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CHAPTER 1
General introduction and aim of the thesis

1

2

Hepatocellular carcinoma (HCC)
Liver cancers was the sixth most commonly diagnosed cancer type and the fourth
leading cause of cancer related death worldwide in 2018 1. Hepatocellular carcinoma
(HCC) comprises 75%-85% of all liver cancer cases 1. The main risk factors for HCC
are chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), heavy
alcohol intake, obesity, smoking and type 2 diabetes 2. More than 80% of HCC patients
are diagnosed at advanced stage (BCLC stage C) and their median survival is less
than 2 years 3. For patients at advanced stage, the FDA-approved first line treatments
are the tyrosine inhibitors (TKIs,), sorafenib 4 or lenvatinib 5 which can prolong overall
survival time by 3 months. The treatment options for late-stage HCC patients have
been broadened with recent approval of additional TKIs (e.g. regorafenib

6

and

cabozantinib 7), as well as immunotherapies such as immune checkpoint inhibitors
(nivolumab8 and pembrolizumab9) and monoclonal IgG1 antibody targeting VEGFR2
(ramucirumab10). Nevertheless, a majority of patients will not respond to systemic
agents or progress on these therapies. Both the current diagnosis and treatments of
HCC remain to be improved.
Molecular diagnosis
The genetic landscape of hepatocellular carcinoma has been studied extensively.
Recurrent somatic oncogenic drivers or tumor suppressors in several cellular pathways
were identified (i.e, telomere maintenance, WNT signaling, cell-cycle control,
chromatin remodeling, TP53, PI3K-TOR and MAPK pathways) 11-14 . Genomic pathway
alterations in tumor cells were correlated with treatment response and outcome. HCC
patients with vessels that encapsulate tumor clusters (VETC) pattern benefited more
from sorafenib treatment (median overall survival (OS): 27.1 vs 12.7 months)

11.

In

contrast, sorafenib is not effective for patients harboring activating mutations in the
PI3K-mTOR pathway 15. CTNNB1 mutated HCC does not show any inflammatory cell
infiltration, which is thus considered as an immunologically cold tumor and thus less
likely to benefit from immune therapy

11.

In apparent agreement, the presence of an

activating WNT/beta-catenin mutation was also associated with tumor innate
resistance to immune checkpoint inhibitors

11, 16, 17.

Thus, molecular profiling could

facilitate the further understanding of tumor, the mechanism of primary resistance to
treatments and better tailoring of therapeutic strategies.

3

Immunotherapy
Immunotherapy is a promising approach for the treatment of HCC18. The rationale for
immunotherapy is based on the presence of high numbers of tumor-infiltrating T cells
in HCC tissue19, the correlation between the density of lymphocytic infiltrates in HCC
lesions and prognosis20 and most importantly, the finding that adoptive immunotherapy
with interleukin (IL)-2/anti-CD3-stimulated autologous lymphocytes lowers postsurgical
recurrence rate in humans 21.
HCC is shown to be immunogenic. In recent years, specific tumor associated antigens
(TAAs) and their cytotoxic T lymphocytes (CTL) epitopes have been identified in HCC.
TAA-specific CD8+ T cell responses to alpha-fetoprotein (AFP), glypican-3 (GPC-3),
melanoma-associated antigen 1 (MAGE-A1), New York esophageal squamous cell
carcinoma (NY-ESO-1) and human telomerase reverse transcriptase (hTERT) were
detected in the circulation or tumor tissue of HCC patients22-24. Moreover, the presence
of the responses correlates with patient survival

22.

However, in HCC these tumor-

specific T cells become dysfunctional at the pre- and early malignant stage, possibly
through a dynamic antigen-driven differentiation program in which T cells are exposed
to chronic antigen stimulation25. Exhausted CD8+ T cells comprise heterogeneous cell
populations with unique differentiation and functional states. A subset of these CD8+ T
cells can be reinvigorated by immune checkpoint inhibitors (ICIs) (i.e. anti-PD-1/PDL1 and anti CTLA4 monoclonal antibody)

26, 27.

Other strategies to restore function in

exhausted CD8+ T cells are currently under evaluation—many in combination with PD1-targeted therapy 26.

1. Liquid biopsies
Molecular diagnosis of HCC includes imaging-based approaches (e.g. EOB-MRI could
identify CTNNB1 mutated gene products), blood testing (e.g. AFP serum level) and
histology. For advanced HCC, patients are not eligible for surgery and tumor tissue is
usually obtained by needle biopsies. This procedure is invasive and the limited tissue
collected cannot represent the heterogeneity of the whole tumor. Liquid biopsies,
including circulating tumor cells (CTCs) and cell-free tumor DNA (cfDNA), have been
explored to identify tumor-derived mutations for diagnosis and targeted therapies
through non-invasive blood sampling.
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1.1 Circulating tumor cells
CTCs are cells that have detached from a primary or secondary tumor and enter
circulation

28,

and are regarded as seeds for metastasis. There has been a technical

challenge to capture them due to the extremely low frequency, estimated ≤1 CTC/ml
of blood in billions of blood cells. CellSearch is a standardized and validated method
to detect EpCAM+ CTCs from epithelial tumors not including HCC

29.

Nevertheless,

many studies show that CellSearch identifies CTCs in 16%-67% HCC patients in both
early or late stage disease
enrichment

38,

30-37.

Other enrichment methods include size-based

density-based RosetteSep negative selection

39,

magnetic negative

selection40, flowcytometric detection41 and microfluidic enrichment42. Most CTCs
studies report prognostic value of CTC numbers in HCC

30, 33-35, 37, 38, 43, 44.

The CTC-

positive rate in peripheral blood was associated with the tumor size, AFP, vascular
invasion and overall survival 30, 35, 36, 38, 44. A preoperative CTC positivity is a predictor
for tumor recurrence in HCC patients after surgery 33, 34. The increase in postoperative
CTC counts was significantly associated with the macroscopic tumor thrombus and
shorter overall survival 37. Moreover, to help guide treatment decisions, for instance to
initiate or switch targeted therapy, it is important to determine the nature of the somatic
mutations present in the cancer. Because of the risks associated with repeated tumor
biopsies, it is attractive to use liquid biopsies for this purpose. Mutational analysis in
CTCs can be performed by DNA sequencing 36, 45. However, CTCs found by numerous
methods have often not been analyzed for DNA mutations, likely due to limited
numbers and inefficiency of single cell isolation techniques.
1.2 Circulating tumor DNA
Circulating tumor DNA (ctDNA) is the fraction of cell-free DNA that is derived from
primary or metastatic tumors. The fraction of circulating mutant DNA fragments is very
small, sometimes less than 0.01% 46, compared to circulating wildtype DNA fragments,
making it difficult to detect and quantify

47.

The development of next generation

sequencing (NGS), especially deep sequencing, and droplet digital PCR (ddPCR)
have facilitated the identification of genetic variants in ctDNA. Chan et al. was the first
to report analysis of ctDNA by shotgun sequencing of plasma samples from HCC
patients in the early stage of the disease. The ctDNA concentration, determined by
single nucleotide variants (SNVs) analysis, was found to range from 2.1% to 53%
before surgery and from 0.4% -1.3% after surgery

48.

Frequent HCC-associated
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mutations (e.g. TP53, TERT, CTNNB1, APC, EGFR, MET and ARID1A) were detected
in cfDNA by NGS sequencing in advanced 49, 50 and operable HCC 51, 52. The presence
of somatic mutations in ctDNA before surgery could predict microvascular invasion in
resectable HCC patients51,

52.

Moreover, postoperative residual ctDNA was an

independent risk factor for recurrence and poor disease-free survival in HCC patients53.
Somatic mutations detected in ctDNA can guide treatment decisions with regard to
targeted therapies. Mutation analysis of NRAS/KRAS/BRAF, PIK3CA and CSF-1R in
plasma has been applied in a phase 2 clinical trial to assess response to a mitogenactivated protein kinase kinase (MEK) inhibitor (refametinib) in advanced HCC
patients54.

2. Immune checkpoints
Primary T cell activation involves the integration of three distinct signals: (1) antigen
recognition, (2) costimulation, and (3) cytokine-mediated differentiation and expansion
55.

Immune checkpoints are molecules that either turn-up (co-stimulatory) or turn-down

immune signals (co-inhibitory). Inhibitory checkpoint receptors, such as cytotoxic Tlymphocyte-associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1),
lymphocyte-activation gene 3 protein (LAG-3), T cell immunoglobulin and mucin 3
domain (TIM-3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), and others,
are immunosuppressive molecules, as they negatively regulate activation of the
immune effector cells. In cancer, these molecule can be upregulated on intratumoral
T cells and NK cells and responsible for immune exhaustion of the effector cells and
downregulation of antitumor response. Many cancers are able to evade the immune
system, mainly by overexpressing inhibitory ligands to evade T cell attack56.
Increased expression of inhibitory checkpoints on T cells was observed in HCC and
correlated to HCC outcome. Tumors with a PD1high signature were associated with
poorer survival outcomes in HCC patients in the The Cancer Genome Atlas (TCGA)
cohort 57. PD1high or PD1high TIM3+ CD8+ T cells were significantly correlated with poor
OS and RFS, and PD1high TIM3+ CD8+ T cell subset was located closely to PD-L1+
tumor associated macrophages

58.

Higher number of Tim-3+ tumor-infiltrating T cells

(TILs) or higher levels of serum soluble TIM3 were associated with poorer survival in
patients with HBV-associated HCC 59, 60. Blocking the Tim-3 signaling pathway is able
to reverse the impaired function of CD8+ or CD4+ TILs in HCC
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59, 61.

Expression of

LAG3 was found to be significantly higher on TAA-specific CD8+ tumor-infiltrating T
helper cells and CD8+ cytotoxic T cells in tumors than those in tumor-free liver tissues
of HCC patients 61. Combined blockade of PD-L1 with TIM3, LAG3, or CTLA-4 further
restored responses of human HCC tumor-derived T cells to TAAs in ex vivo assays
compared to PD-L1 blockade alone61. The expression of TIGIT on intratumoral T cells
correlates with PD-1 expression and marks intratumoral T cells with reduced effector
functions

62-64.

A recent global phase II trial (CITYSCAPE) showed the improved

efficacy of tiragolumab (anti-TIGIT hIgG1 antibody) in combination with atezolizumab
(anti-PD-L1 hIgG1 antibody) compared to atezolizumab alone in PD-L1-positive
metastatic NSCLC patients

65.

Thus, inhibitory checkpoints are promising

immunotherapeutic targets for HCC.

3. Cancer testis antigens
Cancer testis antigens (CTAs) are a family of proteins that are highly expressed in
immune-privileged germ cells and in cancer cells of various histological subtypes

66.

As CTAs have also shown to be immunogenic, these antigens are considered as
suitable shared tumor antigens for cancer immunotherapy, including therapeutic
vaccination

66, 67.

Based on their expression profile in adult healthy tissues, they are

classified into testis-restricted, testis/brain-restricted and testis-selective CTAs, the last
group having additional expression in somatic tissues 68. As testis-restricted CTAs are
solely expressed in immune-privileged germ cells, they can therefore be safely applied
for cancer immunotherapy 68, 69.
Several CTAs such as the MAGE-family members, testis-specific Y-encoded protein
(TSPY) and cancer antigen 1 (CAGE1), are functionally involved in inhibiting cancer
cell growth and metastasis formation by modulating gene expression, regulating
mitosis and tumorigenic signaling 66, 67. In HCC, MAGE-A9 expression was related to
the presence of portal vein invasion and distant metastasis and was an independent
negative prognostic factor for disease-free survival and overall survival 70. MAGE-C2
is the most studied CTA in HCC and its protein expression was detected in 19.5% 47.4% HCC patients

71-73.

High MAGE-C2 expression could be an independent

prognostic factor for overall survival in HCC

71.

MAGE-C1 and G antigen (GAGE)

protein were expressed in around 12% of HCC patients and the positivity of MAGE-C1
or GAGE was correlated with reduced overall survival in patients with HCC

72.

TSPY
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mRNA was expressed in 35.1% HCC samples and 6.6% HCC patients had serum Ab
responses specific to recombinant TSPY protein

74.

In addition, NY-ESO-1 was

detected in 24% of HCC-patients and 12% of HCC patients showed serum Ab
responses to this antigen75. Immunotherapeutic targeting of CTA-expressing tumor
cells by vaccination or other immunotherapeutic strategies, such as bispecific
antibodies, TCR-engineered T cells or CAR T cells, are being explored.

