02:01 03:01 07:02 44:02 05:01 07:02

ITV-010 02:01 01:01 44:02 08:01 07:04 07:01

ITV-012 02:01 02:01 57:01 40:02 02:02 06:02

ITV-020 02:01 11:01 55:01 07:02 07:02 03:03

ITV-021 23:01 26:01 08:01 15:03 02:10 03:04

ITV-030 02:01 32:01 44:02 56:01 01:02 05:01

Supplementary Table S6.
Recombinant full length CTA proteins used for ELISA.

CTA Host Company

MAGEA1 Wheat germ Abnova

MAGEA9 Wheat germ Abnova

MAGEB2 Wheat germ Abnova

MAGEC2 Sf9 OriGene

NYESO1 HEK293T OriGene

PAGE1 Wheat germ Abnova

SSX2 HEK293T OriGene
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Supplementary Figure S1. Characteristics of expanded B cell blasts. 
Expanded autologous B cell blasts were used as antigen-presenting cells in CTA-specific T-cell proliferation assays, 
n=16. A. Percentages of viable cells (percentage 7AAD- of total measured cells) and percentages of CD19+ B cells and 
CD3+ T cells within expanded viable cells. B. Percentages of CD19+ B cells expressing CD38, CD80, CD86 or HLA-DR.
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Supplementary Figure S3. Detection of peptide-loaded HLA-A*02:01 dextramer-binding CD8+ 
T cells.
A. Flow cytometric dot plots showing binding of a CMV-pp65 peptide-loaded HLA-A*02:01 dextramer (upper row) 
or a pool of HLA-A*02:01 dextramers loaded with 7 CTA-peptides (lower row) to CD4+ T cells and CD8+ T cells of 
HLA-A*02:01+ patient ITV-024. We were unable to collect blood 18 weeks after tumor ablation of this patient. To 
calculate specific binding to CD8+T cells, percentages of dextramer-positive CD4+ T cells were subtracted from 
percentages of dextramer-positive CD8+ T cells. B. Percentages of CTA-dextramer binding (indicated in blue), CMV-
dextramer binding (red) and CTA-dextramer non-binding cells (grey) expressing LAG3 or TIM3 before treatment 
and at various time points after local ablative therapy. Wilcoxon signed-rank test, * p<0.05, **p<0.01, ***p<0.001.
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Supplementary Figure S2. Ablative therapies do not affect the major leukocyte subsets. 
PBMCs from HCC patients before, and approximately 3, 7, and 25 weeks (see Figure 1 for the exact time points) 
after RFA/TACE treatment were phenotyped by flow cytometry (n=26). A. Gating strategy. Cell debris was excluded 
by gating on FSC-A and SSC-A, and single cells were selected based on FSC-A and FSC-W. Viable cells were 
selected by exclusion of Aqua l/d positive cells. Monocytes and lymphocytes were discriminated by FSC-A and 
SSC-A. NKT cells were defined as CD3+CD56+, NK cells as CD3-CD56+ cells,  which were subsequently subdivided 
into CD56dim and CD56bright subsets based on CD56 and CD16 expression. Monocytes were categorized into classical 
(CD14+CD16-), intermediate (CD14+CD16+) and non-classical (CD14loCD16+) based on CD14 and CD16 expression. 
Finally, CD4+ T cells were selected from CD3+CD56- T cells and subdivided into T-helper cells (FoxP3-), naïve Tregs 
(CD45RA+FoxP3lo), non-suppressive activated T-helper cells (CD45RA-FoxP3lo) and activated Tregs (CD45RA-FoxP3hi), 
according to the gating strategy of Miyara M, et al.23 B. Percentages of CD56dim and CD56bright NK cells, CD3+CDC56+ 
NKT cells and CD14+ monocyte subsets within viable PBMC. C. Percentages of CD3+ T cells within viable PMBC, CD4+ 
T cells and CD8+ T cells within CD3+ T cells, and activated T helper cells (aTh; CD45RA-FoxP3lo), activated regulatory 
T cells (aTreg; CD45RA-FoxP3hi), naïve regulatory T cells (nTreg; CD45RA+FoxP3dim), and T helper cells (Th; FoxP3-) 
within CD4+ T cells. 
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Supplementary Figure S4. Gating strategy of differentiation status and expression of various 
markers on CD8+ T cells. 
A. Cell debris was excluded by gating on FSC-A and SSC-A, and single cells were selected based on FSC-W and FSC-A. 
The non-viable cells were excluded by use of Aqua l/d dye, and lymphocytes were selected by gating on FSC-A and 
SSC-A. T cells were selected based on CD3 expression, and CD4+ and CD8+ T cells were selected based on CD4 and CD8 
expression. B. Within CD8+ T cells, naïve (CD45RA+CCR7+), central memory (CM; CD45RA-CCR7+), effector memory (EM; 
CD45RA-CCR7-) and EM that re-express CD45RA (TEMRA; CD45RA+CCR7-) were discriminated, as shown in the most 
left panels. In addition, expression of surface CD137 (4-1BB), intracellular Ki67, intracellular granzyme B and surface 
Programmed Cell Death Protein 1 (PD1; CD279) in CD8+ T cells was analyzed, as shown in the upper panels from left to 
right. The bottom panels show the isotype-matched antibody control stains.
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Supplementary Figure S5. Circulating CTA-specific CD8+ T cells.
PBMC from HCC patients before (t=0), and approximately 3, 7, and 25 weeks (see Figure 1 for the exact time points) 
after RFA/TACE treatment were phenotyped by flow cytometry. Binding of individual CTA peptide-loaded HLA-A*02:01 
dextramers to CD8+ T-cells was measured in 5 patients that had >0.5% CTA-dex-pool+ CD8+ T-cells at any time point 
(due to lack of samples not every time point was included in the analysis).
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Supplementary Figure S7. CTA and HBV-specific peptide stimulation induces granzyme B 
production in PBMC of HCC patients.
Peptide-specific induction of granzyme B production was measured after re-stimulation of expanded PBMCs of 8 HCC 
patients prior to local ablative treatment (t=0) and at the indicated weeks after intervention. Heatmaps depict the 
fold changes for production of granzyme B in the peptide stimulated condition compared to the solvent-containing 
medium condition. Peptides with a ≥2 fold change were determined to have evoked a peptide-specific response and 
are depicted as such (color-coded legend). Annotation above the heat map indicates the etiology of HCC, AFP levels 
before treatment and the treatment (RFA or TACE) that patients received.
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Supplementary Figure S8. CTA and HBV-specific peptide stimulation induces IL2 production in 
PBMC of HCC patients. 
Peptide-specific induction of IL2 production was measured after re-stimulation of expanded PBMCs of 8 HCC patients 
prior to local ablative treatment (t=0) and at the indicated weeks after intervention. Heatmaps depict the fold changes 
for production of IL2 in the peptide stimulated condition compared to the solvent-containing medium condition. 
Peptides with a ≥2 fold change were determined to have evoked a peptide-specific response and are depicted as such 
(color-coded legend). Annotation above the heat map indicates the etiology of HCC, AFP levels before treatment and 
the treatment (RFA or TACE) that patients received.
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Supplementary Figure S9. CTA and HBV-specific peptide stimulation induces TNFa production in 
PBMC of HCC patients. 
Peptide-specific induction of TNFa production was measured after re-stimulation of expanded PBMCs of 8 HCC patients 
prior to local ablative treatment (t=0) and at the indicated weeks after intervention. Heatmaps depict the fold changes 
for production of TNFa in the peptide stimulated condition compared to the solvent-containing medium condition. 
Peptides with a ≥2 fold change were determined to have evoked a peptide-specific response and are depicted as such 
(color-coded legend). Annotation above the heat map indicates the etiology of HCC, AFP levels before treatment and 
the treatment (RFA or TACE) that patients received.
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Supplementary Figure S10. HBsAg and anti-HBsAg kinetics in response to local ablative therapy.
Plasma levels of HBsAg (left) and anti-HBsAg (right) prior to treatment and at several time points after intervention for 
HCC patients with an HBV infection that is chronic (ITV-006, ITV-007, ITV-037) or resolved (ITV-010, ITV-020, ITV-021, 
ITV-028).

Supplementary Figure S11. MAGEA1 and NYESO1 IgG responses in positive sera and healthy 
controls. 
MAGEA1 and NYESO1 IgG responses were measured in 2 positive control sera and 4 healthy control plasma samples 
by indirect ELISA. The two positive control sera samples were sera of melanoma patients containing MAGEA1 and/or 
NYESO1-specific IgG antibodies. ELISA plates were coated with human recombinant full length CTA protein or bovine 
serum albumin (BSA), and after incubation with positive controls’ serum or healthy controls’ plasma, CTA-specific IgG 
was detected by anti-human IgG-HRP.
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Protein Sequences
Protein sequences used for generation of codon-optimized mRNAs used in the CTA-specific T-cell 
proliferation assays.