4. Aim and outline of this thesis
From the above it is clear that there is a significant clinical need with regard to HCC
for better therapy and for better targeted therapy. Addressing these concerns has been
the aim of this thesis. To this end I first aim to explore a fluorescence-activated cell
sorting(FACS) method to maximally enrich for CTCs from HCC patients and compare
this strategy with the FDA-approved CellSearch method which can only enrich
EpCAM+ CTCs, in the hope that better sorting strategies for CTCs will yield sufficient
material of acceptable purity as to develop targeted therapies. The efforts involved are
described in Chapter 2 but unfortunately I am forced to conclude that the low number
of CTCs do not allow meaningful success of such a strategy. Nevertheless, targeted
therapy is still best hope for the first line treatment for patients with advanced HCC.
Thus my second aim is to explore feasibility of detection of tumor-associated mutations
in paired CTCs and cfDNA in a western cohort of HCC patients (Chapter 3), which
proved more promising but also showed that novel therapeutic modalities are required.
Encouragingly, immunotherapy is shifting the paradigm of HCC treatment and I
decided to investigate the potential of making relevant contributions in this area. Thus
in Chapter 5, I aim to investigate whether targeting the immunomodulatory molecule
TIGIT has added value when compared to PD-1 monotherapy employing a model
system in which I use the TILs of patients in ex vivo assays and I show promise of this
strategy. Thus encouraged to further explore immunity-related strategies in HCC, in
Chapter 6, I aim to evaluate the expression of cancer testis antigens (which can be
attractive immune targets in the treatment of cancer) in HCC tumors and I compare
these results to tumor-free liver. Additionally, I correlate their expression to patient
prognosis. Furthermore, I attempt to screen a panel of CTAs that are frequently
expressed in tumors of HCC patients but not in any healthy tissue except testis, with
the aim purposing such CTAs for therapeutic vaccination. In conjunction, I hope that

8

the body of the work involved provides a meaningful contribution to the fight of
humankind against HCC.
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Abstract
Background and aims: Circulating tumor cells (CTCs) are proposed to constitute an
attractive source of cancer material that can guide clinical decision-making in.
hepatocellular carcinoma (HCC). A number of approaches have been developed to
detect CTCs in HCC patients but their usefulness in clinical practice has not been
demonstrated. Hence, here we investigated the feasibility of pre-enrichment combined
with fluoresecne-activated cell sorting (FACS) for isolation of CTCs from the blood of
HCC patients.
Methods: Expression of ASGPR1, GPC3 and EpCAM by tumor cells was determined
using tissue microarrays (TMAs) with cores of normal liver tissue, tumors and paired
tumor-free liver tissues from 133 HCC-patients by immunohistochemistry (IHC).
Fifteen HCC patients were enrolled and 22.5 mL peripheral blood from each patient
was obtained. RosetteSep CD45 depletion combined with FACS was optimized to
allow CTC isolation from patient blood. From each patient, the single cell fraction that
was either CD45- DRAQ5+CK+ or ASGPR1+ or GPC3+ or EpCAM+ was isolated by
FACS and evaluated by PCR.
Results: IHC on TMAs demonstrates that in 98% of HCC patient tumors express either
ASGPR1, GPC3 or EpCAM and only 2% of patients express non of the three markers.
The recovery rate of RosetteSep ranges from 43.9% to 51% and the recovery rate of
FACS ranges from 56% to 64%. The combination of RosetteSep enrichment with flow
sorting using anti-ASGPR1, GPC3 and EpCAM antibodies resulted in a final recovery
of 6% to 12% of spiked target cells. We detected low numbers of CTCs (1-21 in 22.5ml
blood) in blood of all HCC patients but failed to isolate DNA from these potential CTCs.
Conclusions: We established a panel of ASGPR1, GPC3, EpCAM and CK for
capturing CTCs and this panel can potentially detect cancer cells in 98% of HCC
patients. We did not observe a strong increase of CTCs using a panel of multiple
markers. We sorted the low numbers of putative CTC events but we failed to isolate
DNA from these cells, hence FACS of CTCs is not a promising avenue for precision
medicine in HCC.
Key words: RosetteSep™ immunodensity cell separation; fluorescence-activated
cell sorting; single cell analysis
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Introduction
Currently, very little is known about the biology and molecular characteristics of
circulating tumor cells (CTCs). This paucity of information can be attributed to the
technical challenges associated with isolating these rare cells, of which the frequency
is estimated to be ≤1 per mL of blood. There is a need to elucidate the biology of the
tumor cells, including their role in tumor metastasis and progression. It has been shown
in breast1 and prostate cancer2 there is a clonal relationship between CTCs and
matched archival primary tumors via genome-wide copy number variation (CNV)
analysis. In addition, the genetic alteration information may have more accurate
prognostic value as well as therapeutic value.
A number of approaches have been developed to detect and enumerate tumor cells in
blood samples. CellSearch is still the first and only clinically validated FDA-approved
test to capture and enumerate EpCAM+ CTCs from epithelial tumors and this assay
has shown prognostic and predictive significance in breast 3, colorectal 4 and prostate
cancer patients 5. However, this approach may miss EpCAM- CTCs. In Western
hepatocellular carcinoma (HCC) patients, EpCAM is expressed in less than 20% of
tumors6, 7 and so in this disease there is a need for additional techniques to isolate
CTCs from blood. Alternative strategies for CTC isolation consists of the combination
of less specific enrichment steps including negative selection (density 8, size
magnetism-based

10)

9

or

or positive selection (magnetism-based11), followed by more

specific characterization of enriched cells with techniques like immunocytochemistry
(ICC)

12-14

and nucleic acid-based assays using reverse transcriptase-polymerase

chain reaction (RT-PCR)

15, 16

or sequencing

17.

However, none of these approaches

lead to direct isolation of CTCs. RT-PCR based methods detect cancer-related genes
in bulk cells and have high noise to signal ratio, which means that it is difficult to acquire
true signals of those rare tumor cells.With ICC and other slides-based methods, usually
enumeration of CTCs is performed, whereas isolating CTCs by micromanipulation is
technically demanding. All CTC enrichment methods are hampered by contamination
with normal cells, which mandates a further step of purification to enable reliable
downstream genetic analysis. It is important to verify that the isolated single and pooled
putative CTCs are bona fide cancer cells by DNA analysis for mutation18,

19,

methylation20, 21 or copy number variation (CNV) 22, 23.
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The combination of pre-enrichment (not CellSearch based) with FACS for CTC
isolation has been demonstrated to be promising in breast cancer

1, 24

or prostate

cancer 2. However, its usefulness in the setting of HCC has not been explored yet.
Considering the observed relatively low EpCAM expression in HCC, we searched for
alternative cell surface markers that can be used to identify and isolate CTCs from
peripheral blood of HCC patients, using FACS. In this study, we investigated the
feasibility of the combination of pre-enrichment from whole blood of these target cells
by negative selection and standard density gradient centrifugation, followed by flow
cytometric analysis and subsequent cell sorting. Eventually, we aim to perform
genomic analysis using the purified CTCs.

Material and Methods
Patients and blood collection
A total of 15 advanced HCC-patients were enrolled in the study between May 2018
and July 2019. Peripheral blood samples (22.5 mL) from each patient were collected
into Cellsave tubes. The study was approved by the local ethics committee, and written
informed consent was obtained from each patient. The clinical characteristics of the 16
patients are summarized in Table S1.
Blood processing
Blood samples were processed within 24 hours after collection. Blood was first
centrifuged at 1700g for 10min to separate plasma and blood cells. The blood cells
from the first centrifugation were used to isolate CTCs using RosetteSep enrichment
combined with FACS. Potential CTC events from each patient that were CD45DRAQ5+CK+/ASGPR1+/ GPC3+/EpCAM+ were sorted and pooled to a PCR vial for
further analysis.
Cell line
The human HCC cell line HepG2 was purchased from ATCC and used in spiking
experiments. The cell line was maintained in DMEM (Gibco) supplemented with 10%
fetal calf serum (FCS)(Gibco), 1% penicillin-streptomycin, at 37°C under 5% CO2 in
incubator. The cell line was routinely screened for the presence of mycoplasma during
experiments.
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Optimization of RosetteSep enrichment combined with FACS
To determine the recovery rate of RosetteSep enrichment, HepG2 cells were spiked
into 2-7.5mL of blood from a healthy donor. These samples were processed by
negative selection method using RosetteSepTM Human CD45 depletion cocktail
(StemCell, Vancouver, Canada) according to manufacturer’s instructions. After
enrichment, HepG2 cells were counted using CellSearch system to calculate the
recovery of RosetteSep enrichment. To determine the recovery rate of FACS, HepG2
cells were spiked directly in 2x105 PBMC and stained with DRAQ5, anti-CK, CD45,
ASGPR1, GPC-3 and EpCAM antibodies (Table S2). HepG2 cells were flow-sorted to
96-well flat bottom plates and counted using fluorescence microscope. To further
determine the recovery rate of combining RosetteSep and FACS, RosetteSep enriched
cells were stained with DRAQ5, CK, CD45, ASGPR1, GPC3 and EpCAM, then flowsorted to 96-well flat bottom plate and counted under fluorescence microscope. The
recovery rate was calculated as following: recovered rate (%) = (number of cells
recovered/number of cells spiked) x 100%.
Statistical analysis
The distribution of all data sets was analyzed for normality using the Shapiro-Wilk test.
The differences between paired groups of data were analyzed according to their
distribution via paired t test or Wilcoxon matched pairs test. Differences between
different groups of patients were analyzed via t test or Mann-Whitney test. Statistical
analysis was performed using Graphpad Prism 8.0. P value less than 0.05 was
considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
A detailed description of other methods is provided in the Supplemental information.
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Results
Expression of liver and HCC-specific markers in HCC tissue
EpCAM+ CTCs have been detected in only a minority of HCC patients in Western
cohorts by CellSearch

17, 25, 26,

and CTCs may lose EpCAM during epithelial to

mesenchymal transition (EMT). Hence, we searched for additional proteins that are
expressed on the cell surface of HCC cells and that can therefore be targeted to detect
these cells in circulating blood. A literature search identified multiple proteins that are
expressed on the surface of hepatocytes or upregulated in HCC (Table 1). Among
these markers, Villin and alpha fetoprotein (AFP) were excluded as they were
expressed in less than 50% of HCC tumor cells. pCEA (carcinoembryonic antigen CEA)
was excluded as it can be expressed by colon cancer tissue

27, 28.

HepPar1

(Hepatocyte Paraffin 1) was excluded as its expression is decreased by more than 50%
of tumor cells in poorly differentiated HCC. Arginase1 was excluded as it is also
expressed by neutrophils

29,

myeloid-derived suppressor cells (MDSC) as well as

tumor associated macrophages 30. Eventually, we selected ASGPR1, and GPC3 to be
together with EpCAM for further validation. Expression of ASGPR1, GPC3 and EpCAM
by tumor cells was determined using tissue microarrays with cores of normal liver
tissue, tumors and paired tumor-free liver tissues from 133 HCC-patients by
immunohistochemistry (cohort and tissue micro-arrays were described previously in 31,
32.

ASGPR1 was significantly downregulated in tumor cells compared to hepatocytes

in TFL (Figure 1A and 1C).The downregulation of ASGPR1 was correlated with higher
tumor grade and cirrhosis (Figure 1D and 1E). EpCAM and GPC3 (see our recent
publication by K. Sideras et al.) 31 were upregulated in tumor compared to TFL (Figure
1B and 1F). ASGPR1 was expressed in 98% of HCC patient tumor tissue, followed
by GPC3 in 39% (see K. Sideras et al.)

31

and EpCAM in 6% of HCC patient tumor

tissue. 98% of HCC patient tumors express either one of the three markers and 43%
of patients coexpress either two of the markers, 6% of patients co-expressed all three
markers. Only 2% of patients express none of the three markers (Figure 1G and 1H).
Together, ASGPR1, GPC3 and EpCAM are expressed on the surface of HCC cells
from 98% of our HCC patients, suggesting that a combination of antibodies that targets
these proteins can potentially be used to detect and isolate circulating tumor cells in a
majority of HCC patients.
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Table 1. Expression of liver and HCC-specific markers in HCC tissue
HCC
differentiation
AFP

ASGPR1
Arginase1
Well
Moderate
Poor
GPC-3

EpCAM
HepPar-1
Well
Moderate
Poor

pCEA
Villin

Positive rate

Ref.

52% (13/25)
29% (12/42)
7% (9/133)
75% (133/177)
96% (145/151)
100% (70/70)
96%(51/53)
86%(24/28)
72% (21/29)
39% (52/133)
77% (50/65)
56%(46/82)
39%(39/101)
84% (127/151)
100%(70/70)
83% (44/53)
46% (13/28)
82% (53/65)
93% (39/42)
73% (35/48)
48% (32/68)
93% (39/42)
24% (16/68)
31%(13/42)

Takao Tsuiji et al. Hepatology.1988.
Lau SK et al. Hum Pathol.2002.
K.Sideras et al. Br J Cancer.2015.
Bin Shi et al. J Histochem Cytochem.2013.
C.Yan et al. Am J Clin Pathol.2010.

Capurro M et al. Gastroenterology.2003.
Sideras et al. Br J Cancer.2015.
Yao et al. J Histochem Cytochem.2013.
Sung et al. J Pathol Transl Med.2015.
Yamashita et al. Cancer Research.2008.
C.Yan et al. Am J Clin Pathol.2010.

Minervini MI et al. Mod Pathol.1997.
Kakar S et al. Am J Clin Pathol.2003.
Lugli et al. Am J Clin Pathol.2004.
Karabork et al.Pathology.2010.
K.Lau et al. Hum Pathol.2002.
Karabork et al.Pathology.2010.
K.Lau et al. Hum Pathol.2002.
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Figure 1. Expression of HCC and liver specific markers in HCC tissue. (A-B) Representative
images of immunohistochemistry staining show ASGPR1 and EpCAM expression in HCC
tumor and paired TFL tissue. The immunostaining score for ASGPR1 was 3D in tumor and 1D
in TFL, and for EpCAM was 3D in tumor and 0 in TFL. Scale bars are presented in each image.
(C-F) The immunostaining score of ASGPR1 and EpCAM in individual patients is presented.
Significance was assessed by Wilcoxon matched-pairs signed rank test for tumor and TFL,
Mann-Whitney test for tumor and normal, TFL and normal. Data are presented as mean ± SEM.
*P < 0.05, ****P< 0.0001. (G) Frequencies of HCC patients expressing ASGPR1, GPC3 and
EpCAM. (H) Distribution of total number of antigens expressed in the tumors of HCC-patients.
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Optimization of RosetteSep enrichment combined with FACS
We next evaluated the recovery of target cells from whole blood by the combination of
enrichment through RosetteSep CD45 depletion combined with FACS. HepG2, a HCC
cell line, was used as a model cell line for spiking experiments because HepG2 cells
expressed high levels of CK, EpCAM, ASGPR1 and GPC3 (Figure 2A). We spiked
1000 HepG2 cells in 2ml or 7.5ml of blood from a healthy volunteer to test the recovery
rate of RosetteSep enrichment. To accurately monitor the HepG2 cells recovered from
RosetteSep, HepG2 cells were counted by CellSearch system before and after
RosetteSep isolation. The recovery rate of RosetteSep ranges from 43.9% to 51% and
did not differ much when the same number of HepG2 cells were spiked in a different
volume of blood (Figure 2B). Next we evaluated the recovery of FACS. We spiked 50
and 100 HepG2 cells respectively in 2x105 PBMC which represents the amount of
leukocytes remaining after RosetteSep enrichment. HepG2 cells were stained with CK
and GPC3 only and were flow-sorted to 96-well flat bottom plates and counted under
fluorescence microscope. Flowcytometric gating strategy is shown in Figure S2A. The
recovery rate of flow sorting ranges from 56% to 64% (Figure 2C). Next we evaluated
the recovery rate of RosetteSep combined with FACS. Fifty or 100 HepG2 cells were
spiked into 5.5 mL blood from a healthy donor and enriched by RosetteSep. Enriched
cells were stained with DRAQ5, CK, CD45, ASGPR1, GPC3 and EpCAM, and flowsorted to 96-well plate for counting as aforementioned. Strikingly, the recovery rate
drops dramatically, ranging from 6%-12%, albeit in a limited number of experiments
(Figure 2C-2D).
Collectively, these data suggest that RosetteSep CD45 depletion combined with flow
sorting gives a relatively low recovery.
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Figure 2. Optimization of RosetteSep enrichment combined with FACS. (A) Flow-cytometry
plots of CK, EpCAM, ASGPR1 and GPC3 on HepG2 cells. (B) Recovery rate of RosetteSep
enrichment method. (C) Recovery rate of HepG2 enriched by FACS or by combining
RosetteSep and FACS. (D) Flow-cytometry plots of HepG2 during flow sorting after spiked in
blood and enriched by RosetteSep.