MAGEA1
MSLEQRSLHCKPEEALEAQQEALGLVCVQAATSSSSPLVLGTLEEVPTAGSTDPPQSPQGASAFPTTIN

FTRQRQPSEGSSSREEEGPSTSCILESLFRAVITKKVADLVGFLLLKYRAREPVTKAEMLESVIKNYKHCF

PEIFGKASESLQLVFGIDVKEADPTGHSYVLVTCLGLSYDGLLGDNQIMPKTGFLIIVLVMIAMEGGHAP

EEEIWEELSVMEVYDGREHSAYGEPRKLLTQDLVQEKYLEYRQVPDSDPARYEFLWGPRALAETSYVKV

LEYVIKVSARVRFFFPSLREAALREEEEGV

MAGEA9
MSLEQRSPHCKPDEDLEAQGEDLGLMGAQEPTGEEEETTSSSDSKEEEVSAAGSSSPPQSPQGGASSS

ISVYYTLWSQFDEGSSSQEEEEPSSSVDPAQLEFMFQEALKLKVAELVHFLLHKYRVKEPVTKAEMLESVI

KNYKRYFPVIFGKASEFMQVIFGTDVKEVDPAGHSYILVTALGLSCDSMLGDGHSMPKAALLIIVLGVILTK

DNCAPEEVIWEALSVMGVYVGKEHMFYGEPRKLLTQDWVQENYLEYRQVPGSDPAHYEFLWGSKAHA

ETSYEKVINYLVMLNAREPICYPSLYEEVLGEEQEGV 

MAGEB2
MPRGQKSKLRAREKRRKARDETRGLNVPQVTEAEEEEAPCCSSSVSGGAASSSPAAGIPQEPQRAPTT

AAAAAAGVSSTKSKKGAKSHQGEKNASSSQASTSTKSPSEDPLTRKSGSLVQFLLYKYKIKKSVTKGEML

KIVGKRFREHFPEILKKASEGLSVVFGLELNKVNPNGHTYTFIDKVDLTDEESLLSSWDFPRRKLLMPLLG

VIFLNGNSATEEEIWEFLNMLGVYDGEEHSVFGEPWKLITKDLVQEKYLEYKQVPSSDPPRFQFLWGPR

AYAETSKMKVLEFLAKVNGTTPCAFPTHYEEALKDEEKAGV

MAGEC1934-1142

MLTNVISRYTGYFPVIFRKAREFIEILFGISLREVDPDDSYVFVNTLDLTSEGCLSDEQGMSQNRLLILILSI

IFIKGTYASEEVIWDVLSGIGVRAGREHFAFGEPRELLTKVWVQEHYLEYREVPNSSPPRYEFLWGPRAHS

EVIKRKVVEFLAMLKNTVPITFPSSYKDALKDVEERAQAIIDTTDDSTATESASSSVMSPSFSSE 
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MAGEC2
MPPVPGVPFRNVDNDSPTSVELEDWVDAQHPTDEEEEEASSASSTLYLVFSPSSFSTSSSLILGGPEE

EEVPSGVIPNLTESIPSSPPQGPPQGPSQSPLSSCCSSFSWSSFSEESSSQKGEDTGTCQGLPDSESSF

TYTLDEKVAELVEFLLLKYEAEEPVTEAEMLMIVIKYKDYFPVILKRAREFMELLFGLALIEVGPDHFCVF

ANTVGLTDEGSDDEGMPENSLLIIILSVIFIKGNCASEEVIWEVLNAVGVYAGREHFVYGEPRELLTKV

WVQGHYLEYREVPHSSPPYYEFLWGPRAHSESIKKKVLEFLAKLNNTVPSSFPSWYKDALKDVEERVQ

ATIDTADDATVMASESLSVMSSNVSFSE

PAGE1

MGFLRRLIYRRRPMIYVESSEESSDEQPDEVESPTQSQDSTPAEEREDEGASAAQGQEPEADSQELVQP

KTGCELGDGPDTKRVCLRNEEQMKLPAEGPEPEADSQEQVHPKTGCERGDGPDVQELGLPNPEEVKTP

EEDEGQSQP

SSX2
MNGDDAFARRPTVGAQIPEKIQKAFDDIAKYFSKEEWEKMKASEKIFYVYMKRKYEAMTKLGFKATLPP

FMCNKRAEDFQGNDLDNDPNRGNQVERPQMTFGRLQGISPKIMPKKPAEEGNDSEEVPEASGPQN

DGKELCPPGKPTTSEKIHERSGPKRGEHAWTHRLRERKQLVIYEEISDPEEDDE

Luciferase
MRTENGSYFHNPGTEPLTVATLGDVIAETAHKYPGRVAVRSVHEDLTITYEELLNQADSLGCALRAQGF

QKGDRLGLWTHNCIGWVVGCVGAARAGLISVLVNPVYEKAELSFCINKTKLKGLMIGDTLNN
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Patient allocation
Due to a limited number of PBMCs and HLA-type restriction, not all patients could be included into every 
experiment. First, eight patients were selected to be included into the peptide assay, based on their HLA-
types. If sufficient PBMCs remained, these patients were also included into phenotyping (≥5x106) and 
proliferation (≥20x106) experiments. Only patients with an HLA-A*02 phenotype were included in the 
dextramer stainings. Three proliferation assays could not be performed due to an insufficient number of 
cultured B cell blasts (ITV-015, ITV-028 and ITV-032). All patients were included in the humoral response 
experiment, except for 5 patients of whom only one time point was collected (ITV-001, ITV-018, ITV-035, 
ITV-036 and ITV-038).
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LOW-DOSE 
CYCLOPHOSPHAMIDE 
DEPLETES CIRCULATING 
NAIVE AND ACTIVATED 
REGULATORY T CELLS IN 
MALIGNANT PLEURAL 
MESOTHELIOMA PATIENTS 
SYNERGISTICALLY TREATED 
WITH DENDRITIC CELL-
BASED IMMUNOTHERAPY

Low-dose cyclophosphamide depletes circulating naive and activated 
regulatory T cells in malignant pleural mesothelioma patients 
synergistically treated with dendritic cell-based immunotherapy
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Rationale
Regulatory T cells (Treg) play a pivotal role in the immunosuppressive tumor micro-environment 
in cancer, including mesothelioma. Recently, the combination of autologous tumor lysate-
pulsed dendritic cells (DC) and metronomic cyclophosphamide (mCTX) was reported as a 
feasible and well-tolerated treatment in malignant pleural mesothelioma patients and further 
as a method to reduce circulating Tregs.

Objectives
The aim of this study was to establish the immunological effects of mCTX alone and in 

combination with DC-based immunotherapy on circulating Treg and other T cell subsets in 
mesothelioma patients. 

Methods
Ten patients received mCTX and DC-based immunotherapy after chemotherapy (n=5) or 
chemotherapy and debulking surgery (n=5). Peripheral blood mononuclear cells before, 
during and after treatment were analyzed for various Treg and other lymphocyte subsets by 
flow cytometry. 

Results
After one week treatment with mCTX, both activated FoxP3hi and naïve CD45RA+ Tregs 
were effectively decreased in all patients. In addition, a shift from naïve and central memory 
towards effector memory and effector T cells was observed. Survival analysis showed that 
overall Treg levels before treatment were not correlated with survival, however, nTreg levels 
before treatment were positively correlated with survival. After completion of mCTX and DC-
based immunotherapy treatment, all cell subsets returned to baseline levels, except for the 
proportions of proliferating EM CD8 T cells, which increased.

Conclusions
mCTX treatment effectively reduced the proportions of circulating Tregs, both aTregs and 
nTregs,  thereby favoring EM T cell subsets in mesothelioma patients. Interestingly, baseline 
levels of nTregs were positively correlated to overall survival upon complete treatment. 

A
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TR
AC
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INTRODUCTION
Malignant pleural mesothelioma (MPM) is a rare but aggressive form of cancer most often caused by 
asbestos fiber inhalation. The incidence of MPM is rising,1, 2 and the prognosis is infaust; with the best 
standard of care, antifolate and platinum combination chemotherapy, overall survival is 13.3 months.3 In 
the last ten years no major breakthroughs have been reported and consequently, this systemic therapy 
has remained unchanged.3 Recently, addition of bevacizumab to the chemotherapy-backbone showed a 
positive effect on survival.4 Extensive investigation of the effects of implementation of radiotherapy and/
or debulking surgery in standard treatment revealed variable success, but only when applied to select 
patient subgroups.1, 5-7

Complementary to the current standard anti-cancer treatment options, immunotherapy is gaining 
momentum.8-10 The potential of cancer immunotherapy lies in the ability of the immune system to 
recognize tumor cells, without harming healthy tissue. There are various methods to either induce or 
enhance an anti-tumor immune response, including adoptive transfer of immune cells, peptide or tumor 
cell vaccines and immune checkpoint blockade.10 Recently, there have been major leaps in development 
of blocking the immunosuppressive tumor microenvironment (TME) by checkpoint inhibitors.11-15 
Importantly, for immunotherapy, including checkpoint inhibition, to become successful, tumor 
recognition by the immune system is necessary.16 For an effective anti-tumor immune response, both 
a CD4 and CD8 T cell response is required, which can be enhanced by immune checkpoint blockade.17 
By loading them ex vivo with tumor antigens, they can be used as cellular immune therapy. DC-based 
immunotherapy is, in contrast to other immunotherapies including adoptive T cell transfer and peptide-
based vaccines, not human lymphocyte antigen (HLA)-restricted and can induce an immune response 
to a wide array of antigens. In a recent meta-analysis, it was shown that cellular immunotherapy seems 
to be more effective than tumor vaccines in non-small cell lung carcinoma (NSCLC).18 Furthermore, in 
an earlier phase I clinical trial with MPM patients DC-based immunotherapy, in which DCs were loaded 
with autologous tumor lysate, has been proven safe, feasible and capable of inducing an anti-tumor 
response, which  was detectable in peripheral blood of patients.19

Aside from inhibitory receptor expression, efficacy of immunotherapy can also be hampered by the 
immunosuppressive TME induced by the tumor 20. In particular, the tumor affects regulatory T cell (Treg) 
function, quenches pro-inflammatory signals and inhibits antigen presentation,21, 22 all of which ultimately 
prevent successful execution of antitumor immune responses. As illustrated by the study of Bjoern, et 
al.,23 melanoma patients treated with DC vaccination and low-dose interleukin 2 (IL-2) that progressed 
under this therapy had significantly higher levels of CD25high CD4 T cells than patients with stable disease. 
Miyara, et al.24 have shown that the classically defined Treg population of FoxP3+ CD4 T cells, comprise 
three functionally different subpopulations: suppressive naïve Tregs (nTreg; CD45RA+FoxP3med), activated 
Tregs (aTreg; CD45RA-FoxP3hi) and the cytokine-secreting activated T cells (aTcell; CD45RA-FoxP3med). 
Santegoets, et al.25 showed that the frequency of aTregs and proliferating Ki67+ FoxP3+CD25+CD127low 

Tregs prior to treatment were associated with worse survival in recurrent ovarium carcinoma patients 
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undergoing chemo-immunotherapeutic treatment, whilst frequencies of classically defined Tregs prior 
to treatment were not associated with survival. In mesothelioma, Tregs contribute to an impaired T cell 
function 26, 27 and are associated with tumor progression and poor prognosis.28 Low-dose (metronomic) 
cyclophosphamide (mCTX) regimens have beneficial immunomodulatory effects by inducing Treg 
apoptosis or by reducing their functionality.29-32 In mice we have previously shown that mCTX induced 
beneficial immunomodulatory effects, by decreasing the Tregs numbers and thereby improving CD8 
T cell function.33 It is unknown what the effects of debulking surgery and mCTX are on the different 
subpopulations of Tregs.

To improve DC-based immunotherapy, the immunosuppressive TME, specifically Tregs, was targeted by 
mCTX to the treatment in a phase I/II clinical trial.34 This therapy has also been proven safe, feasible and 
moreover, effective in depleting Tregs. Radiographic disease control was obtained in 8 out of 10 patients 
and the median overall survival was 26 months.34

The aim of this study was to determine whether mCTX treatment, has beneficial effects on subpopulations 
of circulating Tregs or other peripheral blood mononuclear cell subsets that could explain the enhanced 
survival observed in MPM patients treated with DC/mCTX-based immunotherapy. To this end, an in 
depth immunological analysis was performed on peripheral blood of patients included in a phase I/II 
clinical trial.34

RESULTS

Patient characteristics and toxicity
Ten patients with MPM suitable for extended pleurectomy/decortication (P/D) and a stable disease 
or response after an antifolate-based regimen of chemotherapy were enrolled in this study between 
August 2009 and October 2011. The DC/mCTX treatment was preceded by P/D in five of the ten patients 
(Figure 1); all patients completed the full treatment schedule and were available for immunological 

Figure 1. Schematic overview of the clinical trial. 
Patients were included if they had partial response or stable disease after pemetrexed-based chemotherapy. Five 
patients underwent additional P/D 7-15 weeks after chemotherapy. DC/mCTX therapy started 10-17 weeks after either 
the last chemotherapeutic treatment or P/D. Blood samples were obtained at t=0 (baseline); t=2 (mCTX); t=4; t=6; t=8 
(2 wk after DC/mCTX therapy).
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analysis. Patient characteristics, safety and toxicity data, as well as clinical response were previously 
reported.34 There was no significant difference in survival between patients that did or did not undergo 
the P/D (data not shown). To establish the effect of P/D on T cells, peripheral blood mononuclear 
cells (PBMC) obtained at t=0 were compared between the P/D group and the no P/D group by flow 
cytometry. The gating strategy for characterizing nTregs and aTregs using CD45RA and FoxP3, as well as 
the differentiation status for CD4 and CD8 T cell subpopulations, using CD45RA and CCR7 to distinguish 
between naïve (CD45RA+CCR7+), central memory (CM; CD45RA-CCR7+), effector memory (EM; CD45RA-

CCR7-) and effector (EMRA; CD45RA+CCR7-) populations was performed according Supplementary 
Figure S1.24 

Within the circulating T cell compartment, there is a trend to an increase in T cells and a decrease in 
monocytes in P/D patients, however these changes were not significant, and neither were changes in 
other T cell subsets, including Tregs (Supplementary Figure S2A and S2B). In addition, no significant 
differences were found in the proportions of total CD4 and CD8 T cells, B cells, natural killer (NK) 
cells, NK T cells, γδ T cells and monocytes and IFNγ-producing or Granzyme B (GrB) containing T cells 
(Supplementary Figure S2C).

Thus, in peripheral blood of the P/D group all measured circulating immune subsets were comparable 
to mesothelioma patients without debulking surgery and for further analyses data from P/D and no P/D 
patients were pooled.

mCTX treatment affects both aTregs and nTregs, while increasing effector memory populations
To determine the effect of mCTX on circulating Tregs, and other T cells subsets, PBMCs obtained 
at t=0 and t=2 weeks were analyzed by flow cytometry. Compared with nTregs, the aTregs showed 
higher expression of CCR4, CTLA-4 and Ki67, confirming their active and immunosuppressive state 
(Supplementary Figure S3A).

After two weeks (with one week of mCTX treatment; Figure 1), total T cells and CD4 T cells decreased 
upon mCTX treatment, whereas CD8 T cells increased and both the proportions of nTregs and aTregs 
(as percentage of total CD4 T cells) were significantly decreased (Figures 2A-B). Within the FoxP3- CD4 
T cells and CD8 T cells the naïve and central memory subsets decreased, while the effector subsets 
increased (Figure 2C-D). The percentages of proliferating FoxP3-CD4 T cells significantly increased 
in all subsets, except for the TEMRA subset (Figure 2E). In the circulating CD8 T cells an increase in 
proliferation was observed in all subsets, except for the CM subset (Figure 2E). In addition, even though 
the percentage of both Treg populations decreased, the percentage of proliferating nTregs increased 
upon treatment with mCTX, while the percentage of proliferating aTregs did not change (Figure 2E). 
Also the CTLA4 expression increased in the nTregs, however, in the aTregs the expression of CTLA4 
decreased (Figure 2F). The proportions of IFNγ-producing and GrB-containing CD4 and CD8 T cells 
seemed to increase, although nog significantly (Figure 2G). Correlation analysis indicated that the 
change IFNγ-producing and GrB-containing CD4 T cells and the GrB-containing CD8 T cells induced 
by mCTX might inversely correlate with the change in Tregs (Supplementary Figures S4), however, 
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this correlation was not significant. The proportions of B cells, NK cells, NKT cells and monocytes (as 
percentage of total PBMCs), did not change upon mCTX treatment, the proportions of γδ T cells slightly 
increased (Supplementary Figure S5).

From these findings, we conclude that mCTX effectively reduced the proportions of both nTregs and 
aTregs within the CD4 T cell population, with a decreased CTLA4 expression in aTregs and an increased 
expression in nTregs. In addition, within the total population of T cells the proportions of CD4 T cells 
decreased and CD8 T cells increased, a shift was observed from the naïve and CM subsets to the EM and 
TEMRA subsets and the majority of circulating CD4 and CD8 T cell subsets had an increased proliferation. 

DC/mCTX-based immunotherapy increased proliferation of CM CD8 T cells
To examine the effect of combined DC/mCTX-based immunotherapy on T cells, flowcytometric analysis 
of PBMCs obtained at t=0 were compared with those of t=8, corresponding to the time point after 
completion of DC/mCTX-based immunotherapy (Figure 1). 

Whereas after one week of mCTX percentages of total T cells and CD4 T cells were decreased and CD8 T 
cells were increased, these percentages returned to baseline after the complete treatment (Figure 3A). 
Also, Treg levels and all differentiated T cell subsets (Figure 3B-D) returned back to their levels before 
therapy. At t=8, also the percentages of CD4 T cell subsets, and proliferating nTregs were comparable to 
baseline, nevertheless, the percentages of proliferating CM CD8 T cells were significantly increased and 
the TEMRA CD8 T cell population showed a trend towards an increase (Figure 3E). The CTLA4 expression 
in both nTregs and aTregs were comparable to baseline (Figure 3F), as were the percentages of IFNγ-

Figure 2. Both aTregs and nTregs, and other naïve cell subsets decreased upon mCTX 
administration, meanwhile the percentages of proliferating T cells increased. 
To determine the effect of mCTX administration on activated and naïve Tregs, and other T cell populations, 
flowcytometric analysis was performed on PBMCs obtained at t=0 and t=2, and thereby comparing baseline 
proportions with the proportions after mCTX administration. To determine IFNγ-production, T cells were stimulated 
4hrs with PMA/ionomycin in the presence of monensin. A. The proportion of CD3 T cells decreased significantly 
upon mCTX treatment, as did CD4 T cells. The percentage of CD8 T cells increased significantly. B. Both percentages 
of naïve and activated Tregs decreased significantly. C. The percentages of naïve, CM and activated CD4 T cells 
decreased significantly, while the percentages of EM and TEMRA CD4 T cells increased significantly upon mCTX 
treatment. D. The percentages of naïve and CM CD8 T cells decreased significantly, while the percentages of TEMRA 
CD8 T cells increased significantly upon mCTX treatment. The percentage of EM CD8 T cells did not change. E. Upon 
treatment with mCTX the percentages of proliferating CD4 T cells increased in the naïve, CM, EM and activated 
CD4 T cells subset, but not in the TEMRA subset. The percentage of proliferating nTregs increased, but not of 
aTregs. In CD8 T cells, the naïve, EM and TEMRA cells had increased proliferation, but not the CM subset. F. CTLA4 
expression in nTegs and aTregs. The dashed line represents the MFI (mean fluorescence intensity) of CTLA4 in a 
healthy individual. The MFI of CTLA4 increased significantly in nTregs and decreased significantly in aTregs upon 
treatment with mCTX. G. The proportions of IFNγ-producing CD4 and CD8 T cells did not change significantly, 
neither did the percentage of GrB+ CD4 and CD8 T cells.
Results represent mean ± Standard Error of the Mean (SEM). *p < 0.05, **p > 0.01 (Wilcoxon matched-pairs signed 
rank test), differences were considered significant when p < 0.05.



189

Ch
ap

te
r 6

mCTX in DC-vaccinated MPM pts



190

Chapter 6



191

Ch
ap

te
r 6

mCTX in DC-vaccinated MPM pts

producing and GrB-containing CD4 and CD8 T cells (Figure 3G) and the proportions of B cell, NK cell, 
NKT cell, γδ T cell and monocytes (from total PBMC) (Supplementary Figure S6).

In conclusion, after completed DC/mCTX-based immunotherapy at t=8, all immune cell subsets, 
including Tregs, returned to baseline. Only the CM CD8 T cell subset showed an increased proportion of 
proliferating cells compared to baseline.