CTCs detection in HCC patients
We next evaluated the combination of RosetteSep enrichment followed by flow
cytometric analysis and subsequent FACS to detect CTCs in patient blood samples
using antibodies directed at the surface proteins (e.g. ASGPR1, GPC3 and EpCAM)
that were identified to be expressed by the majority of HCC. 22.5ml blood from each
advanced HCC patient was used for CTC detection using our method and flowchart of
the experimental set-up is shown in Figure 3A.To help localize our cells of interest
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within the large number of non-target blood cells, we included stained HepG2 and
unstained HepG2 controls in each sorting experiment with patient materials. A nucleic
acid dye DRAQ5 combined with FSC was used to gate on nucleated cells. Then a
dump channel using the unstained PE-Cy7 channel (to exclude autofluoresecent
events) combined with CD45 was used to exclude unspecific events like rosettes
(which may form because of CD45 antibody binding to erythrocytes and CD45+
leukocytes). Then each targeted surface marker was plotted against CD45 to gate on
putative CTCs. Representative data are provided in Figure 3B-3D. Numbers of CTCs
detected with both our method and CellSearch System (method described in Chapter
3) are listed in Table 2. Despite including multiple markers and a three times higher
sample volume (7.5 vs 22.5 mL) there is no clear CTC events cluster visible in all 15
advanced HCC patients or a subtantial increase compared to the CellSearch System.
A major advantage of FACS analysis is the ease of collecting cells into reaction tubes
allowing for a convenient PCR-based down-stream analysis. To prevent loss of cells
and nucleic acids, any liquid transfer after cell sorting must be avoided. Putative CTC
events that were positive for either CK/ASGPR1/GPC3 or EpCAM were sorted and
pooled into one PCR tube prefilled with lysis buffer (250uL) for further DNA analysis
(Figure 3B-3D). CD45+ leukocytes were sorted in another vial and served as positive
control for DNA analysis.
Table 2. Numbers of CTCs detected with both methods
Patients
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

CellSearch
(CTCs/7.5ml)
EpCAM+CK+
0
4
0
0
0
0
15
0
0
0
2
3
0
0
0

RosetteSep + FACS (CTCs/22.5ml)
CK+
4
1
5
4
2
2
11
0
2
1
0
0
5
0
1

ASGPR1+ EpCAM+
4
1
0
1
1
3
21
0
0
0
1
0
0
16
3
4
2
1
2
0
2
1
0
0
6
5
1
0
0
0

GPC3+
2
4
2
4
2
3
11
7
1
3
1
4
5
1
0
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Figure 3. CTCs detected by our method. (A) Flowchart of our method. (B-D)Flow-cytometry
plots of patient samples show gated potential CTC events. Unstained HepG2 cells served as
negative control and stained HepG2 served as positive control.

DNA isolation of sorted CTCs
PCR amplification may involve the targeted amplification of specific transcripts or DNA
regions of interest (e.g. mutational hotspots), or whole genome or whole transcriptome
amplification. The amplified products can then be subjected to different types of
analyses, such as single/multiplexed PCR analyses. Here we fixed cells already, so it
is not possible to do RNA analysis thereby we focused on DNA analysis. However, we
failed to isolate any DNA from sorted patient and control samples.
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Discussion
For advanced HCC patients, tumor biopsy specimens are difficult to obtain or
unobtainable. Moreover, the tumor biopsies may not recapitulate the whole tumor.
Liquid biopsies such as CTC can be obtained repetitively and may be used as a
surrogate for regular biopsies. The detection of CTC may hold prognostic value and it
may be used in treatment decisions, for instance when DNA analysis reveals druggable
targets.
Gene expression profiling and IHC staining have shown that GPC3 is significantly
overexpressed in CD90+ cancer stem cells in HCC33. EpCAM is a validated marker of
(cancer) stem cells in the liver34-37. GPC331, 38 or EpCAM39 expression is associated
with high AFP, worse tumor differentiation and vascular invasion. In contrast, ASGPR1
is associated with high tumor differentiation 40. Therefore, a combination of antibodies
that targets EpCAM, GPC3 and ASGPR1 to identify HCC cells seems to be able to
detect cancer cells from both well and poorly differentiated HCC tumors. Indeed, we
found that 98% of HCC patient tumors express either one of the three markers and 43%
of patients co-express either two of the markers, 6% of patients co-expressed all three
markers. Only 2% of patients express none of the three markers. As these data was
collected using early stage HCC tumors, the co-expression pattern of these markers
on advanced HCC tumors might be a bit different but still CTC isolation for most HCCs
should still be amenable to a strategy employing these markers.
Many studies have explored CTC detection methods, with some being based on cell
size, cell density or cell markers or the combination of either two, such as filtration,
centrifugation or fluorescent imaging. Most CTC isolation systems are not validated in
the clinic and only enrich a subgroup of cancer cells. Marker-based systems such as
CellSearch can only capture CTCs through a single surface marker, EpCAM, which
can easily be lost on CTCs during EMT transition, whereas most HCC cells do not
express EpCAM. We tested the cell recovery rates of several commercial systems,
such as size-based microfluidics (the ParsortixTM cell separation system) and sizedbased filtration system (VyCAP’s CTC enumeration chip). Using HCC cell lines, both
systems showed a low recovery rate which is less than 20% (data not shown) and low
reproducibility. Our method to combine negative selection and positive sorting based
on multiple HCC or liver-specific markers is reproducible and theoretically should
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enrich many diverse types of CTCs. In practice, however, the recovery rate is actually
very low, hence the CTC compartment in advanced HCC appears not sufficient in size
as to allow meaningful guidance of clinical decision making.
Despite including multiple markers and large sample input, there is no clear CTC
events cluster from 15 advanced HCC patients. We thus infer that the frequency of
diverse CTCs in HCC patients must be very low. Few studies discuss the true
frequencies of CTCs in advanced HCC patients. An example in the case are EpCAM+
CTCs. EpCAM-positive tumor cells in HCC appear to be stem cell like and are related
to a more aggressive tumor type 34. Aggressive tumor is more likely to invade vessels
thus more likely to shed tumor cells. EpCAM+ CTCs have previously been detected in
28%-35% of advanced HCC patients in Western cohorts by the CellSearch system 17,
25, 26.

The expression of EpCAM is always spatially prominent in full section staining of

tumors. When the tumor expresses EpCAM the whole tumor may be EpCAM+ and the
reported detectable CTCs range from 1-15/7.5mL (median 3-4 cells), then this
frequency is likely to be the true frequency of CTCs in advanced HCC patients. For the
HCC positive with ASGPR1 marker, the frequency of ASGPR1+ CTCs might be even
lower because ASGPR1+ tumors (ASGPR expression is associated with higher tumor
differentiation40) are not as aggressive as EpCAM+ or GPC3+ tumors 31.
The low detection rate of CTCs using our isolation method may be partly due to the
cell loss during multiple washing and staining steps, especially the intracellular staining
protocol is cumbersome. Additionally, DNA isolation from these sorted rare cell events,
which is currently technically too challenging to be implemented in daily clinical practice.
In conclusion, we established a panel of antigens that are expressed on the surface of
cancer cells of 98% of HCC patients. We demonstrate that these markers can be used
to identify and isolate putative CTC from the blood of these patients by combining
RosetteSep and flow cytometry. However, the observed frequency is low and we failed
to isolate DNA from these cells, which implies that this liquid biopsy technique in
particular, but possibly also in general currently avaible CTC-based strategies hold little
promise with regard to the detailed analysis of HCC biology or with regard to guiding
clinical decision making.
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Supplemental material and methods
Immunohistochemistry (IHC)
The construction of tissue microarrays (TMA) of tumor and tumor-free liver tissues has
been described previously

1, 2.

The TMAs were then immunohistochemically stained

by the department of pathology of Erasmus MC, using anti-EpCAM (provided by
pathology) and anti-ASGPR1 (rabbit, polyclone, 1:500, Sigma Life Sciences)
antibodies. IHC was performed with an automated, validated and accredited staining
system (Ventana Benchmark ULTRA, Ventana Medical Systems, Tucsen, AZ, USA)
using Optiview universal DAB detection Kit (#760-700). In brief, following
deparaffinization and heat-induced antigen retrieval the tissue samples were incubated
according to their optimized time with each antibody. Incubation was followed by
hematoxylin II counter stain for 12 minutes and then a blue coloring reagent for 8
minutes

according

to

the

manufactures

instructions

(Ventana).

The

immunohistochemically stained TMAs were then scanned using NanoZoomer 2.0HT
(Hamamatsu) and scored blindly by two researchers, based on the intensity of staining
(0[none],1[low], 2[intermediate], 3[strong]) and the frequency of positive tumor cells or
hepatocytes (A[<10%], B[10-50%], C[50-90%], D[>90%]). The score per core was
calculated by multiplying the intensity by the frequency of positive cells (A=0.1, B=0.3,
C=0.7 and D=1), and then the average score per tissue was calculated by taking the
average of the three scores.
Supplemental References
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Supplemental Table 1. Patient Characteristics
HCC patients (n=15)
Gender
Male
Female
Age at sampling (years)
<60
≥60
Mean ± SD
Race
Caucasian
Asian
African
Etiology
No known liver disease
Hepatitis B/C
Alcohol-related liver disease
NASH/NAFLD*
Cirrhosis
No
Yes
Size of largest lesion (cm)
<10
≥10
Mean ± SD
Tumor number
1
>1
Macrovascular invasion
No
Yes
Staging based on TNM
1
2
3
4
AFP level (ug/L)
<20
20-400
>400

14
1
5
10
65 ± 3.4
13
1
1
4
2/2
4
2/1
6
9
4
11
13.6 ± 5.6
11
4
6
9
2
0
11
2
5
1
9

* NASH, non-alcoholic steatohepatitis (NASH);
NAFLD, non-alcoholic fatty liver disease (NAFLD)

31

Supplemental Table 2. Anti-human Antibodies Used in Flow Cytometry, FACS
and /or CellSearch system
Antibody
Pan CK8,18,19-PE
CD45-APC
EpCAM (coupled to ferrofluids)
EpCAM-PercpCy5.5
ASGPR1-Alexa488
ASGPR1-PE
GPC3-Alexa405
DRAQ5 (Far red nucleus dye)
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Clone
C11 and A53-B/A2
HI30
VU1D9
VU1D9
8D7
8D7
307801
-