Correlation of pre-treatment proportions of Treg subsets with overall survival
To determine whether the proportions of Tregs before treatment (at t=0) were correlated with survival in 
MPM patients treated with DC/mCTX-based immunotherapy, linear regression analyses were performed. 
The pre-treatment percentage of total Tregs (nTregs and aTregs), did not show a correlation with 
survival (Figure 4A). Subsequently, the same analysis was performed for aTregs and nTregs separately.  
Interestingly, the pre-treatment percentage of nTregs correlated positively with survival, whereas the 
percentage of aTregs did not show any correlation (Figure 4A). On the basis of the positive correlation of 
nTregs and overall survival, two patient clusters could be distinguished: six patients with low proportions 
of nTregs and a low overall survival, and four patients with high pre-treatment nTreg proportions and a 
relatively high overall survival. For these groups– patients with a pre-treatment nTreg percentage below 
2% of total CD4 T cells (n=5; range 0.46%-1.19%) and higher than 2% of CD4 T cells (n=5; range 2.46%-
4.43%) – a survival analysis was performed. This confirmed that proportions of nTregs above 2% of total 
CD4 T cells were associated with a higher overall survival (Figure 4B). 

Thus, we concluded that in mesothelioma patients treated with DC/mCTX-based immunotherapy, the 
pretreatment percentage of circulating nTregs had a positive correlation with overall survival. 

Figure 3. After completion of DC/mCTX-based immunotherapy, all Treg and other T cell 
populations were returned to baseline levels, the percentage of proliferating CM CD8 T  was 
increased compared to baseline. 
To determine the effects of DC/mCTX-based immunotherapy, flowcytometric analysis of PBMCs obtained at 
t=0 (baseline) and t=8 (after completing DC/mCTX-based immunotherapy) were compared. To determine IFNγ-
production, T cells were stimulated 4hrs with PMA/ionomycin in the presence of monensin. A. The proportion of 
CD3, CD4 and CD8 T cells after DC/mCTX-based immunotherapy were comparable to baseline. B. The percentages 
of nTregs and aTregs did not change significantly. C. The percentages of naïve, CM, EM, TEMRA and activated CD4 
T cells did not change significantly D. Neither did the different subsets in CD8 T cells; naïve, CM,  EM and TEMRA. 
E. Upon treatment with DC/mCTX-based immunotherapy the percentages of proliferating CD4 T cells did not 
change in the different subsets; naïve, CM, EM, TEMRA and activated. Neither did the proportion of proliferating 
nTregs and aTregs. In CD8 T cells the proportion of proliferating cells was higher in the CM subset and there was a 
trend towards more proliferating TEMRA. In the naïve and EM subset the proportion of proliferating cells was equal 
before and after DC/mCTX-based immunotherapy. F. The proportions of IFNγ-producing CD4 and CD8 T cells did 
not change significantly, neither did the percentage of GrB+ CD4 and CD8 T cells.
Results represent mean ± Standard Error of the Mean (SEM). *p < 0.05 (Wilcoxon matched-pairs signed rank test), 
differences were considered significant when p < 0.05.
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DISCUSSION
The primary aims of this study were to determine the immunological effects of mCTX and the effects 
of DC/mCTX based therapy specifically on subpopulations of Tregs and other immune cell subsets in 
peripheral blood of mesothelioma patients. Patients with partial response (PR) or stable disease (SD) after 
standard chemotherapeutic treatment were included in this study. As we have previously shown,34 mCTX 
effectively reduced the number of FoxP3+CD25+CD127low CD4 T cells. In this study, we showed that both 
the nTreg and aTreg subsets were reduced by mCTX treatment, and that pre-treatment proportions of 
nTregs positively correlated with survival. P/D had no effect on nTregs or aTregs, nor on other circulating 
lymphocyte and monocyte subsets. Total Tregs and aTregs were not correlated with survival. At t=2, after 
mCTX treatment, FoxP3- CD4 T cells were also decreased in quantity, while CD8 T cells increased and a 
shift from naïve to effector T cell populations was observed. Other lymphocyte and monocyte subsets 
were not affected. At t=8, after completion of DC/mCTX therapy, all examined cell subsets returned to 
the patients’ baseline levels before the therapy, with the exception of proliferating CM CD8 T cells. We 
found an increase in the proportions of these cells, which were not increased by mCTX treatment alone, 
indicating that these CD8 T cells started proliferating upon the DC vaccinations.  

A key factor for inducing an effective immune response is an immune-stimulatory environment. In 
mesothelioma, Tregs are a major contributor to creating an immunosuppressive environment.26, 27 To 
reduce the number of Tregs in mesothelioma patients, debulking surgery and mCTX administration were 
investigated. It is hypothesized that debulking surgery can reduce Tregs locally by decreasing the tumor 
load and mCTX systemically by directly targeting Tregs.30 In NSCLC, circulating Treg levels in thoracotomy 
patients were reduced up until postoperative day (POD) 30 and had normalized at POD 90.35 In another 
study in NSCLC patients, circulating Treg levels were also reduced 1-3 months after pneumectomy or 
lobectomy.36 In contrast to these studies, in our study the Treg levels in blood were not significantly 
different between the P/D and no P/D groups three months after surgery. However, we analyzed only a 
limited number of patients, we could not study the effect of P/D on Tregs within the TME, preoperative 
data were not available and the P/D patients were at least three months after P/D. This could indicate 
that mCTX might be an effective treatment strategy to reduce Tregs in both of these groups.

Administration of mCTX transiently depleted Tregs, as has been shown before.30 However, to the best of 
our knowledge, we are the first to show that both naïve and activated Tregs are depleted. In addition, 
upon mCTX the CTLA4 expression was reduced specifically on aTregs. Conflicting results have been 
published about the effect of mCTX on the suppressive capacity of Tregs; in metastasized breast cancer 
patients 50 mg cyclophosphamide daily for three months resulted in an initial Treg reduction but a 
preservation of their suppressive function.37 Another study in end stage cancer patients treated with 
50 mg cyclophosphamide twice daily, one week on and one week off for one month, also found a 
selective reduction of Tregs, but also a suppression of their inhibitory functions.30 Since we observed a 
downregulation of CTLA4 in aTregs, but an upregulation in nTregs, these inconsistent results could be 

explained by a subset dependent effect of mCTX. Another explanation could be the dosing schedule of 
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Figure 4. Pretreatment frequencies of nTregs correlated with overall survival in mesothelioma 
patients treated with DC/mCTX-based immunotherapy. 
A. To determine whether pretreatment frequencies of total Tregs (the percentage of nTregs and aTregs of total CD4 T 
cells), aTregs or nTregscorrelated with survival in mesothelioma patients treated with DC/mCTX-based immunotherapy, 
linear regression was performed. No significant correlation was observed between total Tregs (A, left) or aTregs 
(A, middle) and survival. Linear regression showed a significant positive correlation between pretreatment nTreg 
frequencies and survival (A, left). B. To determine whether patients with lower pretreatment nTreg frequencies (below 
2% of total CD4 T cells, n=5) had a different survival from patients with higher nTreg frequencies (above 2% of total 
CD4 T cells, n=5), survival analysis was performed. Patients with a nTreg percentage above 2% of CD4 T cells, had a 
better overall survival.
Statistical analysis was performed by log-rank (Mantel-Cox) testing, and differences were considered significant when 
p < 0.05.

cyclophosphamide,38 in a murine model cyclophosphamide treatments with drug free intervals of 6, 9 
and 12 days were tested and only the 6 day drug free interval showed induction of tumor specific CD8 
T cells. It is hypothesized that if the interval is too short, activated CD8 T cells and NK cells can also be 
depleted, but if the interval is too long, the cells could acquire drug resistance and the therapy would 
lose its effect.39 

Complementary to the decrease of CTLA4 in aTregs, and indicative of reduced immune suppression, 

we detected a shift from naïve and CM subsets towards effector memory and effector subsets. The 
previously mentioned clinical studies by Ghiringhelli, et al.30 and Ge, at al.37, also described an increase 
in effector T cells upon mCTX treatment. In animal models skewing towards a Th1 profile with increased 
type I interferons and IL-2 upon mCTX treatment was observed,40, 41 which could correspond to the 
increase in IFNγ+ CD4 and CD8 T cells observed in this study. The IL-2 secretion by Th1 cells could 
induce proliferative expansion of CD8 T cells,41 which could have led to the increased effector T cells. 
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In addition, these cells could be enhanced by the decrease of Treg mediated immune suppression.39 
And lastly, a cytokine storm and thereafter homeostatic  proliferation, could be caused by the lympho-
depletion due to the mCTX treatment.42 This would be in concordance with the increased proportion of 
proliferating naïve Tregs, CD4 T cells and CD8 T cells. No change was observed in the proportions of B 
cells, NK cells, γδ T cells and monocytes. Comparable results have been reported in other studies.37, 43

The analysis of Tregs showed that pretreatment circulating Treg levels did not correlate with survival 
when patients were treated with DC/mCTX based immunotherapy. In fact, the patient with the highest 
proportion of both nTregs and aTregs had a survival of more than 6 years after diagnosis and is still alive 
at the time of writing. Survival analysis and correlation of pretreatment percentages of the two Treg 
subsets with overall survival rate, showed that patients with higher percentages of nTregs had a better 
survival. nTregs differentiate into aTregs upon T-cell receptor stimulation by antigen recognition,24, 44, 

45 which could imply that patients having a relatively high percentage of peripheral nTregs have less 
tumor-specific Tregs. Due to their naïve phenotype, these nTregs are inefficient in infiltrating the tumor,46 
as is also illustrated by their low CCR4 expression, and thus these cells cannot exert immunosuppressive 
activity. Therefore, immunotherapy might be more effective in these patients, which is a possible 
explanation for this counterintuitive finding. Moreover, Treg diversity, including the pool of nTregs, 
is controlled by homeostasis,44 thus having a higher percentage of nTregs might indicate a healthier 
immune system.

However, from this study alone we cannot deduce whether patients with a higher percentage of 
nTregs have a better survival due to the mCTX or the DC-based immunotherapy, the combination 
therapy or have an initial better survival. In contrast to our study, Kwa, et al.,47 found that elevated 
baseline levels of nTregs were a negative predictive factor for survival in metastatic breast cancer 
patients treated with exemestane and mCTX. However, Kwa, et al. used a different definition of nTregs 
(CD4+CD45RO-FoxP3+Helios+) and the mCTX treatment was combined with hormone therapy instead 
of immunotherapy, which might have resulted in a different outcome. In addition, they did not establish 
an effect of mCTX alone on either memory or naïve Tregs, so it cannot be excluded that the observed 

effects were caused by the combination of mCTX and hormone therapy, which possibly increases Tregs 
and their function.48

In light of the recent developments in the tumor immunology field, the approved checkpoint inhibitors, 
against CTLA-4 or PD-(L)1,15, 49, 50 or anti-CCR4 antibodies to inhibit aTregs,51, 52 could be interesting 
methods to reduce the immunosuppressive TME as a synergistic addition to DC-based immunotherapy 

in mesothelioma, instead of or complementary to surgery and mCTX.   

Our study has several limitations. First, to make the autologous tumor lysate used to pulse the DCs 
with, in the non-P/D group only patients that had sufficient amounts of tumor cells in the pleural fluid 
were included. For the P/D group, patients had to be fit enough to be able to undergo surgery. Both of 
these factors might have caused a selection bias. In addition, this study was exploratory and only ten 
patients were enrolled in this study, which might not be enough to objectify smaller differences and 
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establish significant results and thus larger patient groups are needed to validate findings in this study. 
For example, the positive correlation between higher pretreatment levels of nTregs and overall survival 
should be validated in a larger patient cohort. 

In summary, in this small patient cohort DC/mCTX-based immunotherapy in mesothelioma patients 
seems to improve survival;34 this therapy simultaneously countered tumor-induced immune suppression 
and induced a distinct adaptive immune response. Based on these results and the improved overall 
survival compared to DC-based immunotherapy alone,19 mCTX seems to add to solely DC-based 
immunotherapy in mesothelioma patients with stable disease after the standard chemotherapy regimen, 
and seems to specifically benefit patients with a high pretreatment level of nTregs. It would be very 
interesting to explore synergistic therapies to reduce immunosuppression, such as checkpoint inhibitors, 
to complement DC/mCTX-based immunotherapy. 

MATERIALS AND METHODS

Study design
The institutional ethical committee of the Erasmus MC (MEC-2008-109) and the Central Committee 
on Research involving Human Subjects (CCMO; NL24050-000-08) as defined by the WMO (Medical 
Research Involving Human Subjects Act) approved the phase I study.34 Procedures followed were in 
accordance with the ethical standards of these committees on human experimentation and with the 
Helsinki Declaration of 1975. The study is registered at http://www.clinicaltrials.gov with identifier 
NCT01241682.

Patients and treatment
An extensive description of the patient eligibility and treatment is given by Cornelissen, et al.34 In short, 
patients with mesothelioma suitable for P/D and partial response (PR) or stable disease (SD) after 
standard chemotherapeutic treatment were included. Before inclusion a delayed type hypersensitivity 
(DTH) test with tetanus toxoid as a positive control and saline as a negative was performed to confirm 
immunological competence. DC-based immunotherapy in combination with mCTX was planned 8 to 10 
weeks after completion of chemotherapy (n=5) or chemotherapy and P/D (n=5). Patients received at 
least three vaccinations consisting of 50x106 mature DC (mDC) pulsed with autologous tumor lysate with 
a 2-week interval, every immunization one-third of the dosage was administered intradermally in the 
forearm and two-thirds was administered intravenously. Patients were treated with 50 mg tablet twice 
daily of CTX (Endoxan; Baxter B.V., Utrecht, The Netherlands) for a week, followed by a week interval in 
which the vaccination was administered, starting a week before the first vaccination and ending one 
week after the third vaccination. The treatment schedule is depicted in Figure 1.

Survival data were determined on March 1st, 2018. Blood and serum samples were obtained before 
immunotherapy treatment initiation (t=0), just before administration of the vaccinations (t=2, t=4 and 
t=6), two weeks after the third vaccination (t=8), and three months after the third vaccination (t=18), 
as illustrated in Figure 1. Peripheral blood mononuclear cells (PBMC) were isolated using Ficoll density 
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gradient centrifugation, cryopreserved in 50% RPMI-1640 medium (Gibco Life Technologies), 40% Fetal 
Calf Serum (FCS),and 10% DMSO and stored in liquid nitrogen until use. Serum samples were stored at 
-80°C until use.

Immunological evaluation

Flowcytometric analysis 
Flow cytometric analyses of Tregs was based on markers that differentiate between activated and naïve 
Tregs, as previously described by Miyara, et al. 24 and Santegoets, et al. 25. Cryopreserved PBMCs were 
thawed and washed twice in cold PBS. Dead cells were stained using LIVE/DEAD Fixable Aqua Dead 

Cell Stain (Invitrogen life technologies, Cat# L34957). Antibodies used in stainings are specified in 
Supplementary Table S1 (“Treg” and “Immune Subsets (IS)” panel). The eBioscience FoxP3/Transcription 
factor staining buffer kit (eBioscience, Cat# 00-5521-00) was used for fixation and permeabilization of 
cells in the Treg panel for detection of FoxP3, Ki67 and CTLA-4, cells in the IS panel were not fixated and 
permeabilized. Cells were measured on the LSR-II flow cytometer (BD Biosciences) and analyzed using 
FlowJo software (version 10.1r5, FlowJo). All populations with less than 100 cells were excluded for further 
analysis (Ki67 and CTLA4 expression and CD4 T cell differentiation). Since experiments were performed 
on several days, expression of CTLA-4 in nTregs and aTregs (Figure 2F and 3F) was normalized to the 
expression of CTLA-4 in those respective populations in a healthy individual that was included in every 
experiment, the dashed line in the figures represents the MFI of CTLA-4 in the nTreg (left panel) and 
aTreg (right panel) population of the healthy individual.

Effector T cell responses
The cryopreserved PBMCs obtained at t=0 (all patients), t=2 (4 patients; 2-3 and 9-10), t=4 (all patients), 
t=6 (9 patients; 1-7 and 9-10) and t=8 (7 patients; 2, 4-8 and 10) were thawed and per sample 1x106 
PBMCs were stimulated with phorbol myristate acetate (PMA; Sigma-Aldrich) and ionomycin (Sigma-
Aldrich) in the presence of Golgistop (BD Biosciences) in RPMI supplemented with 10% pooled human AB 
serum (Human Culture Medium; HCM) at 37°C for 4 hours. Following the stimulation, cells were stained 
using LIVE/DEAD Fixable Aqua Dead Cell Stain and antibodies that are specified in Supplementary 
Table S1 (“Cytokines” panel). IFNγ and GrB were detected following fixation and permeabilization using 
2% paraformaldehyde (PFA) in PBS and subsequently 0.5% saponin in PBS. Cells were measured on the 
LSR-II flow cytometer (BD Biosciences) and analyzed using FlowJo software (version 10.1r5, FlowJo).

Statistical analysis
Statistical calculations were performed using GraphPad Prism (version 6.0c for Mac OS X, GraphPad 
Software, La Jolla California USA). For unpaired samples, the Mann Whitney test was used and for paired 
samples the Wilcoxon matched paired test was used, as indicated in the figures. There was no correction 
performed for multiple testing. For survival analysis the Mantel-Cox log-rank test was used. Statistical 
significance was established at the p < 0.05 level, and analysis was two-sided.
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Supplementary Table S1. Antibodies used for flowcytometry 
Marker Clone Conjugate Company Cat# Used in panel