Supplier
CellSearch
CellSearch
CellSearch
Abcam
Santa Cruz
BD Biosciences
R&D systems
BioStatus
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Abstract
Background and aims: Circulating tumor cells (CTCs) or circulating tumor DNA
(ctDNA) may be used for diagnostic or prognostic purposes in patients with
hepatocellular carcinoma (HCC). We aim to determine whether CTCs or ctDNA are
suitable to determine oncogenic mutations in HCC patients.
Methods: Twenty-six, predominantly advanced, HCC patients were enrolled. 30 mL
peripheral blood from each patient was obtained. CellSearch system was used for CTC
detection. A sequencing panel covering 14 cancer-relevant genes was used to identify
oncogenic mutations. TERT promoter C228T and C250T mutations were determined
by droplet digital PCR.
Results: CTCs were detected in 27% (7/26) of subjects but at low numbers (median:
2 cells, range: 1-15 cells) while ctDNA was found in 77% (20/26) of patients. Mutations
in ctDNA were identified in several genes: TERT promoter C228T (77%, 20/26), TP53
(23%, 6/26), CTNNB1 (12%, 3/26), PIK3CA (12%, 3/26) and NRAS (4%, 1/26). The
TERT C228T mutation was present in all patients in which mutations were found in
ctDNA, or with detectable CTCs. The TERT C228T and TP53 mutations detected in
ctDNA were present in matched primary HCC tumor tissue. The maximal variant allele
frequency (VAF) of ctDNA showed linear correlation with tumor size and AFP level
(Log10). ctDNA positivity (including TERT C228T) was associated with macrovascular
invasion, and ctDNA positivity (including TERT C228T) or CTCs (≥2) correlated with
poor patient survival.
Conclusions: Oncogenic mutations could be detected in ctDNA from advanced HCC
patients and predicts prognosis. ctDNA analysis of liquid biopsies appears promising
for identifying druggable mutations.
Key words: circulating tumor DNA; circulating tumor cells; TERT promoter mutations;
macrovascular invasion
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Introduction
Hepatocellular carcinoma is the 4th leading cause of cancer-related death worldwide[1].
Treatments options for advanced disease are limited. Most patients are diagnosed at
a late stage in which surgery is no longer a viable option and median survival is less
than 2 years [2]. In advanced patients, tumor tissue is usually obtained by needle
biopsies, which are invasive and does not capture the heterogeneity of the whole tumor.
Liquid biopsies, including circulating tumor cells (CTCs) and cell-free DNA (ctDNA),
have been suggested to allow identification of tumor-derived mutations for use in
diagnosis and rational application of targeted therapies while patient burden
associated with such sampling is minimal. The feasibility, however, of such approaches
in advanced HCC remains for now largely obscure.
CTCs are cells that have detached from a primary or secondary tumor and enter
circulation [3], and are regarded as seeds for metastasis. There has been a technical
challenge to capture them due to the extremely low frequency, estimated ≤1 CTC/ml
of blood in billions of blood cells. CellSearch is a standardized and validated method
to detect EpCAM+ CTCs from epithelial tumors not including HCC [4]. Nevertheless,
many studies show that CellSearch identifies CTCs in 16%-67% HCC patients in early
or late stage [5-12]. Other enrichment methods include size-based enrichment [13],
density-based RosetteSep negative selection [14], magnetic negative selection[15],
flowcytometric detection[16] and microfluidic enrichment[17]. Most CellSearch studies
report prognostic value of CTC numbers in HCC [5, 8-10, 12]. The CTC-positive rate
in peripheral blood was associated with tumor size, serum alpha-fetoprotein level
(AFP), vascular invasion and overall survival [5, 10, 11]. A preoperative CTC positivity
is a predictor for tumor recurrence in HCC patients after surgery [8, 9]. The increase in
postoperative CTC counts was significantly associated with the macroscopic tumor
thrombus and shorter overall survival [12]. Moreover, to help guide treatment decisions,
for instance to initiate or switch targeted therapy, it is important to determine acquisition
of somatic mutations. Because of the risks associated with repeated tumor biopsies, it
is attractive to use liquid biopsies for this purpose. Mutational analysis in CTCs can be
performed by DNA sequencing [11, 18]. However, CTCs found by numerous methods
have often not been analyzed for DNA mutations in HCC, likely due to limited numbers
and inefficiency of single cell isolation techniques.
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Circulating tumor DNA (ctDNA) is the fraction of cell-free DNA that is derived from
primary or metastatic tumors. The fraction of circulating mutant DNA fragments is very
small, sometimes less than 0.01% [19], compared to circulating wildtype DNA
fragments, making it difficult to detect and quantify [20]. The development of next
generation sequencing (NGS), especially deep sequencing, and droplet digital PCR
(ddPCR) have facilitated the identification of genetic variants in ctDNA. Chan et al. was
the first to report analysis of ctDNA by shotgun sequencing of plasma samples from
HCC patients in early stage. The ctDNA concentration, determined by single nucleotide
variants (SNVs) analysis, was found to range from 2.1% to 53% before surgery and
from 0.4% -1.3% after surgery [21]. HCC-associated mutations (e.g. TP53, TERT,
CTNNB1, APC, EGFR, MET, ARID1A) were detected in ctDNA by NGS sequencing in
advanced [22, 23] and operable HCC [24, 25]. The presence of somatic mutations in
ctDNA before surgery could predict microvascular invasion in resectable HCC
patients[24, 25]. Moreover, postoperative residual ctDNA was an independent risk
factor for recurrence and poor disease-free survival in HCC patients [26]. Very recently,
TERT promotor mutated ctDNA was described to be a prognostic biomarker for HCC
[27, 28], but this observation requires further validation.
The apparent promise of liquid biopsies for guiding management of HCC prompts
studies in which the feasibility of such approaches is tested in real life cohorts. Hence,
in this study, we used paired samples of CTCs and ctDNA to explore feasibility to
detect oncogenic mutations in HCC patients.
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Material and Methods
Patients and blood collection
A total of sequential 26 HCC-patients with advanced disease were enrolled in the study
between May 2018 and July 2019. Patients who did not sign the written informed
consent were exluded. Peripheral blood samples (30 mL) from each patient were
collected before any anti-tumor treatment and were collected into Cellsave tubes
(Menarini Silicon Biosystems, Huntington Valley, PA). Matched FFPE primary tumor
tissue biopsies were obtained from department of Pathology in Erasmus MC. The study
was approved by the local ethics committee (METC), Erasmus MC, Rotterdam (METC
number: 17-238), and written informed consent was obtained from each patient. The
clinical characteristics of the 26 patients are summarized in Table 1.
Plasma separation and ctDNA extraction
Blood samples were processed within 24 hours after collection. Blood was first
centrifuged at 1700g for 10min to separate plasma and blood cells. The separated
plasma was centrifuged at 12,000g for another 10min to remove cellular debris. The
plasma was collected and aliquoted in vials per 2ml and stored at -80°C until further
processing. ctDNA was isolated from 440µL-4mL (median 3.95mL) plasma using QIAamp Circulating Nucleic Acid kit (Qiagen, Venlo, the Netherlands) and eluted in 30µL
elution buffer. CtDNA concentrations were determined by QubitTM 1X dsDNA HS Assay
kit (Thermo Fisher scientific, Waltham, MA) using 2µL of ctDNA.
Enrichment of CTCs and single cell isolation
7.5mL whole blood was used to detect EpCAM+ CTCs by CellSearch system (Menarini
Silicon Biosystems). The cells were isolated by EpCAM positive selection using the
CellSearch Circulating Tumor Cell kit ® and defined as CD45- CK(8/18/19)+ DAPI+. The
stained and scanned CTCs were scored blindly by two certified researchers. Single
CTC were isolated from the CellSearch cartridge with the VyCAP cell puncher system
(VyCAP, Enschede, The Netherlands) using an isolation chip, which consists of 6400
microwells [29]. Single cells were subjected to whole-genome amplification (WGA) by
the Ampli1 WGA kit (Menarini Silicon Biosystems) and the DNA quality of the WGAproducts was determined with the WGA Quality control kit (VyCAP) according to
manufactures instructions.
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Amplification of ctDNA
The extracted ctDNA was pre-amplified for the targets TERT C228T and TERT C250T
by PCR. In brief, a pre-amp reaction mix (total volume: 8µL) was prepared for each
target using: 4µL Tagman PreAMP Master Mix (Thermo Fisher Scientific), 2µL ctDNA
sample and 2µL of 100x diluted TERT C228T-113 or TERT C250T-113 assay (BioRad, Herucles, CA). Then PCR was performed using the following cycle conditions: 1
cycle of 10min at 95°C,15 cycles of 15 sec at 95°C and 4 min at 60°C and finally hold
at 4°C. After pre-amplification PCR 72µL ultrapure DNAse/RNAse free H2O (Thermo
Fischer Scientific/Gibco) was added to the reaction for a final volume of 80µL.
Droplet digital PCR (ddPCR)
For the quantification of the TERT C228T and C250T mutations in ctDNA from HCC
patients, ddPCR was performed using the Naica Crystal PCR system (Stilla
Technologies, Beverly, MA). Prior to the ddPCR, pre-amplified ctDNA samples were
diluted 20x for every 0.5ng of ctDNA input in the pre-amplification reaction to prevent
saturation with DNA copies of the ddPCR Sapphire chips (Stilla Technologies) with
copies. Based on the resulting amount of target copies of the first ddPCR (low sample
concentration input), a second ddPCR (high sample concentration input) was
performed with an input of at least 2500 target copies. For each target the following
ddPCR reaction mix was prepared: 1 µL of diluted pre-amplified ctDNA sample, 14 µL
ddPCRTM supermix for probes (Bio-Rad), 2.8 µL of 5M Betaine (Sigma Aldrich,
Darmstadt, Germany), 1µL of 28mM EDTA (Thermo Fisher Scientific), 1.4µL of TERT
C228T-113 or TERT C250T-113 assay (Bio-Rad) [30], 2.8µL of 1 µM Fluorescein
(VWR, Radnor, PA) and finally ultrapure DNAse/RNAse free H2O (Thermo Fischer
Scientific/Gibco) was added to bring up the total volume to 28 µL. Then 26µL of the
reaction mix was then loaded unto the Sapphire chips (Stilla Technologies) and ddPCR
was performed using the following cycle conditions: 1 cycle of 10 min at 95°C, 50
cycles of 30 sec at 96°C and 1 min at 62°C, 1 cycle of 10 min at 98°C and finally hold
at 4°C. The Sapphire Chips were scanned using Naica Prism3 system with default
exposure times for the FAM-labeled mutant probe (50ms) and the HEX-labeled
wildtype probe (250ms). Then, data was analyzed using the Stilla Crystal Miner
v2.4.0.3 software and thresholds were set based on positive and negative controls for
each mutation assay.
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To exclude false positive samples, all ctDNA were analyzed at low and high
concentrations. An increase in sample concentration should result in an elevated
number of mutant copies compared to the lower concentrated sample. If mutant copies
were detected and no increase was observed in the higher concentrated sample of the
same patient, the patient was regarded negative for either the TERT C228T or C250T
mutation. Finally, a minimum threshold of 5 detected mutant copies was established to
discriminate between TERT mutation positive and negative patients. The variant allele
fraction (VAF) was calculated as the proportion of ctDNA harboring the variant in a
background of wild-type cell-free DNA.
Targeted next-generation sequencing (NGS)
Sequencing was performed by Ion semiconductor sequencing on the Ion Torrent S5XL
Next generation sequencing (NGS) system using the Oncomine ctDNA Assay with
molecular barcoding loaded on Ion 540 chips. Experiments were performed according
to the manufacturer’s protocol (Thermo Fisher Scientific/Life Technologies). Since
there is no customized oncopanel for HCC in EMC, we chose the Oncomine™ Colon
ctDNA panel (Thermo Fisher/Life Technologies) which contains the most frequently
mutated driver genes in HCC. This panel comprises of 14 colon cancer-related genes
(TP53, CTNNB1, APC, BRAF, AKT1, PIK3CA, EGFR, ERBB2, KRAS, NRAS, GNAS,
MAD4, MAP2K1, FBXW7) covering >240 mutational hotspots. Sample input ranged
between 2.8-20.7ng DNA in 13ul for the sequence reaction. Basecalling was
performed using the Ion Torrent Suite Software 5.10 plugin (Thermo Fisher
Scientific/Life Technologies) according the manufactures protocol with default
basecalling settings. Variant calling was performed using the Ion Torrent Suite
software and Variant caller plugin (Thermo Fisher Scientific/Life Technologies) and the
variant caller parameters can be found in supplementary table 5. Additionally, the
following post-variant caller filters were used to eliminate false positive variants: only
known hotspot variants were selected when detected in at least 3 independent mutant
molecules, with a variant allele frequency of at least 0.2% and the total sequencing
depth at that the variant position (wildtype and mutant) was at least 500 independent
(wildtype and mutant) molecules.
Statistical analysis
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Spearman’s rank correlation test for nonparametric data was used to analyze the
correlation between two factors. Kaplan-Meier analysis is used to evaluate the survival
differences. Clinical parameters in different groups were compared using Chi-Square
test. Cox regression model was used for univariate and multivariate analysis. Statistical
analysis was performed using Graphpad Prism 8.0 or IBM SPSS statistics 25. P value
less than 0.05 was considered statistically significant (*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001).
A detailed description of other methods is provided in the Supplemental information.

Results
Description of study cohort
In total 26 patients diagnosed with HCC were enrolled. The patient characteristics are
summarized in Table 1. With the exception of one patient who could undergo curative
surgery, all patients were treated with palliative therapy because of comorbidity,
severity of liver disease and/or advanced tumor stage. Male individuals accounted for
the majority (88%, 23/26) of subjects included. The median diagnostic age of enrolled
HCC patients was 68.5 years (ranged from 40-85). Most of patients are Caucasian
(88%, 23/26). In 9/26 (35%) patients there was no known liver disease, almost half of
patients had alcohol-related liver disease or NASH/NAFLD (46%, 12/26), and a small
percentage of patients had a chronic hepatitis B/C infection (19%, 5/26). Cirrhosis
existed in 15 patients (58%). The largest tumor diameter was more than or equal to
10cm in 73% (19/26) of patients. Nine patients (35%) had multiple malignant tumor
foci. Macrovascular invasion was detected in 14 patients (54%). Fifteen of 26 pts (58%)
were cirrhotic (BCLC stage A/B/C: 3/5/7 respectively). Elevated AFP (>400ug/L) was
seen in 11 patients (42%).
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Table 1. Patient Characteristics
HCC patients (n=26)
Gender
Male
Female
Age at sampling (years)
<60
≥60
Mean ± SD
Race
Caucasian
Asian
African
Etiology
No known liver disease
Hepatitis B/C
Alcohol-related liver disease
NASH/NAFLD*
Cirrhosis
No
Yes
BCLC stage (A/B/C)
Size of largest lesion (cm)
<10
≥10
Mean ± SD
Tumor number
1
>1
Macrovascular invasion
No
Yes
AFP level (ug/L)
<20
20-400
>400
Treatment
Surgery
TACE/SIRT **
Systemic therapy (Sorafenib)
BSC***

23
3
6
20
67 ± 11.6
23
2
1
9
3/2
7
4/1
11
15
3/5/7
7
19
13 ± 5.2
17
9
12
14
12
3
11
1
5
10
10

* NASH, non-alcoholic steatohepatitis;
NAFLD, non-alcoholic fatty liver disease
** TACE, transarterial chemoembolization;
SIRT, selective internal radiation therapy
***BSC, best supportive care
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CTC count and mutation profiling of CTC
As CellSearch based on EpCAM positive selection is the only U.S. FDA-approved
technique for CTC detection, an important prerequisite for a diagnostic tool to be
implemented in clinical practice, we used the CellSearch system to detect CTCs in
HCC patients. For CTC analysis, twenty-six patients were enrolled and 7.5 mL
peripheral blood from each patient was used. The number of CTCs detected by
CellSearch ranged from 1-15/7.5mL blood and 27% (7/26) of patients were CTCpositive (Figure 1A and 1B). Among CTC-positive patients, 4 out of 7 had ≥2 CTCs.
Using the Vycap system, we managed to isolate 8 single CTC (53% recovery) from the
CellSearch enriched CTC fraction from the patient that had 15 CTCs (patient 12). We
did whole genome amplification for each single CTC and only one CTC had good
quality of the WGA and could be analyzed for the oncogenic mutations by ddPCR and
NGS sequencing. However, we did not find any mutations in this CTC. Importantly, we
also did not detect any oncogenic mutation in ctDNA from the plasma of this patient.
Since CellSearch is dependent on EpCAM expression by CTC, we analyzed the
expression of EpCAM on tumor cells using tissue microarrays with cores of resected
tumors from 109 early-stage HCC patients (surgery candidates as described
previously in [31, 32]) by immunohistochemistry (IHC) staining. EpCAM expression in
tumor tissue was found in only 7% (7/109) of these HCC patients (Figure S1A-S1D).
Collectively, we detected CTCs in a minority of our cohort of mostly advanced HCC
patients and we could not isolate sufficient single CTC cells for mutational analysis.
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Figure 1. CTC counts in advanced HCC patients. (A) Representative images of CellSearch
show EpCAM enriched CTCs which are CK+ DAPI+CD45-. (B) The number of CTCs in
individual HCC patient identified by the CellSearch system (n=26).