CCR4 1G1 BV605 BD Biosciences 562906 Treg

CCR7 150503 FITC R&D Systems FAB197F-100 Treg

CD3 UCHT1 APC-eFluor780 eBioscience 47-0038-42 Treg, IS

CD3 UCHT1 PE-CF594 BD Biosciences 562280 Cytokines

CD4 RPA-T4 AlexaFluor 700 eBioscience 56-0049-42 Treg, IS

CD4 SK3 PE-Cy7 BD Biosciences 557852 Cytokines

CD8 RPA-T8 V450 BD Biosciences 560347 IS

CD8 RPA-T8 APC eBioscience 17-0088-42 Cytokines

CD11c B-ly6 PE BD Biosciences 555392 IS

CD14 61D3 FITC eBioscience 11-0149-42 IS

CD16 3G8 PerCP-Cy5.5 BD Biosciences 338440 IS

CD19 J3-119 ECD Beckman Coulter A07770 IS

CD25 M-A251 PE-Cy7 BD Biosciences 557741 Treg

CD45RA MEM-56 PE-TexasRed Invitrogen Life Technologies MHCD45RA17 Treg

CD56 B159 PE-Cy7 BD Biosciences 557747 IS

CD127 HIL-7R-M21 V450 BD Biosciences 560823 Treg

CTLA-4 14D3 PerCP-eFluor710 eBioscience 46-1529-42 Treg

FoxP3 236A/E7 PE eBioscience 12-4777-42 Treg

GranzymeB GB12 PE Caltag laboratories MHGB04 Cytokines

IFNγ 4S.B3 PerCP-Cy5.5 eBioscience 45-7319-42 Cytokines

Ki67 20Raj1 APC eBioscience 17-5699-42 Treg

TCRγδ B1 APC BD Biosciences 555718 IS

Abbreviations: IS, immune subsets
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Supplementary Figure S1. Gating strategy of Tregs. 
To characterize Tregs and the CD4 and CD8 T cell subsets, the following gating strategy was used.  A. First the debris 
was gated out based on FSC, SSC. Then live cells were selected based on aqua l/d staining and consecutively single cells 
were selected based on FSC-H and FSC-A. Out of the single live cells the T cells were gated, based on CD3 expression. 
Then, CD4 T cells were gated upon CD4 expression and the negative population was considered CD8 T cells. The 
CD4 T cells were then analyzed for CD45RA and FoxP3 expression; in which we gated for FoxP3- CD4 T cells, nTregs 
(CD45RA+FoxP3med), aTregs (CD45RA-FoxP3hi) and aThcells (CD45RA-FoxP3med). Lastly, both FoxP3- CD4 T cells 
and CD8 T cells were plotted using CD45RA and CCR7, resulting in the naïve (CD45RA+CCR7+, CM (CD45RA-CCR7+), 
EM (CD45RA-CCR7-) and TEMRA (CD45RA+CCR7-) subpopulations. B The gate for Ki67+ cells was set using a mIgG1 
isotype control.
Representative patient is shown (MM02-2).
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Supplementary Figure S2. No differences in T cell and other immune cell subsets between P/D 
and no P/D patients. 
Before DC/mCTX immunotherapy, 5 patients were treated with pleurectomy/decortication (P/D) to reduce tumor load 
and thereby immunosuppressive regulatory T cells (Tregs). To evaluate the effects on Treg and T cell constitution and 
proliferation, PBMCs, obtained at t=0 were phenotyped using flowcytometry to determine the proportions of different 
T cell populations, B cells, NK cells, NKT cells, γδ T cells and monocytes. A. Total T cells, CD4 and CD8 T cells were 
comparable between P/D and no P/D patients. B. The proportion of the two Treg subsets did not differ significantly 
between the P/D and the non P/D group. C. None of the other cell populations (B cells, NK cells, NKT cells, γδ T cells 
and monocytes) were significantly different between the P/D and the no P/D group.
Results represent mean ± Standard Error of the Mean (SEM) (n=5, per group), ns = not significant (Mann-Whitney U 
test).
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Supplementary Figure S3 - Expression of Ki67, CTLA-4 and CCR4 within the different subsets of 
Tregs. 
The expression of Ki67, CTLA-4 and CCR4 are highest within the activated Tregs, confirming their activated and 
immunosuppressive status. A. Naïve and activated Tregs were gated according to Supplementary Figure 1, populations 
are shown in a representative patient (MM02_7) at t=0. nTregs are depicted in blue, aTregs in red, and in grey the 
isotype control is shown (Ki67 APC, CCR4 BV605) or the expression in the total T cell population (CTLA-4 PerCP-Cy5.5). 
Expression of the proliferation marker Ki67 (left), the immune checkpoint CTLA-4 (middle) and the chemokine receptor 
CCR4 (right) within the two subsets of Tregs, all showed high expression within the aTregs (red) and low expression in 
nTregs (blue). B. The expression of Ki67, CTLA-4 and CCR4 were also analyzed for the subpopulations of FoxP3- CD4 
T cells and FoxP3+ aThcells. Ki67 expression is low in all subsets, and highest in aThcells (black). CTLA-4 expression is 
low in all subsets, highest in TEMRA C4 T cells (green) and CCR4 is expressed on TEMRA (green), CM (blue) and EM 
(red) CD4 T cells. C. In CD8 T cells the expression of Ki67 and CTLA-4 is low in all subsets, CCR4 is expressed on naïve 
(orange), CM (blue) and TEMRA (green) CD8 T cells.
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Supplementary Figure S4. The change in IFNγ-producing and GrB-containing T cells possibly 
inversely correlates with the change in Tregs. 
To determine whether the increase in IFN-producing and GrB-containing CD4+ and CD8+ T cells upon treatment with 
mCTX correlated with the decrease in Tregs (aTregs + nTregs as proportion of CD4 T cells) upon treatment with mCTX, 
linear regression was performed. For this, we correlated the differences between t=0 and t=2 between the different 
cell populations. For this analysis, only four datapoints were available, which showed that IFN-producing CD4+ T cells 
and GrB-containing CD4+ and CD8+ T cells seemed to correlate with the decrease in Tregs, however, these correlations 
are non-significant.
Statistical analysis was performed by log-rank (Mantel-Cox) testing, and differences were considered significant when 
p < 0.05.
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Supplementary Figure S5. mCTX does not affect B/NK/NKT cells and monocytes, it increases the 
proportion of gdT cells. 
To determine the effect of mCTX administration on B cells, NK cells, NKT cells, γδ T cells and monocytes, flowcytometric 
analysis was performed on PBMCs obtained at t=0 and t=2, and thereby comparing baseline proportions with the 
proportions after mCTX administration. The percentage of B cells, NK cells, NKT cells and monocytes did not change 
upon mCTX treatment, the percentage of γδ T cells increased.
Results represent mean ± Standard Error of the Mean (SEM). *P<0.05, and ns = not significant (Wilcoxon matched-pairs 
signed rank test).
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Supplementary Figure S6. DC/mCTX-based immunotherapy does not change proportions of B/
NK/NKT/gdT cells and monocytes. 
To determine the effects of DC/mCTx-based immunotherapy on B cells, NK cells, NKT cells, γδ T cells and monocytes, 
flowcytometric analysis of PBMCs obtained at t=0 (baseline) and t=8 (after completing DC/mCTX-based immunotherapy) 
were compared. Changes in immune cell subsets were not significant.
Results represent mean ± Standard Error of the Mean (SEM). ns = not significant (Wilcoxon matched-pairs signed rank 
test).
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The aim of this thesis was to explore several methods to improve the results of cancer (immuno)therapy. 
It has been consistently shown consistently that there is no “one-size-fits-all” cancer therapy. Immune 
checkpoint blockade has shown the most progress, and has led to promising long-term responses, but it 
fails either directly or after development of treatment resistance, in the majority of patients.1 The tumor 
cells employ different mechanisms to evade the immune system, many have been characterized, and 
more continue to be revealed. By elucidating and co-targeting these mechanisms of resistance, or by 
preventing these mechanisms of resistance to come into effect, treatments can be tailored to improve 
clinical outcomes. 

In this context it is important to refer to Chen and Mellman, who have introduced the cancer immunity 
cycle, which envisions that anti-tumor T-cell responses progress through seven steps.2 All seven of 
these steps can be targeted to improve the anti-tumor immune response (Figure 1). The mechanisms 
employed by the tumor also come into play in this cycle, for example, the expression of inhibitory 
checkpoint receptors inhibits both priming and activation of T-cells and killing of cancer cells. This 
proposed classification of anti-cancer immunity provides a convenient framework for discussing the 

Figure 1. The Cancer Immunity Cycle.
Overview of the induction and maintenance of an anti-tumor immune response, a cyclic process which can amplify 
itself, leading to a broadened and intensified T cell response. The cycle includes 7 steps, the steps investigated in this 
thesis are indicated per chapter (in red) and described in the text.
APC, antigen presenting cell; CTL, cytotoxic T lymphocyte.
Adapted from Chen and Mellman2
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results that were obtained in this thesis; five out of the seven steps postulated by Chen and Mellman 
have been explored. In this discussion, the results obtained from our studies are discussed in the context 
of this cycle.

Release of cancer cell antigens
The first step of any adaptive immune response is the presentation of antigens to the immune system. 
In many histological types of cancer, it has been implied that treatment with chemotherapy, radiation 
therapy and targeted therapies induce the release of tumor associated antigens (TAAs).3 Moreover, the 
immune composition is a major predictive factor in the response of patients to both conventional and 

targeted antitumor therapy,4 and in turn, these agents also modulate the composition and functionality of 
the immune cells infiltrating the tumor, and thereby influence the outcome.5 In hepatocellular carcinoma 
(HCC) it has been hypothesized that cancer cells release tumor antigens upon treatment with either 
radiofrequency ablation (RFA) or trans-arterial chemo-embolization (TACE),6, 7 and it has been shown 
that combination treatment of subtotal RFA or TACE with tremelimumab (anti-cytotoxic T-lymphocyte 
associated protein 4 [CTLA4]) led to increased intratumoral CD8 T-cell infiltration.8 In Chapter 5 we 
determined peripheral immune cell responses upon RFA and TACE therapy in HCC patients. Although we 
could detect both B and T-cell responses, we could not establish a correlation between these peripheral 
immune responses and the local therapies. However, we did find increased expression of CD137 on TAA-
specific T-cells upon RFA/TACE. A possible interpretation would be that the TAA-specific T-cells migrate 
to the tumor and do not reside in the periphery, hampering their detection. As we did not perform 
tumor biopsies, we cannot dismiss this possibility. Future research may focus on determining an increase 
of TAA-specific tumor-infiltrating lymphocytes (TIL) to evaluate local ablation as a feasible therapy to 
stimulate the release of cancer cell antigens.

Cancer antigen presentation
In the absence of efficient loading of antigen presenting cells by endogenous cancer antigens, exogenous 
sources of these antigens may prove useful to elicit anticancer immunity. Most attempts regarding 
cancer antigen presentation have involved therapeutic vaccines, as they can be easily deployed and have 
been successful historically in combating microbial and viral infections.9 As mentioned previously, they 
have mostly led to minimal anticancer immune responses, with the exception of the preventive human 
papillomavirus (HPV) vaccination,10 and they are limited on multiple factors. First, as historically vaccines 
were used to prevent microbial infections, there was a general lack of understanding on how to achieve 
potent CD8 T-cell responses. Secondly, the immunosuppressive tumor micro-environment may dampen 
a successfully established anti-tumor T-cell response, and therefore the effects of successful vaccinations 
may be obscured. Moreover, appropriate tumor antigens need to be identified, and it also needs to be 
established how to best deliver them to patients.