Mutational landscape in HCC by ctDNA profiling
As TERT promoter mutations are the most common mutations present in around 60%
of HCC patients[33], we analyzed TERT promoter mutations C228T and C250T by
ddPCR in order to estimate the ctDNA amount in blood from HCC patients. We
additionally analyzed somatic mutations with a NGS panel covering 14 oncogenic
genes. The amount of ctDNA that we isolated ranged from 7-282.4 ng per ml of plasma
(mean 45.52 ng/ml plasma) (Figure S2A). The majority of patients (77%, 20/26) had
at least one mutation in ctDNA, only six (23%, 6/26) had no detectable mutations
(Table S1 and S2). The TERT C228T mutation (20/26, 77%) was the most frequently
detected mutation whereas the TERT C250T mutation was absent in all patients
(Figure 2A). TP53 (6/26, 23%) was the second most frequently detected mutation,
followed by CTNNB1 (3/26, 12%), PIK3CA (3/26, 12%) and NRAS (4%, 1/26) (Figure
2A). The median VAF for ctDNA mutations are 2.76% (range: 0.3%-17.92%) for TERT
C228T, 7.21% (range: 0.28%-14.05%) for TP53, 5.63% (range: 5.63%-14.68%) for
CTNNB1 and 13.09% (0.35%-13.99%) for PIK3CA (Figure 2B). Interestingly, the
TERT C228T mutation was present in all patients with one or more ctDNA mutations,
and this mutation was detectable in all patients of which CTCs were detectable (Figure
2C). However, ctDNA maximal VAF did not correlate with CTC count (Figure S2B).
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Subsequently, we explored the concordance of these mutations in ctDNA and matched
tumor tissue. There were two matched primary tumor biopsies available (patient 14
and 16) for mutational analysis, and in those tissues TERT C228T and TP53 (hotspot
p.R249S) mutations were present at much higher frequency in tumor compared to
ctDNA (Figure 2D).
Collectively, ctDNA mutations can be detected in our HCC patients and the mutational
landscape in ctDNA matches the published HCC mutation landscape acquired by bulk
sequencing of tumor tissues [34].

Figure 2. Mutational landscape in advanced HCC by ctDNA profiling. (A) The percentages of
HCC patients that were positive for each mutated gene detected in ctDNA. TERT mutations
were detected by ddPCR and other mutations were detected by NGS sequencing. (B) The
VAF for each mutated gene in each HCC patient. Bars show median value of VAF. (C) Heat
map shows ctDNA VAF and CTC count in each of the 26 HCC patients. VAF, variant allele
frequency. (D) The VAF of mutated genes in ctDNA and matched tumor tissue.
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ctDNA positively correlated with macrovascular invasion, tumor size and AFP
level
We analyzed whether ctDNA status or CTC count correlated with clinicopathologic
parameters known to be associated with prognosis. Clinical parameters in different
groups were compared using Chi-Square test. We found that ctDNA positivity (or TERT
C228T positivity) correlated with macrovascular invasion (MVI) as determined on
imaging with CT/MRI, whereas for CTCs we did not observe such correlation (Table
2). We next performed a linear regression analysis to further explore the correlation
between clinicopathologic parameters and ctDNA VAF or CTC counts. Results showed
that maximal ctDNA VAF was positively correlated with the size of the largest tumor
(r=0.44, P=0.024) and AFP level (r=0.53, P=0.005) (Figure 3A and 3B). Also TERT
C228T VAF significantly correlated with largest tumor diameter (r=0.41, P=0.037) and
AFP (Log10) level (r=0.55, P=0.004) (Figure 3C and 3D). In contrast, the CTC count
did not show such correlations with largest tumor diameter or AFP (Log10) level
(Figure 3E and 3F).

Table 2. Comparison of the clinical parameters between classified ctDNA or CTC groups

Clinicopathologic
parameters
Age, years
<60
≥60
Cirrhosis
No
Yes
Tumor size
<10
≥10
Tumor number
1
>1
Macrovascular
invasion
No
Yes
AFP (ng/mL)
<20
≥20

ctDNA pos
(n=20)
N (%)

ctDNA neg
(n=6)
N (%)

6 (23.1)
14 (53.8)

1 (3.8)
5 (19.2)

9 (34.6)
11 (42.3)

CTC ≥2
(n=4)
N (%)

CTC <2
(n=22)
N (%)

1.000

2 (7.7)
2 (7.7)

5 (19.2)
17 (65.4)

0.287

2 (7.7)
4 (15.4)

1.000

1 (3.8)
3 (11.5)

10 (38.5)
12 (46.2)

0.614

4 (15.4)
16 (61.5)

3 (11.5)
3 (11.5)

0.293

0 (0)
4 (15.4)

7 (26.9)
15 (57.7)

0.546

14 (53.8)
6 (23.1)

3 (11.5)
3 (11.5)

0.628

3 (11.5)
1 (3.8)

14 (53.8)
8 (30.8)

1.000

6 (23.1)
14 (53.8)

6 (23.1)
0 (0)

0.004

0 (0)
4 (15.4)

12 (46.2)
10 (38.5)

0.100

8 (30.8)
12 (46.2)

4 (15.4)
2 (7.7)

0.365
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Figure 3. ctDNA positively correlated with macrovascular invasion, tumor size and AFP level.
(A-D) Linear correlations between maximal ctDNA VAF or TERT C228T VAF and largest tumor
diameter or AFP level. (E-F) Absence of correlations between CTC count and tumor size or
AFP (Log10). Spearman’s rank correlation test is used to analyze the correlation between two
factors. VAF, variant allele frequency.
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ctDNA positivity or CTC count correlated with HCC patient survival
We next investigated whether ctDNA status or CTC count correlated with overall
survival (OS) or tumor specific survival. Patients with one or more ctDNA mutations
(TERT C228T positive patients) had a significantly worse overall survival than patients
without ctDNA mutations (median OS 3 vs 17.5 months, P=0.016) (Figure 4A).
Patients with CTC≥2 tended to have a worse overall survival than patients with CTC≤2
(median OS 3.5 vs 5 months, P=0.052) (Figure 4B). Moreover, patients that were
ctDNA+ (or TERT C228T+) or with CTC≥2 had significantly worse tumor-specific
survival (Figure 4C and 4D). We performed cox regression analysis to reveal the risk
factors for overall survival. Univariate analysis revealed that ctDNA positivity and MVI
were risk factors for overall survival, whereas multivariate analysis demonstrated that
these two factors were dependent on each other (Table S3). This result was validated
in chi-square test, which shows that ctDNA positivity was significantly associated with
MVI (P=0.004) (Table 2).

Figure 4. ctDNA positivity or CTC count correlated with HCC patient survival. (A) Patients with
positive ctDNA (or TERT C228T) and negative ctDNA (or TERT C228T) demonstrated
differentiated overall survival. (B) Survival curve for patients with CTC count <2 and ≥ 2.
Kaplan-Meier analysis is used to evaluate the survival differences. P < 0.05 is considered
significant.
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Discussion
Liquid biopsies, including CTCs and ctDNA, may potentially be used to identify tumorderived mutations for HCC diagnosis and to guide decisions with regard to targeted
therapies. In this study, we compare CTCs and ctDNA from the same patient for
oncogenic mutational profiling in a cohort of mostly advanced HCC.
EpCAM+ CTCs have previously been detected in 28%-35% of advanced HCC patients
in Western cohorts by CellSearch [5, 6, 11], which is lower than the frequencies
reported in Asian cohorts (EpCAM+ CTCs: 44%-74%) of mostly on resectable HCC
patients [8, 10, 12]. In line with these findings, we found CTCs in 27% of a Western
cohort of advanced HCC patients using this method. Moreover, in 43% (3/7) of CTCs+
patients only 1 CTC/7.5ml blood could be detected. Such low detection rate limits the
use of this technique for mutational analysis. There can be several explanations for the
low CTC detection rate: CTCs are simply not present (the frequency is < 1 in 7.5 mL
blood), or they cannot be detected by this assay because the expression of capture
(EpCAM) and/or identification (CK) markers is too low or lacking in a subset of patients.
EpCAM was expressed in tumors of only 7% of HCC patients in our IHC analysis, and
moreover has been reported to be downregulated during epithelial-mesenchymal
transition (EMT) [35, 36]. The frequency of EpCAM expression in our western HCC
cohort was lower compared to Asian cohorts in which its frequency ranges from 15%
to 56% of patients [37-43]. This might be due to the difference in etiology of liver
disease. EpCAM expression is reported to correlate with HBV infection [37, 38, 42].
However, in our cohort only 8% HBV+ patients were EpCAM+ (2/24). Although IHC
may be less sensitive to detect EpCAM expression compared to immunomagnetic
capture with ferrofluids and the CellSearch enhanced aggregation technique, xour data
emphasize the limitations of EpCAM-based detection of circulating tumor cells in HCC
for mutational analysis due to the low frequency of CTCs in our patient cohort. Several
other techniques for CTC detection have been described [4], but they have as far as
we know not been FDA approved, which hampers widespread implementation in
clinical practice.
In contrast, HCC-associated mutations could be detected in 77% of patients using
ctDNA. In our cohort, 77% of patients have TERT promoter mutations, 23% have TP53
and 12% have CTNNB1 or PIK3CA mutations. Moreover, in all ctDNA+ patients the
TERT promotor C228T mutation was present, whereas one or more additional
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oncogenic mutation(s) was/were present in 50% of these patients. Overall the
observed frequencies of mutations are consistent with NGS results of HCC tumors [34]:
Totoki et al detected in HCC histology: 55% TERT promoter mutations, 31% TP53, 31%
CTNNB1 and 1% PIK3CA mutations respectively (a comparison of all oncogenic
mutations analyzed is provided in supplementary table 4). Our data are also in line with
other studies reporting that oncogenic alteration in ctDNA can be detected in 57% (8/14)
- 88% (181/206) of advanced HCC patients [22, 23]. Discrepancies in reported
frequencies may be related to differences in clinical characteristics of the populations
studied since genomic differences along ethnic lines may influence presentation of
HCC in this respect[22, 23]; we have included mostly Caucasian patients with unknown
or alcoholic liver disease, whereas the above mentioned studies include more patients
with viral etiology of their liver disease. In our experimental design there can be two
possible explanations for ctDNA negativity: 1) the absence of any targeted mutation in
the primary tumor, 2) the targeted oncogenic mutation was present in the primary tumor
but it could not be detected in blood. To illustrate, recently, TERT promotor mutation
in paired plasma and tissue biopsy were concordant in 21/34 patients (62%). In the 12
of 13 non-concordant samples, the TERT mutation was found in tumor but not in
plasma[27]. In agreement with other studies [26, 44-46], we found mutation
concordance between ctDNA and primary tumor tissue in two patients but since in our
clinic routine tumor biopsies are uncommon in advanced HCC patients (in context of
cirrhosis) our dataset of matched tissues is too small to draw conclusions.
In our cohort presence of ctDNA was associated with clinicopathologic parameters of
advanced disease. Maximal ctDNA VAF correlated with tumor size and AFP level, and
ctDNA positivity was associated with macrovascular invasion. Moreover we showed
that ctDNA positivity was associated with overall and tumor-specific survival in our
HCC patients and TERT C228T mutation alone is a significant predictor of survival.
These findings are in line with recent findings by others, that have correlated TERT
promotor mutation in plasma with macrovascular invasion and overall survival[27, 28].
The ddPCR technique used in our study for TERT promoter mutation analysis is a
relatively easy, fast and affordable assay, that can be used in clinical care for detection
of this biomarker, for instance as an additional tool in the early detection of HCC, as
was suggested by others [47, 48]. Previously, ctDNA mutations in early-stage HCC
patients have been associated with microvascular invasion and recurrence by others
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[44, 45]. ctDNA positivity in postoperative plasma predicted poor disease-free survival
after tumor resection in early HCC-patients [26].
Somatic mutations detected in ctDNA can guide treatment decisions with regard to
targeted therapies. Mutation analysis of NRAS/KRAS/BRAF, PIK3CA and CSF-1R in
plasma has been applied in a phase 2 clinical trial to assess response to a mitogenactivated protein kinase kinase (MEK) inhibitor (refametinib) in advanced HCC patients
[49]. Ikeda et al.[22] evaluated 14 patients with advanced HCC and detected druggable
mutations in 79% of patients. Based on their findings patients were treated with
customized therapies. A patient with a CDKN2A-inactivating and a CTNNB1-activating
mutation received palbociclib (CDK4/6 inhibitor) and celecoxib (COX-2/Wnt inhibitor)
treatment and found declined des-gamma-carboxy prothrombin (DCP) level after
2 months of treatment. Another patient with a PTEN-inactivating and a MET-activating
mutation received sirolimus (mechanistic target of rapamycin inhibitor) and
cabozantinib (MET inhibitor) and demonstrated signs of clinical efficacy. The ease-ofuse of mutational analyses using ctDNA as opposed to the more cumbersome CTC
isolation allows for repeated, longitudinal analysis for prognostic and therapeutic
decision making in HCC patients. In our cohort, we detected druggable mutations in 5
patients, including 3 patients with CTNNB1, 3 patients with PIK3CA and 1 patient with
NRAS mutations.
Our study has several limitations: (1) we have a relatively small cohort of patients; (2)
as mentioned, we lack sufficient matched primary tumor tissue biopsies for comparison;
and (3) we did not perform paired leukocyte DNA sequencing thus we could not fully
exclude that TP53 mutations were derived from leukocyte DNA, because somatic
variants in TP53 found in ctDNA could be derived from clonal hematopoiesis [50, 51];
(4) the ctDNA panel that we used is limited and does not contain all known actionable
somatic alterations (e.g. mutation in TSC1/TSC2, amplification in EGFR and MET).
In conclusion, we compared CTC and ctDNA for detecting tumor mutations in a cohort
of mostly advanced HCC patients. CTCs as detected by CellSearch are present in low
frequency and it is challenging to isolate single CTC for mutational analysis. In contrast,
ctDNA is detectable in 77% of our HCC patients. CtDNA detection is associated with
known prognostic markers for disease survival. Our study illustrates that analysis of
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ctDNA may serve as a liquid biopsy to identify druggable mutations in advanced HCC
patients.
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Supplemental material and methods
Immunohistochemistry (IHC)
To estimate the frequency of HCC patients with EpCAM expressing tumors cells,
expression of EpCAM was determined on tumor cells using tissue microarrays with
cores of normal liver tissue (obtained from livers of multi-organ donors), tumors and
paired tumor-free liver tissues from 109 HCC-patients by immunohistochemistry
(cohort and tissue micro-arrays were described previously)

1, 2.

The TMAs were

immunohistochemically stained by the department of pathology of Erasmus MC. IHC
was performed with an automated, validated and accredited staining system (Ventana
Benchmark ULTRA, Ventana Medical Systems, Tucsen, AZ, USA) using Optiview
universal DAB detection Kit (#760-700). In brief, following deparaffinization and heatinduced antigen retrieval the tissue samples were incubated according to their
optimized time with CD155. Incubation was followed by hematoxylin II counter stain for
12 minutes and then a blue coloring reagent for 8 minutes according to the
manufactures instructions (Ventana). The immunohistochemically stained TMAs were
then scanned using NanoZoomer 2.0HT (Hamamatsu) and scored blindly by two
researchers, based on the intensity of staining (0[none],1[low], 2[intermediate],
3[strong]) and the frequency of positive tumor cells or hepatocytes (A[<10%], B[1050%], C[50-90%], D[>90%]). The score per core was calculated by multiplying the
intensity by the frequency of positive cells (A=0.1, B=0.3, C=0.7 and D=1), and then
the average score per tissue was calculated by taking the average of the three scores.

References
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Supplemental Figure 1. EpCAM expression in HCC tumors. (A) Representative images of
immunohistochemistry staining show EpCAM intensity scoring in tissue microarrays. Tonsil
serves as negative control tissue. (B) Representative images of immunohistochemistry
staining show EpCAM expression in HCC tumor and paired surrounding tumor-free liver (TFL)
tissue. The immunostaining score for tumor is 3D and for TFL is 0. The full tissue section of
this patient is also shown. Scale bars are presented in each image. (C) The immunostaining
score, intensity score and frequency score of EpCAM in individual patients is presented
(n=109). Significance was assessed by Wilcoxon matched-pairs signed rank test. P<0.05 is
considered statistically significant. (D) The associations of EpCAM positivity of tumors with
HBV/HCV infections are shown.
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Supplemental Figure 2. CfDNA amount and the correlation between ctDNA VAF and CTC
count. (A) The isolated cfDNA amount normalized to per ml plasma. (B) The correlation
between CTC count and maximal ctDNA VAF.
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Supplemental Table 1. An overview of ctDNA mutations and CTC count in advanced
HCC patients
Patients
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Total no. of
mutations in
cfDNA
1
2
1
1
2
4
2
3
2
1
1
1
2
1
1
2
2
1
2
1
0
0
0
0
0
0
Total

Mutated Genes VAF (%)
TERT
C228T
17.92
6.61
6.11
5.57
5.39
4.35
3.95
3.87
3.67
2.55
1.95
1.92
1.50
0.88
0.69
0.63
0.35
0.09
0.09
0.05

20

TP53

CTNNB1

PIK3CA

5.63
1.73

0.35

3.61

0.29
10.82

14.68

13.99
13.09

14.05

0.28
6.68
13.95

6

3

3

Color scale: stronger color indicates higher frequency or number.
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NRAS

1

Count
EpCAM+
CTCs
0
0
4
0
0
1
0
0
0
0
0
15
0
0
1
1
0
0
2
3
0
0
0
0
0
0
7

Supplemental Table 2. An overview of ctDNA mutation hotspots detected in HCC by
NGS
Chromosome
Patient
Gene ID
Allele name Mutation VAF(%)
location
2
TP53
p.R283P
C->G
3.61
Chr17_7577118
7
TP53
p.P278T
G->T
10.82
Chr17_7577118
13
TP53
p.R248W
G->A
14.05
Chr17_7577547
16
TP53
p.R249S
C->A
0.28
Chr17_7577547
19
TP53
p.R249S
C->A
13.95
Chr17_7577547
5
CTNNB1 p.T41A
A->G
5.63
Chr3_41266125
6
CTNNB1 p.T41A
A->G
1.73
Chr3_41266125
PIK3CA
p.Q546R
A->G
0.35
SP_27.58329
TP53
p.R282W
G->A
0.29
Chr17_7577118
8
CTNNB1 p.S45P
T->C
14.68
Chr3_41266125
PIK3CA
p.Q546K
C->A
13.99
SP_27.58329
9
PIK3CA
p.E542K
G->A
13.09
SP_27.58329
17
NRAS
p.Q61K
G->T
6.68
SP_1.225761
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Supplemental Table 3. Univariate and multivariate analysis of overall survival by Cox
regression model
Clinicopathologic
parameters
ctDNA status: neg vs pos
CTC count: <2 vs ≥2
Age, y: <60 vs ≥60
Cirrhosis: yes vs no
Tumor size:<10 vs ≥10
Tumor number: 1 vs >1
MVI: yes vs no
AFP: < 20 vs ≥20
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Univariate
HR (95% CI)
P value
5.382 (1.215-23.849)
0.027
2.195 (0.679-7.093)
0.189
0.415 (0.156-1.102)
0.077
0.499 (0.187-1.331)
0.165
2.401 (0.685-8.416)
0.171
0.578 (0.214-1.561)
0.280
3.101 (1.111-8.654)
0.031
1.586 (0.615-4.088)
0.340

Multivariate
HR (95%CI)
3.996 (0.727-21.955)

1.567 (0.489-5.023)

P value
0.111

0.450

Supplementary Table 4. Comparison of genes in current study to Totoki’s studya
Ge
Totoki
(n=26)
(n=452)
TERT promoter
77%
55%
TP53
23%
31%
CTNNB1
12%
31%
PIK3CA
12%
1%
NRAS
4%
NAb
APC
0%
2%
BRAF
0%
NA
AKT1
0%
NA
EGFR
0%
NA
ERBB2
0%
NA
KRAS
0%
NA
GNAS
0%
NA
MAD4
0%
NA
MAP2K1
0%
NA
FBXW7
0%
<1%
a. Study represented here: Totoki et al. Nature Genetics 2014.
b. NA, not available. Because the frequency is not reported in the paper.
gene
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Supplementary table 5: Torrent Variant Caller parameter settings
Parameter *
snp_min_allele_freq
snp_strand_bias
hotspot_min_coverage
sse_prob_threshold
try_few_restart_freq
hotspot_min_cov_each_strand
indel_min_var_coverage
hotspot_min_allele_freq
report_ppa
mnp_min_variant_score
indel_func_size_offset
hotspot_strand_bias
filter_insertion_predictions
indel_min_variant_score
indel_min_coverage
heavy_tailed
snp_strand_bias_pval
outlier_probability
position_bias_ref_fraction
indel_strand_bias_pval
data_quality_stringency
snp_min_cov_each_strand
tag_sim_max_cov
indel_as_hpindel
hp_max_length
mnp_strand_bias
snp_min_coverage
use_fd_param
hotspot_min_var_coverage
mnp_strand_bias_pval
min_ratio_for_fd
hotspot_strand_bias_pval
hotspot_min_variant_score
max_flows_to_test
mnp_min_var_coverage
indel_strand_bias
position_bias
downsample_to_coverage
filter_unusual_predictions
indel_min_allele_freq
mnp_min_allele_freq
mnp_min_coverage
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Value
0.0005
1
3
1
1
0
2
0.0005
0
6
0
1
0.2
10
3
3
0
0.001
0.05
0
20
0
10
0
5
1
3
0
2
0
0.1
0
3
10
2
1
0.75
20000
0.1
0.0005
0.0005
3

mnp_min_cov_each_strand
fd_nonsnp_min_var_cov
tag_trim_method
prediction_precision
indel_min_cov_each_strand
filter_deletion_predictions
min_tag_fam_size
snp_min_variant_score
suppress_recalibration
position_bias_pval
use_position_bias
snp_min_var_coverage

0
1
sloppy-trim
1
0
0.2
3
6
0
0.05
0
2

* For detailed description of each parameter please read the Torrent Suite software user Guide 5.10:
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0017598_TorrentSuiteSoftware_5_10_UG.pdf
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Highlights


TIGIT blockade synergizes with PD-1/PD-L1 blockade to enhance anti-tumor
effects of CD8+ T cells.



TIGIT blockade does not only reinvigorate anti-tumor T cell responses but also
enhances anti-tumor NK cell responses.



TIGIT blockade reduces the suppressive capacity of tumor-infiltrating regulatory
T cells.
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Summary
T cell immunoreceptor with Ig and ITIM domains (TIGIT) is an inhibitory receptor
expressed on several types of lymphocytes. Efficacy of antibody blockade of TIGIT in
cancer immunotherapy is currently widely being investigated in both pre-clinical and
clinical studies. In multiple cancers TIGIT is expressed on tumor-infiltrating cytotoxic T
cells, helper T cells, regulatory T cells and NK cells, and its main ligand CD155 is
expressed on tumor-infiltrating myeloid cells and upregulated on cancer cells, which
contributes to local suppression of immune-surveillance. While single TIGIT blockade
has limited anti-tumor efficacy, pre-clinical studies indicate that co-blockade of TIGIT
and PD-1/PD-L1 pathway leads to tumor rejection, notably even in anti-PD-1 resistant
tumor models. Among inhibitory immune checkpoint molecules, a unique property of
TIGIT blockade is that it enhances not only anti-tumor effector T-cell responses, but
also NK-cell responses, and reduces the suppressive capacity of regulatory T cells.
Numerous clinical trials on TIGIT-blockade in cancer have recently been initiated,
predominantly combination treatments. The first interim results show promise for
combined TIGIT and PD-L1 co-blockade in solid cancer patients. In this review, we
summarize the current knowledge and identify the gaps in our current understanding
of TIGIT’s roles in cancer immunity, and provide, based on these insights,
recommendations for its positioning in cancer immunotherapy.
Key words: Immunotherapy; T cells; NK cells; CD226; CD155
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Introduction
Therapeutic immune checkpoint inhibitors (ICIs) aimed to restore the functionality of
tumor-specific T-cells to combat malignant tumors have been shown to be effective in
many cancer types. Specifically, anti-PD-1/PD-L1 therapies have been approved by
FDA for treating more than ten cancer entities, including melanoma, non-small cell lung
carcinoma (NSCLC), advanced hepatocellular carcinoma (HCC) and all types of
deficient mismatch repair(dMMR) tumors1-3.
However, only a subset of patients with these types of cancer showed durable clinical
responses 4, 5, and numerous other types of cancer, among which MMR-proficient CRC,
are resistant to anti-PD1-/PD-L1 therapies

6, 7,

suggesting that in these patients

mechanisms are present that limit the effects of anti-PD-1/PD-L1 antibodies. An
immunosuppressive tumor microenvironment, a paucity of T cells in tumors (so called
immunologically “cold” tumors) and low tumor-mutational burden have all been
suggested to contribute to the observed suboptimal therapeutic effects of anti-PD1/PD-L1 therapies 8. In addition, although the PD-1/PD-L1 axis plays a central role in
regulating T cell functions, there are many other co-inhibitory receptor-ligand
interactions that can restrain anti-tumor functions of CD8+ T cells in the tumor microenvironment, either directly or indirectly. These co-inhibitory receptors include T cell
immunoglobulin mucin domain 3 (TIM3) 9, lymphocyte-activation gene 3 (LAG3)
cytotoxic T-lymphocyte associated protein 4 (CTLA-4)

11

10,

and T cell immunoreceptor

with Ig and ITIM domains (TIGIT) 12. Their ligands are expressed on cancer cells and/or
immune cells in many tumors. These inhibitory receptor-ligand interactions collaborate
to achieve fine tuning of T-cell functions throughout the different phases of T-cell
activation, and can contribute to resistance of tumors against PD-1/PD-L1 blockade.
In preclinical and subsequent clinical studies, it has been demonstrated that coblockade of PD-1 and a second co-inhibitory receptor is able to augment the antitumor
immunity versus single PD-1 blockade. Indeed, blockade of both PD-1 and CTLA-4
showed improved clinical efficacy in patients with, amongst others, melanoma
advanced non-small-cell lung cancer

14

and hepatocellular carcinoma

15.

13

and

However,

combine PD-1 and CTLA-4 blockade is hampered by a high frequency of severe
immune-related systemic adverse effects

16,

therefore other less toxic combinations

are urgently needed. Theoretically, TIGIT-blockade may be an interesting alternative

70

for CTLA-4 blockade, because TIGIT knockout mice do not develop autoimmunity
18

17,

, while CTLA-4 knockout mice die within 2-3 weeks due to severe autoimmunity 19.

Here we review the current knowledge of the immunomodulatory activity of TIGIT in
anti-cancer immunity and its potential as a target for cancer immune checkpoint
therapy. We identify gaps in our current understanding of TIGIT’s roles in cancer
immunity that require further study and, based on current insights, we provide
recommendations for its positioning in cancer immune checkpoint therapy.

TIGIT structure, expression and ligands
TIGIT (also identified as WUCAM
first identified in 2009

21.

20,

VSTM3

17)

is a co-inhibitory molecule that was

Similar to LAG3 and TIM3, TIGIT belongs to the

immunoglobulin superfamily 22. It consists of an extracellular immunoglobulin variable
(IgV) domain, a type 1 transmembrane domain and a cytoplasmic tail with an
immunoreceptor tyrosine-based inhibitory motif (ITIM) and an Ig tail-tyrosine (ITT)-like
motif

21-24.

TIGIT is exclusively expressed on lymphocytes, including CD8+ T cells,

memory and regulatory CD4+ T cells, follicular CD4+ T cells and NK cells 20-22.
TIGIT binds to at least two nectin family members, CD155 (PVR, Necl-5) and CD112
(PVRL2, Nectin-2), but with much higher affinity to CD155 (Kd=1-3 nM) than to CD112
(Kd unmeasurable)

21.

TIGIT shares these ligands with two other receptors; CD226

(DNAM-1) and CD96 (TACTILE), which deliver co-stimulatory and co-inhibitory signals,
respectively. TIGIT competes with the costimulatory receptor CD226 for binding to
CD155, but TIGIT has a higher affinity for CD155 (Kd=1-3 nM) compared to CD226
(Kd=119 nM) 21. A recent paper shows that TIGIT also binds to nectin-4 and that nectin4 interacts only with TIGIT, and not with CD226 and CD96 25, but little is known about
the functional role of TIGIT-nectin-4 interaction in anti-tumor immunity.
CD155 is expressed on monocytes, dendritic cells (DCs), fibroblasts and endothelial
cells, both in healthy tissues and in tumors. Additionally, CD155 is over-expressed on
cancer cells in human malignancies including colon cancer
27,

26,

lung adenocarcinoma

melanoma 28, pancreatic cancer 29, glioblastoma 30 and hepatocellular carcinoma 31.

Apart from its normal function in establishing cell-cell adhesion
as the receptor of polio virus

34.

32, 33,

it also functions

Expression of CD155 on tumor cells facilitates tumor

cell growth and migration by tumor-intrinsic mechanisms

30

and its overexpression is
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correlated with tumor progression and unfavorable prognosis

27-29.