In Chapter 4 we aimed to identify tumor antigens expressed in HCC that can be used for therapeutic 
vaccination, but that could also be conceivably used for therapeutic targeting of cancer in any other way 
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(e.g. for targeting cancer ablating radionuclides to tumors). Here we identified 12 cancer-testis antigens 
(CTAs) expressed in approximately 80% of HCC patients, which individually are expressed in at least 
10% of HCC patients. Most patients expressed more than one CTA, allowing for targeting of multiple 
CTAs per patient. This increases the chance of inducing a sufficiently robust T-cell response. Moreover, 
several of these CTAs, such as the melanoma-associated antigen (MAGE)-family members, testis-specific 
Y-encoded protein (TSPY) and cancer antigen 1 (CAGE1), are functionally involved in tumorigenesis and 
cancer progression by modulating gene expression, regulating mitosis and tumorigenic signaling.11, 12 
Involvement of these CTAs in cancer progression may prevent antigen loss upon therapeutic targeting.9, 

13 Recently, however, the focus has been on neo-antigens, as these are mutated, non-self antigens and 
are therefore thought to induce more robust immune responses. These antigens vary from patient to 
patient and may even be heterogeneously expressed within a single tumor. Additionally, expression 
of these neo-antigens does not assure their immunogenicity. The use of intact proteins, or full-length 
ribonucleic acid (RNA) that are translated into intact proteins, may mitigate this issue. There are also 
other strategies, amongst which is adoptive transfer of antigen-loaded dendritic cells (DC), described 
in Chapter 6. An advantage of the latter approach is that, as for this study the DCs were loaded with 
autologous tumor lysate, there is no requirement for knowing the exact tumor antigens. Therapeutic 
DC vaccinations however, need to be produced for each patient individually. This is a very laborious 
process, hampering implementation outside the setting of clinical studies. Moreover, the availability 
of autologous tumor material is a limitation for some patients, making it not universally applicable. 
Nevertheless, this approach turned out to be feasible and led to remarkable outcomes, with two patients 
still being alive after six years (Chapter 6). To overcome the limitation of available autologous tumor 
material, the use of a lysate derived of six allogeneic mesothelioma cell lines has been tested and was 
shown to be successful, as it led to both immunological and clinical responses.14 

Priming and activation
Even if specific antigens can be adequately presented to the immune system, clinically relevant immunity 
requires effective stimulation of the effector lymphocytes. Priming and activation of tumor-specific 
T-cells is the presumed main mechanism of action for anti-CTLA-4 antibodies and can be enhanced in a 
multitude of ways.15 Antibodies targeting co-stimulatory molecules, such as agonistic anti-CD137, anti-
glucocortocoid-induced tumor necrotis factor receptor [TNFR]-related protein (GITR) and anti-CD27 are 
thought to act mainly via this mechanism.16-18 During antigen presentation in lymphoid organs, these 
monoclonal antibodies (mAb) either reverse the inhibition of T-cell responses or stimulate the T-cells, 

and thus promote T-cell responses. In Chapter 2 multiple checkpoint inhibitors (CPI) were assessed 
in the context of liver metastases of colorectal cancer (LM-CRC). Programmed death protein 1 (PD-1) 
and programmed death-ligand 1 (PD-L1) blocking antibodies were previously proven unsuccessful in 
colorectal carcinoma (CRC) patients, however, the role of immune checkpoint pathways in LM-CRC had 
not been studied yet. Intratumoral CD4 and CD8 T-cells showed increased expression of checkpoint 
receptors compared to CD4 and CD8 T-cells in blood and tumor-free liver tissues, suggesting these 
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molecules play a role in intra-tumoral immune suppression. Moreover, CD8 T-cells density was higher 
in LM-CRC than primary CRC. The differences between mismatch repair (MMR)-proficient LM-CRC and 
MMR-proficient CRC are to some extent comparable of those found by Llosa, et al., comparing MMR-
proficient and MMR-deficient primary CRC.19 As patients with MMR-deficient CRC respond better to CPI 
compared to MMR-proficient CRC, these difference may indicate that LM-CRC are suitable for treatment 
with CPIs. In vitro anti-tumor TIL responses were most robustely enhanced by anti-lymphocyte-activation 
gene 3 (LAG3), suggesting that this might be the most promising CPI in treatment of LM-CRC.

In Chapter 3 we investigated the possibilities of the bispecific mAb CD137xPD-L1 to activate tumor 
derived T-cells. Similarly to the antagonistic CTLA-4 mAb ipilimumab, the agonistic CD137 mAb 
urelumab was accompanied with significant immune-related toxicities. These toxicities were thought to 
be caused by a lack of selectivity, as both ipilimumab and urelumab cause general, non-specific T-cell 
activation.20-22 Urelumab is a strong agonistic mAb that does not rely on Fc gamma receptor (FcγR-)
mediated crosslinking to stimulate T-cells. The dependency on crosslinking is a hallmark of the human 
TNFR family, in which three receptor units bind to a single homotrimeric ligand. Generally two or more 
of these ligand-receptor complexes need to cluster on the cell membrane to induce sufficient receptor 
signaling.23 The observed hepatotoxicity in patients treated with urelumab may have been caused by 
the interaction of this mAb with FcγRIIB expressed by liver sinusoidal endothelial cells, macrophages 
and dendritic cells, which led to superactivation of hepatic T-cells.24, 25 In this chapter, we have used Fc-
silenced antibodies to abrogate such interactions. The CD137xPD-L1 Biclonic is designed to promote 
target-mediated clustering of CD137. In theory, in the absence of PD-L1, minimal clustering should 
occur and therefore immune activation via CD137 will be limited. However, in the presence of PD-
L1, crosslinking will induce CD137 activated signaling. As CD137 clustering and signal induction by 
this Biclonic is dependent on PD-L1, which is overexpressed in the tumor micro-environment, toxicities 
outside of the tumor micro-environment should be limited. It has also been shown that the PD1/PDL1 
pathway is pivotal in tumor-draining lymph nodes.26, 27 As such, this bispecific CD137xPD-L1 Ab may also 
play a role in T-cell activation and priming in the lymph nodes. Nevertheless, this therapy will also have 
an effect on the last step of the cancer immunity cycle, “killing of cancer cells”, and will be discussed 

further in that paragraph.

Recognition of cancer cells by T-cells
Even in the presence of effective stimulation of anti-cancer T lymphocytes, a lack of cancer cell 
recognition by the thus-activated immune compartment can become a rate limiting step for effective 
treatment. In Chapter 5 we tested the ability of the immune system to recognize the CTAs identified in 
Chapter 4. Expression of tumor antigens at protein or RNA level does not assure the ability of T-cells 
to recognize these tumor antigens. As such, we determined the immunogenicity of the CTAs included 
in this panel. Several of them have previously been proven immunogenic, in both HCC and other types 
of cancers. In HCC patients both cellular and humoral responses have already been identified against 
several of these antigens. MAGE-A1-, MAGE-A10-, MAGE-C2- and New York Esophageal Squamous Cell 
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Carcinoma-1 (NY-ESO-1)-specific CD8+ T-cells 28-33 and TSPY-specific IgG34 have been detected. We are 
the first to demonstrate MAGE-A9, MAGE-B2, MAGE-C1 and PAGE family member 1 (PAGE1)-specific 
CD8+ T-cells in HCC patients, and we confirmed presence of MAGE-A1 and MAGE-C2-specific CD8+ 
T-cells. Previously, only MAGEC2 and NYESO1-specific CD4+ T-cells have been demonstrated.28, 31 In this 
chapter we additionally demonstrated the reactivity of CD4+ T-cells against all previously mentioned 
CTAs, which are required for a functional antitumor CD8+ T-cell response. Recently also their direct anti-
tumor potency was demonstrated, as well as their role in directed a sustained anti-tumor response.35 
Additionally, the identified humoral responses are an extra indication for the immunogenicity of these 
CTAs. Taken together these CTAs seem promising candidates for cancer (immuno)therapy and should 
be explored in future studies.

Killing of cancer cells
In Chapter 6 several of the vaccinated patients with malignant pleural mesothelioma had a long disease-
free survival, whereas the median survival of mesothelioma patients is 11 months. This insinuates 
vaccination therapies have a great potential in inducing anti-tumor immune responses and killing of 
cancer cells, and thus, as an additional tool in cancer immunotherapy. However, patient numbers were 
small and no control group was included. Furthermore, there was no direct demonstration of either anti-
tumor immune responses, or killing of tumor cells by the vaccination. Recently, tumor organoids have 
become a method to analyze and demonstrate the direct ability of T-cells to kill (autologous) tumor 
cells.36 In recent mice studies it has not only been shown that tumor-specific T-cells are capable of killing 
tumor cells, but that the immunogenicity and epitope spreading of this process has been established 
as well.37, 38 Addition of immune checkpoint inhibitors, in particular bispecific antibodies, could further 
enhance tumor cell lysis. The CD137xPD-L1 Biclonic used in Chapter 3 may function as a bridge between 
PD-L1 expressing tumor cells or intra-tumoral APCs and CD137 expressing T-cells, which could lead to 
increased killing of tumor cells or antigen-presentation to T-cells, respectively. Future research should 
elucidate whether the CTA-specific T-cells identified in Chapter 5, are capable of eliminating the cancer 
cells and create an immunogenic environment, completing the cycle.

Identification of patients at risk
These days patient stratification is considered to be an important element to achieve better clinical 
outcome and to avoid unnecessary side effects. We found that expression of the CTAs identified in 
Chapter 4 in adjacent macroscopically tumor-free liver, correlates with tumor recurrence in HCC 
patients that underwent curative surgery; likely due to occult metastasis during the time of recurrence. 
This further emphasizes the relevance of these CTAs and opens new doors in the selection of patients 
eligible for (neo-)adjuvant treatment. 
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Final consideration
Using the cancer immunity cycle of Chen and Mellman as a framework to categorize the studies in 
this thesis, we have furthered insight into the anti-cancer immune response and provided foundations 
for further research to develop rational approaches aimed at employing immunity towards improved 
treatment of cancer.
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Het overkoepelende doel van deze dissertatie was om de behandeling van kanker te verbeteren door 
middel van manipulatie van het immuun systeem. Er zijn verschillende manieren onderzocht, en die 
worden hieronder besproken.