However, loss of

CD155 on tumor cells not only reduces tumor growth by tumor-intrinsic mechanisms,
but also improves response to anti-PD-1 antibody therapy in mouse tumor models 35.
In addition, high CD155 expression in tumors is associated with resistance to anti-PD1 therapy in metastatic melanoma patients

36.

Moreover, PVRL1 (CD111, nectin-1)

promotes TIGIT-mediated T cell suppression by stabilizing CD155 on the surface of
HCC tumor cells, and PVRL1 knockdown in tumor cells in an HCC mouse model
resulted in reduced tumor growth in a CD8+ T cell-dependent manner

37.

These data

show that CD155 expression in tumors has dual tumor-promoting effects, both tumorintrinsic and by inhibition of anti-tumor immunity.
CD112 is expressed by DCs and monocytes 38 and over-expressed in different types
of cancers such as acute myeloid leukemia
cancers

43, 44.

39,

multiple myeloma

40-42

and epithelial

CD112 has higher affinity for CD112R (PVRIG) than for TIGIT, and

suppresses T cells mainly via binding to CD112R 45, 46 and not via TIGIT 47. Therefore,
it is reasonable to consider that modulation of T cell and NK cell functions via TIGIT is
mainly by mediated by interaction with CD155.

The mechanisms of TIGIT co-inhibition
While all co-inhibitory receptors have the ability to suppress T cell activation, they differ
in potency, kinetics of expression and with respect to the cellular signaling pathways
they alter. Whereas the co-inhibitory checkpoint CTLA-4 acts downstream of TCRinduced signaling by targeting downstream effectors of PI3K through activation of the
serine/threonine phosphatase PP2A 48, TIGIT acts more upstream 49. TIGIT can inhibit
CD8+ T cell proliferation and activation by directly acting on TCR expression itself as
engagement of TIGIT induces a down-regulation of the TCR-α chain and molecules
that comprise the TCR complex 18. In addition, TIGIT can reduce TCR-induced p-ERK
signaling in CD8+ T cells

49.

Binding of TIGIT on NK cells to its ligand CD155

suppresses NK-cell mediated cytotoxicity and IFN-γ production through signaling
cascades generated by ITIM and ITT-like motifs in its cytoplasmic tail22-24. However,
TIGIT exerts its functions not only by direct cell-intrinsic inhibitory signaling, but like
CTLA4 which blocks binding of its co-stimulatory counterpart CD28 to their shared
ligands CD80 and CD86, also in an indirect way. TIGIT can compete for ligand binding
with CD226 thereby reducing T-cell co-stimulation via CD226 50. In addition, TIGIT can
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prevent co-stimulatory signaling via CD226 by blocking CD226 homo-dimerization

51.

Finally, TIGIT can suppress T-cells indirectly by modulating functions of cells
expressing its ligand CD155. TIGIT expressed on CD4+ T cells induces IL-10 and
suppresses IL-12 production by DCs via CD155 ligation and thereby inhibits CD4+ T
cell proliferation and IFN-γ production

21.

The mechanisms of TIGIT co-inhibition of T

cells are illustrated in Figure 1.

Figure 1. Mechanisms of TIGIT inhibition in T cells. TIGIT displays multiple inhibitory
mechanisms in T cells. 1) TIGIT binds to CD155 and delivers intracellular inhibitory signals
which directly reduces TCR-expression and TCR signaling. 2) TIGIT binds to CD155 with much
higher affinity than its co-stimulatory counterpart CD226 and thereby can replace CD226 from
CD155 binding; 3) or disrupts CD226 homo-dimerization to inhibit CD226-mediated T cell
activation. 4) TIGIT binds to CD155 on APCs to induce IL-10 production and decrease IL-12
production which indirectly inhibits T cells. APCs, antigen-presenting cells. The figure is
adapted based upon the cartoon from Pauken KE et al.101
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TIGIT’s role in anti-cancer immunity
TIGIT is expressed on human tumor-infiltrating CD8+ T cells, NK cells, Th and Treg
cells in melanoma
glioblastoma

58

52, 53,

NSCLC

54, 55,

colon cancer

and hematological malignancies

51,

HCC

41, 59, 60.

31, 56,

gastric cancer

57,

Increased numbers of intra-

tumoral TIGIT+CD4+ and CD8+ T cells are associated with inferior patient outcomes
and poor survival in follicular lymphoma patients

59.

High TIGIT expression on

peripheral CD8+ T cells is associated with primary refractory disease in acute
myelogenous leukemia (AML) patients

61.

Circulating PD-1+TIGIT+CD8+ T-cell

populations are negatively correlated with overall survival rate and progression-free
survival rates in patients with hepatitis B virus associated HCC (HBV-HCC)

62.

These

data suggest a suppressive role of TIGIT in anti-tumor immunity in cancer patients. In
the next four paragraphs, we will discuss via which tumor-infiltrating immune cell
populations TIGIT may inhibit anti-tumor immunity, and how such inhibition could be
overcome.
TIGIT blockade synergizes with PD-1 blockade to enhance anti-tumor effects of
intra-tumoral CD8+ T cells
Generating CD8+ T cell antitumor responses is the major goal of most cancer
immunotherapies because it is considered that CD8+ T cells not only provide effective
immediate cytotoxicity against tumor cells, but also generate immunological memory
to sustain anti-tumor immunity. Knockdown of TIGIT was able to restore in vitro IFN-γ
and TNF-α production by circulating CD8+ T cells from AML patients 61. Nevertheless,
single TIGIT blockade achieved no or moderate anti-tumor efficacy in experimental
tumor models

37, 51, 56, 63

infiltrating CD8+ T cells

and in enhancing in vitro functionality of human tumor-

31.

However, since CD155-TIGIT interaction contributes to

cancer resistance to PD-1 blockade

35, 36,

inhibition of TIGIT may be a promising

strategy to increase the efficacy of PD-1 blockade therapy, especially to combat PD-1
inhibitor resistant tumors 37.
TIGIT is coordinately expressed with PD-1 on human and murine CD8+ TILs 51, 52, 56, 64,
65,

whereas CD226 expression is negatively associated with PD-1 expression on CD8+

TILs 31, 52. In mouse tumors, TIGIT marks a dysfunctional subset of CD8+ TILs that coexpresses high levels of PD-1 and TIM3

65, 66.

Similarly, co-expression of TIGIT and

PD-1 identifies dysfunctional CD4+ and CD8+ TIL subsets in human B-cell lymphoma

74

64.

We recently showed that in HCC patients TIGIT expression is up-regulated whereas

CD226 expression is down-regulated on CD8+ TILs that display high PD-1 expression.
These TIGIT+PD-1hiCD8+ T cells co-express exhaustion markers TIM3 and LAG3,
show functional defects in IFN-γ and TNF-α production, and demonstrate higher TOX
expression and lower TCF-1 expression compared to TIGIT+PD-1int CD8+ TILs,
together characterizing them as exhausted dysfunctional CD8+ TILs

31.

While

CD8+PD1intTIGIT+ T cells are found in tumors of all HCC patients, TIGIT-expressing
CD8+PD1hi TILs are present in a subset of HCC patients

31

and are associated with

poor prognosis 67, supporting their poor anti-tumor functions. Interestingly, it has been
demonstrated that in vitro PD-1 blockade upregulates TIGIT expression on NY-ESO1+ CD8+ T cells from melanoma patients

52,

and that TIGIT is the most-upregulated

immune checkpoint on CD8+ TILs upon anti-PD-1 treatment in a PD-1 non-responsive
HCC mouse model

37,

suggesting TIGIT as a plausible target to improve efficacy of

anti-PD-1 treatment.
In the MC38 colon carcinoma mouse model, TIGIT blockade alone led to a small but
uniform retardation of tumor growth. Anti-PD-1 treatment alone resulted in a variable
response with most mice showing initial tumor regression followed by escape and only
one mouse showing complete tumor regression. However, anti-TIGIT/anti-PD-1 coblockade increased IFN-γ, TNF-α and IL-2 in CD8+ TILs and resulted in complete tumor
regression in all mice 68. Likewise, in the CT26 colon carcinoma 51 and glioblastoma63
mouse models, co-blockade of TIGIT and PD-1/PD-L1 pathway synergistically
decreased tumor burden and improved survival by increasing IFN-γ+ CD8+ TILs51. In
HCC-bearing mice which were resistant to PD-1 blockade, dual blockade of TIGIT and
PD-1 expanded the effector memory CD8+ T cell population and increased ratio of
cytotoxic T cells to Treg in tumors, resulting in suppressed tumor growth and prolonged
survival

37.

Combined PD-1/TIGIT blockade resulted also in another mouse HCC

model in synergistic inhibition of tumor growth and significantly prolonged mice survival
56.

Furthermore, co-blockade of PD-1 and TIGIT increased the in vitro proliferation,

cytokine production and anti-tumor function of CD8+ TILs from HCC and melanoma
patients 31, 52.
The balance of TIGIT/CD226 expression on CD8+ T cells is important for proper CD8+
function, and the effect of TIGIT blockade is abrogated by CD226-blockade 31, 51, 69, 70,
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demonstrating that co-stimulation via CD226 is required for stimulatory effect of TIGIT
blockade on CD8+ T cells. CD226hi CD8+ T cells but not CD226lo CD8+ T cells are
required for anti-TIGIT or anti-PD-1 responses 70. Unfortunately, CD226 expression is
down-regulated on CD8+ TILs 52, 70, especially on CD8+PD1hi exhausted dysfunctional
CD8+ TILs 31 which have been shown to contain the majority of tumor-reactive cells55,
71.

Moreover, PD-1 signaling suppresses CD226 signaling 69. These mechanisms may

explain the limited effect of single TIGIT blockade on CD8+ TIL anti-tumor functions.
Interestingly, blockade of PD-1 restores CD226 co-stimulatory signaling

69,

and this

observation may explain the synergy between PD-1 and TIGIT blockade in enhancing
CD8+ TIL responses.
Together with pre-clinical 35, 37 and clinical data

36

showing that CD155 expression on

tumor cells contributes critically to resistance to anti-PD-1 immunotherapy, the preclinical data that demonstrate and mechanistically explain synergy between TIGITblockade and PD-1 blockade to enhance anti-tumor CD8+ T cell immunity, argue that
dual PD-1 and TIGIT blockade is a promising combinatorial approach to overcome
resistance to PD-1/PD-L1 single blockade. The interactions between the mechanisms
of T cell co-inhibition by TIGIT and PD-1 interactions are depicted in Figure 2.

Figure 2. Dual blockade of TIGIT and PD-1 has synergistic effects on intra-tumoral CD8+ T
cells. (A) CD226 co-stimulatory signaling is suppressed by both TIGIT and PD-1 signaling. (B)
Co-blockade of PD-1 and TIGIT synergizes to restore CD226 co-stimulatory signaling.
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Blockade of TIGIT on Tregs reduces their immunosuppressive functions
Tregs play a dominant role in the regulation of antitumor immunity, and suppress
multiple steps of the cancer immunity cycle. In contrast to the dampening action that
TIGIT ligation has on CD8+ T- and NK cell functions, the suppressive function of Treg
is enhanced by engagement of TIGIT on Treg. TIGIT is constitutively expressed in
most Tregs in humans

31, 72-74

and mice

72,

and agonistic TIGIT ligation augments the

suppressive function and stability of these cells 72, 74. Conversely, agonistic ligation of
74.

CD226 on Tregs disrupts their suppression

High TIGIT expression marks highly

active suppressive Tregs. Compared to TIGIT- Tregs, TIGIT+ Tregs express higher
levels of FoxP3, co-inhibitory molecules (ICOS, CTLA4, PD-1 and TIM3) as well as the
immunosuppressive cytokine IL-10, indicating that TIGIT+ Treg might be optimally
equipped for mediating immunosuppression 66, 72, 74. TIGIT+ Treg specifically suppress
pro-inflammatory T helper 1 (Th1) and Th17 cells, but not Th2 cell responses, and
ligation of TIGIT on Treg induces production of fibrinogen-like protein 2 which
suppresses effector T cell proliferation

72.

Additionally, TIGIT signaling in Tregs

upregulates CCR8 which may promote Treg migration and retention in tumor tissue 66,
75, 76

(Figure 3A).

TIGIT+ Treg have been demonstrated to accumulate both in mouse tumors
several types of human tumors

74, 77.

66

and in

In HCC TILs, Treg represent the population of

lymphocytes with highest TIGIT expression

31.

In contrast, CD226 is down-regulated

on tumor-infiltrating Treg, and a high TIGIT/CD226 expression ratio on tumorinfiltrating Tregs correlates with high Treg frequencies in tumors and poor clinical
outcome in melanoma patients treated with anti-PD1 and/or anti-CTLA4 immune
checkpoint blockade, suggesting that the TIGIT/CD226 ratio in Tregs is a marker of
Treg stability74. In an in vitro study, TIGIT blockade depleted FoxP3+ Tregs while
increasing proliferation of IFNγ-producing CD4+ T cells from peripheral blood from
patients with multiple myeloma41. Adoptive transfer experiments in mouse tumor
models have even suggested that TIGIT ligation dampens anti-tumor immunity
predominantly via regulatory T cells, rather than through a direct effect on TIGIT+CD8+
T cells 66. However, a study in which different T-cell subsets were depleted by specific
antibodies found that CD8+ T cell depletion as well as Treg depletion could abrogate
the anti-tumor effects of TIGIT-blockade in a mouse cancer model 65.
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Whether PD-1-blockade might synergize with TIGIT-blockade in reducing suppression
of intra-tumoral immunity Treg has not yet been investigated. The functional effects of
PD-1 expression on Tregs is still a matter of debate. On the one hand, PD-1-deficient
mouse Tregs have an enhanced suppressive capacity 78 and in vitro PD-L1 blockade
augmented the suppressive capacity of Treg from HCV-infected patients 79. Moreover,
PD-1 blockade enhanced the suppressive function PD-1+ Treg isolated from human
tumors

80.