Een van de manieren om gebruik te maken van het immuunsysteem om tumorgroei te controleren, 
is stimulatie van anti-tumor T-cellen middels zogenoemde “immune checkpoint inhibitors” (ICPI) of 
“immune checkpoint stimulators” (ICPS). ICPIs blokkeren remmende receptoren op T-cellen, terwijl ICPS 
stimulerende receptoren op T-cellen activeren. In hoofdstuk 2 vonden we een toegenomen aantal 
cytotoxische T-cellen, antigen presenterende cellen en inhiberende receptoren op intra-tumorale 
T-cellen in “mismatch repair” (MMR)-proficiënte levermetastasen van colorectaal carcinoom (LM-
CRC), dit kan betekenen dat de intra-tumorale T-cellen van MMR-proficiente LM-CRC gevoeliger zijn 
voor ICPI in vergelijking met MMR-proficiënte primair colorectaal carcinoom (CRC). Blokkering van de 
inhiberende receptoren “lymphocyte-activation gene 3 (LAG3) en “programmed death-ligand 1” (PD-L1) 
bevorderden beide de ex vivo capaciteiten van intra-tumorale T-cellen van MMR-proficiënte LM-CRC. 
Deze twee pathways zijn van potentieel belang in immuno-therapeutische behandeling van LM-CRC. 
Klinische studies moeten uitwijzen of deze hypothese correct is. In hoofdstuk 3, in een proof-of-concept 
studie, werd gevonden dat het Biclonale antilichaam CD137xPD-L1 in staat is om proliferatie en cytokine 
productie van humane intra-tumorale T-cellen te stimuleren. De CD137 arm op zichzelf was niet in 
staat om intra-tumorale T-cellen te stimuleren. De PD-L1 arm is nodig voor effectiviteit en zorgt, voor 
specificiteit en concentratie van het antilichaam ter plaatse van de tumor, waar PD-L1 is opgereguleerd. 

Een tweede aanpak is om de systemische anti-tumor T-cel respons te stimuleren. Een van de manieren 
om dit te doen is middels vaccinatie, hiervoor is het nodig om antigenen te identificeren die selectief 
in de tumor tot expressie komen en niet in andere gezonde weefsels. Zo wordt auto-immuniteit 
voorkomen en kunnen potente anti-tumor T-cellen worden gegenereerd, aangezien T-cel receptoren 
voor zelf-antigenen negatief worden geselecteerd in de thymus. In hoofdstuk 4 werd een panel van 12 
zogenoemde tumor-antigenen samengesteld, deze tumor-antigenen komen tot expressie in tumoren 
van bijna 80% van de hepatocellulair carcinoom (HCC) patiënten. Tegen onze verwachting in, werden 

deze tumor-antigenen ook gevonden in tumor vrije levers van deze patiënten. Patiënten met expressie 
van tumor-antigenen in de macroscopisch tumor vrije lever hadden vaker terugkeer van kanker na een 
met opzet curatieve resectie en overleden ook vaker ten gevolge van HCC. Dit insinueert dat expressie van 
deze tumor-antigenen in tumor vrije lever is een indicatie van de aanwezigheid van micro-metastasen. 
Hiervan kan gebruik gemaakt worden voor het selecteren van patiënten die in aanmerking zouden 
moeten komen voor adjuvante therapie, middels immuuntherapie gericht op deze tumor-antigenen, 
andere (immuun)therapeutische strategieën, of een combinatie hiervan.

Vervolgens hebben we in hoofdstuk 5 laten zien dat de tumor-antigenen geïdentificeerd in hoofdstuk 
4 immunogeen zijn. We hebben proliferatie van helper en cytotoxische T-cellen, humorale responsen en 
cytokine productie in respons op deze tumor-antigenen aangetoond. Vaccins gebaseerd op deze tumor-
antigenen zouden dus pre-existente tumor-specifieke immuniteit kunnen boosten, en zo mogelijk de 
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micro-metastasen benoemd in hoofdstuk 4 bestrijden, of therapeutische effectiviteit van ICPI in HCC 
patiënten verbeteren.

Een andere manier om de effectiviteit van therapeutische kanker vaccinaties (of systemische anti-tumor 
immuun responsen in het algemeen) kan worden verbeterd door immuunsuppressie te verminderen. 
In hoofdstuk 6 werd het effect van lage-dosis cyclophosphamide op circulerende aantallen regulatoire 
T-cellen geëvalueerd. De patienten geincludeerd in deze studie werden behandeld middels zowel 
dendritische cel therapie en lage-dosis cyclophosphamide. De overleving van de patienten leek 
verbeterd, de frequentie circulerende regulatoire T-cellen nam af en een adaptieve immuun respons 
werd geinduceerd. De lage-dosis cyclophosphamide leek een toegevoegd effect te hebben op de 
overleving en immuun respons in vergelijking met dendritische cel therapie alleen. Met name patienten 
met een hoge frequentie van een specifieke subset regulatoire T-cellen (nTregs) leken voordeel te 
hebben van deze therapie. De effectiviteit van deze therapie kan mogelijk nog verder worden verbeterd 
door combinatie met bijvoorbeeld ICPI of ICPS. 
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7AAD 7-aminoactinomycin D
Ab Antibody
AFP Alpha-fetoprotein
APC Antigen-presenting cell
aTh Activated T helper cell
aTreg Activated regulatory T cell
BCLC Barcelona clinic liver cancer
BSA Bovine serum albumin
BSC Best supportive care
BTLA B and T lymphocyte attenuator
CAGE1 Cancer antigen 1
CCL20 MIP3a
CCR7 C-C chemokine receptor 7
CD134 OX40
CD137 4-1BB
CD40L CD40 ligand
CEA Carcinoembryonic antigen
CFSE Carboxyfluorescein succinimidyl ester
CI Confidence interval
CM Central memory
CMV Cytomegalovirus
CpG ODN CpG oligodeoxynucleotides
CRC Colorectal carcinoma
CT Computed tomography
CT47A1 Cancer/testis antigen family 47 member A1
CTA Cancer testis antigen
CTAG1B Cancer/testis antigen 1B
CTL Cytotoxic T lymphocytes
CTLA-4 Cytotoxic T-lymphocyte-associated protein-4
CXCL10 IP10
Cyp-B Cyclophorin B
DC Dendritic cell
DTH Delayed type hypersensitivity
EDTA Ethylenediaminetetraacetic acid
eGFP Enhanced green fluorescent protein
ELISA Enzyme-linked immunosorbent assay
EM Effector memory
FCS Fetal calf serum
FDA Food and Drug administration
FFPE Formalin-fixed paraffin-embedded
GITR Glucocorticoid-induced TNFR-related protein
GM-CSF Granulocyte-macrophage colony-stimulating factor
GPC3 Glypican3
GrB Granzyme B
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HBsAg Hepatitis B surface antigen
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HLA Human leukocyte antigens
HNSCC Head and neck squamous cell carcinoma
HPA Human protein atlas
HPV Human papilloma virus
HR Hazard ratio
hTERT Human telomerase reverse transcriptase
IBD Inflammatory bowel disease
ICPI Immune checkpoint inhibition
IDO Indoleamine 2,3-dioxygenase
IFN-γ Interferon gamma
Ig Immunoglobulin
IHC Immunohistochemistry
IL Interleukin
IMDM Isocove’s modified Dulbecco’s medium
LAG3 Lymphocyte-activation gene 3
LM-CRC Liver metastasis of colorectal carcinoma
mAb Monoclonal antibody
MAGE Melanoma associated antigen
mCTX metronomic cyclophoshpamide
mDC myeloid dendritic cell
MDSC Myeloid derived suppressor cell
MEM NEAA Minimum essential medium non-essential amino acids
MFI mean fluorescence intensity
MHC Major histocompatibility complex
MMR Mismatch repair
MPM Malignant pleural mesothelioma
mRNA Messenger ribonucleic acid
MRP3 Multiresistance protein 3
NASH Non-alcoholic steatohepatitis
NCD non-communicable disease
NK Natural killer
NSCLC Non-small cell lung cancer
nTreg Naïve regulatory T cell
NY-ESO-1 New York esophageal squamous cell carcinoma 1
OD Optical density
P/D Pleurectomy/decortication
PAGE1 PAGE family member 1
PALGA Dutch nationwide pathology archives
PAP Prostate acid phosphatase
PBMC Peripheral blood mononuclear cells
PBS Phosphate-buffered saline
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PCR Polymerase chain reaction
PD-1 Programmed death receptor 1
PD-L1 Programmed death ligand 1
PD-L2 Programmed death ligand 2
PM-CRC Peritoneal metastasis of colorectal carcinoma
RCC Renal cell carcinoma
RFA Radiofrequency ablation
RNA ribonucleic acid
RNF17 Ring finger protein 17
RNF43 Ring finger protein 43
RSV Respiratory syncytial virus
RT Room temperature
SART Squamous cell carcinoma antigen recognized by T cells
SEB Staphylococcal endotoxin B
SLCO6A1 Solute carrier organic anion transporter family member 6A1
SLP synthetic long peptide
SSX2 Synovial sarcoma, X breakpoint 2
TAA Tumor-associated antigen
TACE Transarterial chemo-embolization
TCR T-cell receptor
TEMRA Effector memory T-cells re-expressing CD45RA
TFL Tumor-free liver
Th T helper
TIL Tumor-infiltrating lymphocytes
TIM3 T-cell immunoglobulin and mucin-domain containing 3
TLR Toll-like receptor
TMA Tissue microarray
TMB Tumor mutational burden
TME Tumor microenvironment
TNF Tumor necrosis factor
TNFR Tumor necrosis factor receptor
TOMM34 Translocase of outer mitochondrial membrane 34
Treg Regulatory T cell
TSPY1 Testis-specific Y-encoded protein 1
VEGF(R) Vascular endothelial growth factor (receptor)
WT1 Wilms tumor protein
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