On the other hand, interaction between PD-1 on Tregs from mice with

chronic LMCV-infection with PD-L1 expressed on CD8+ T cells was found to contribute
to their capacity to suppress CD8+ T cell functions 81 and blockade of PD-L1 has been
shown to reduce the in vitro suppressive function of human tumor-infiltrating Treg 77.
Therefore, PD-1/PD-L1 blockade may either enhance or reduce the suppressive
capacity of PD-1-expressing Treg in the tumor micro-environment. In both cases, coblockade of TIGIT may be beneficial. If PD-1/PD-L1 blockade enhances intra-tumoral
Treg immunosuppression, this mechanism may serve as a resistance mechanism
against PD-1/PD-L1 blockade, which is supported by recent data in cancer patients
treated with anti-PD-1 antibody 80. In this case, co-treatment with a blocking anti-TIGIT
antibody may counteract this resistance mechanism (Figure 3B). Alternatively, if PD1 and TIGIT expressed on chronically activated Treg present within the tumor microenvironment both contribute to their strong suppressive capacity, PD-1 blockade may
synergize with TIGIT-blockade in reducing local immune-suppression exerted by
tumor-infiltrating Treg functions. Both mechanisms may contribute to the synergistic
effect of dual TIGIT/PD-1 blockade on anti-tumor immunity observed in pre-clinical
models, and both hypotheses are worth to be investigated.
The role of TIGIT in regulation of memory CD4+ T cells in cancer is underinvestigated
The requirement for CD4+ T cells in anti-tumor responses has been attributed to
providing help during priming to achieve full activation and effector function of tumorspecific CD8+ T cells

82.

Mouse TIGIT–/– CD4+ T cells showed increased proliferation

upon re-stimulation with antigenic peptide, and produced higher amounts of IFN-γ and
lower amounts of IL-10, indicating a T cell intrinsic opposite effect in regulating IFN-γ
versus IL-10 production in CD4+ T cells 18. Moreover, the interaction of TIGIT on mouse
Th with CD155 on DCs induced phosphorylation of CD155 and consequently

78

upregulation of IL-10 production and downregulation of IL-12 production by DC, which
suggests the existence of an IL-10-driven feedback loop for TIGIT-mediated Th cell
suppression 21. TIGIT is expressed on around 20% of intra-tumoral Th in HCC patients,
but not over-expressed compared to Th in tumor-free liver tissue and in the circulation
31.

Similar to CD8+ T cells and Treg, CD226 is downregulated on intra-tumoral Th in

HCC patients. In contrast, TIGIT is highly expressed on effector memory (around 80%),
effector (around 50%) and central memory (around 40%) CD4+ T cells in follicular
lymphoma patients49. PD-1+TIGIT+ CD4+ T cells from non-hodgkin lymphoma patients
produced lower amounts of IL2, IFN-γ and TNF-α compared to other subsets after restimulation

64,

suggesting loss of poly-functionality. Indeed, tumor-infiltrating CD4+ T

cells expressing IL2 were increased after TGIT blocking mAb treatment in a head and
neck squamous cell carcinoma mouse model

65.

Moreover, animals treated with dual

anti-TIGIT/PD-1 antibodies showed increased IFN-γ secretion by CD4+ TILs in the
MC38 colon tumor mouse model, compared to single anti-PD-1 treatment 68. There are
few studies which investigated TIGIT function in regulation of T helper cells in tumors,
and this requires further investigation.

Figure 3. Ligation of TIGIT on Tregs contributes to dampening of anti-tumor immunity. (A)
Ligation of TIGIT augments suppressive function of Tregs, which inhibits Th1/17 cell, CD8+ T
cell or NK responses via production of Fgl2 and IL-10. On the contrary, PD-1 ligation may
reduce Treg suppressive function. (B) Single blockade of PD-1 may enhance Treg
immunosuppression, whereas dual blockade of TIGIT and PD-1 may counteract this resistance
mechanism.
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Blockade of TIGIT on NK cells augments anti-tumor immunity
NK cells not only detect and identify malignant cancer cells, but they also induce cancer
cell death

83, 84,

e.g. by destroying MHC class I-deficient tumor cells which are

refractory to CD8+ T cell-mediated immunity. In contrast, lack of MHC class I
expression renders cells vulnerable to NK cell killing, because they are devoid of a
major NK-cell inhibitory mechanism exerted by binding of self-MHC class I to inhibitory
Killer Immunoglobulin Receptors (KIR) and NKG2A/CD94. Interestingly, defects in
MHC class I presentation are relatively frequent in cancer cells. Moreover, mutations
in β2-microglobulin which cause lack of surface MHC class I expression are also
involved in acquired resistance to anti-PD-1 therapy

85, 86.

For these tumors,

appropriate activation of NK cells in the tumor microenvironment may be a promising
alternative therapeutic option 87. In addition, NK cells help to trigger a more robust antitumor T-cell response by engaging other immune cells 88, 89. For example, CD8+ T cell
responses against tumor cells are stimulated by NK-initiated cytokine production 89-91.
TIGIT expression on tumor-infiltrating NK cells is associated with tumor progression
and is linked to functional exhaustion of NK cells in multiple cancer models 92. NK cell
functions are regulated by the net balance of signals perceived by their activating and
inhibiting receptors. The CD226 activating receptor and the TIGIT and CD96 inhibitory
receptors have been shown to be key regulators of anti-tumor immune responses by
NK cells. They share the same ligand CD155

93.

In this review, we will focus on the

role of TIGIT in regulating anti-tumor functions of NK cells. In the B16 melanoma
mouse model, NK cell-specific TIGIT-deficiency led to improved survival. Additionally,
it induced a lower frequency of tumor-infiltrating CD8+ T cells expressing TIGIT and
TIM3, which suggested that NK cells expressing TIGIT might also indirectly contribute
to the exhaustion of CD8+ T cells

92.

Blockade of TIGIT inhibited tumor growth and

prevented exhaustion of tumor-infiltrating NK cells in the CT26 colon carcinoma mouse
model

92.

Mechanistically, tumor cells expressing CD155 impair NK cell functions by

downregulating their CD226 expression 94, 95. CD155-/- mice displayed reduced tumor
growth and metastasis via CD226 upregulation and enhanced effector functions of NK
cells

35.

Similarly, NK cell-specific TIGIT-deficiency resulted in a greater frequency of

intra-tumoral NK cells expressing CD226 in the B16 melanoma mouse model

92.

Furthermore, antibody blockade of nectin-4 suppresses human tumor growth in SCID
mice transplanted with human NK cells, while nectin-4 overexpression in human tumor
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cells led to increased tumor growth in the presence of human NK cells

25.

However,

whether TIGIT blockade synergizes with PD-1 blockade to improve NK cell cytotoxicity
is as yet unknown. Notably, IL-15 can increase the expression of both CD226 and
TIGIT by intra-tumoral NK cells

95,

and combination therapy of IL-15 and TIGIT

blockade increased cytotoxicity of NK cells against melanoma and suppressed lung
metastasis in mouse melanoma models. The authors suggest the development of
novel combinatorial immunotherapy with IL-15 and TIGIT blockade to promote NK cellmediated destruction of MHC class I-deficient melanoma, which are refractory to CD8+
T cell-mediated immunity 95.
In humans TIGIT was shown to have variable expression on NK cells, and high TIGIT
expression correlated with reduced NK cell functions

96.

A TIGIT/CD226 dysbalance

with high TIGIT and low CD226 expression on intra-tumoral NK cells been shown in
multiple human tumors, e.g. colorectal cancer (CRC) 95, ovarian cancer97 and HCC 98,
and compromises intra-tumoral NK cell functions. In vitro blockade of the TIGIT
pathway significantly increased functions of circulating NK-cells, particularly in NK cells
with high levels of TIGIT expression

96.

TIGIT+ NK cells from metastatic melanoma

patients displayed a lower cytolytic activity than TIGIT– NK cells against CD155+ MHC
class I-deficient melanoma cells

95.

TIGIT blockade boosts in vitro functional

responsiveness of ovarian cancer ascites-derived CD56dim NK cells in patients with
baseline reactivity against ovarian cancer tumor cells 97. Blocking TIGIT was shown to
increase circulating NK cell cytotoxicity against HCC cell lines, suggesting that
targeting TIGIT may be a beneficial approach to improve NK cell function in HCC
patients

98.

Gur C et al. showed that a CRC-associated bacterium (Fusobacterium

nucleatum) inhibits human NK cells via TIGIT, which can be blocked by anti-TIGIT
antibody

99,

suggesting that NK-cell responses in CRC can be suppressed by the gut

microbiome in a TIGIT-mediated fashion. Collectively, TIGIT blockade has
convincingly been shown to enhance anti-tumor NK cell responses. The interaction of
TIGIT on NK cells with its ligands and the effect of anti-TIGIT and IL-15 co-treatment
on NK cells are illustrated in Figure 4.
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Figure 4. Blockade of TIGIT on NK cells augments anti-tumor immunity. (A) NK cells
expressing TIGIT are functionally impaired by binding to CD155 and nectin-4, and in colorectal
cancer to Fap2 protein produced by a gut bacterium. (B) TIGIT blockade not only interrupts
inhibitory signaling by TIGIT in NK cells, but also allows interaction of the co-stimulatory
receptor CD226 with CD155. IL-15 treatment increases TIGIT and CD226 expression on NK
cells. Thus IL-15 combined with TIGIT blockade further enhanced NK cells anti-tumor functions,
especially promoting NK cell-mediated destruction of MHC class I-deficient tumors.

TIGIT in clinical trials to treat cancer
Over last two years, the above mentioned immunomodulatory effects of TIGIT have
attracted the attention from pharmaceutical companies worldwide. Currently, nine
human anti-TIGIT mAbs are being tested in 43 phase 1/2/3 clinical trials either as a
monotherapy or, in most studies, in combination with anti-PD-1/PD-L1 antibodies or
chemotherapies for the treatment of advanced solid tumors, and in two trials in multiple
myeloma (Table 1). Recently, the first data of its clinical efficacy have been reported.
Interim data from an ongoing global phase II trial (CITYSCAPE) demonstrated the
improved efficacy of an anti-TIGIT antibody tiragolumab in combination with anti-PDL1 antibody atezolizumab compared to atezolizumab alone in PD-L1-positive
metastatic NSCLC patients100 in terms of overall response and progression free
survival. Importantly, all grade 3-5 adverse events (AEs) were similar in both groups
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(48% vs 44%) 100, in accordance with pre-clinical data showing limited immunotoxicity
in TIGIT-deficiency in mice, as discussed earlier.

Concluding remarks
Therapeutic immune checkpoint inhibition has revolutionized cancer treatment, and
recent experience has made clear that combination therapies that target multiple CPI
are more effective than monotherapies. TIGIT has been shown to be expressed by
dysfunctional CD8+ T cells and NK cells, as well as highly immunosuppressive
regulatory T cells in mouse and human tumors. Its main ligand CD155 is overexpressed in several types of cancer and hampers immune surveillance by interacting
with TIGIT on these immune cells. Preclinical studies have demonstrated that blocking
TIGIT-signaling improves CD8+ T-cell and NK-cell responses and reduces suppressive
functions of regulatory T cells. However, single TIGIT-blockade has minimal effects on
tumor growth in most experimental tumor models, and is also insufficient to reinvigorate
functions of human tumor-infiltrating CD8+ T cells. TIGIT-blockade synergizes with PD1/PDL-1 blockade to enhance anti-tumor CD8+ T-cell immunity in pre-clinical models,
and is even effective in mouse tumors models that are resistant of PD-1 blockade, thus
providing hope for clinical efficacy in patients with anti-PD1 resistant tumors. A unique
property of TIGIT among inhibitory immune checkpoints is that its blockade not only
augments anti-tumor effector CD8+ T-cell responses, but also anti-tumor NK-cell
responses, and reduces the suppressive capacity of regulatory T cells. Whether TIGIT
blockade can enhance T-helper cell responses it largely unknown. The clinical proof of
its efficacy, especially for cancers that are resistant against single anti-PD1 therapy, in
ongoing clinical trials is eagerly awaited for.
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Abstract
Background and aims: TIGIT is a co-inhibitory receptor and its suitability as a target
for cancer immunotherapy in HCC is unknown. PD1 blockade is clinically effective in
about 20% of advanced HCC patients. Here we aim to determine whether co-blockade
of TIGIT/PD1 has added value to restore functionality of HCC tumor-infiltrating T cells
(TILs).
Methods: Mononuclear leukocytes were isolated from tumors, paired tumor-free liver
tissues (TFL) and peripheral blood of HCC patients, and used for flowcytometric
phenotyping and functional assays. CD3/CD28 T-cell stimulation and antigen-specific
assays were used to study the ex vivo effects of TIGIT/PD1 single or dual blockade on
T-cell functions.
Results: TIGIT was enriched whereas its co-stimulatory counterpart CD226 was
downregulated on PD1highCD8+ TILs. PD1highTIGIT+CD8+ TILs

co-expressed

exhaustion markers TIM3 and LAG3, and demonstrated higher TOX expression.
Furthermore, this subset showed decreased capacity to produce IFN-γ and TNF-α.
Expression of TIGIT-ligand CD155 was upregulated on tumor cells compared to
hepatocytes in TFL. Whereas single PD1 blockade preferentially enhanced ex vivo
functions of CD8+ TILs from tumors with PD1highCD8+ TILs (high PD1 expressers), coblockade of TIGIT and PD1 improved proliferation and cytokine production of CD8+
TILs from tumors enriched for PD1int CD8+ TILs (low PD1 expressers). Importantly, ex
vivo co-blockade of TIGIT/PD1 improved proliferation, cytokine production and antitumor cytotoxicity of CD8+ TILs compared to single PD1 blockade.
Conclusions: Ex vivo, co-blockade of TIGIT/PD1 improves functionality of CD8+ TILs
that do not respond to single PD1 blockade. Therefore co-blockade of TIGIT/PD1 could
be a promising immune therapeutic strategy for HCC patients.
Key words: TIGIT; CD226; TOX; HCC; immunotherapy
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Introduction
Liver cancer is the sixth most common cancer and the fourth most frequent cause of
cancer-related death worldwide in 20181. Hepatocellular carcinoma (HCC) comprises
75%-85% of all liver cancer cases1. Most patients are diagnosed at a late stage and
their median survival is less than 2 years 2. Efforts are underway to identify new
therapies for the treatment of advanced HCC. Recently, cancer immunotherapies
targeting the co-inhibitory PD1/PD-L1 pathway achieved survival benefit in multiple
cancers, with the FDA approval of anti-PD1 antibody nivolumab for HCC treatment in
2017 3, and pembrolizumab in 2018 4.
Anti-PD1 therapy results in objective response rates of 16-20% in patients with
advanced HCC3, 4, but does not prolong survival in HCC patients previously treated
with sorafenib5. In an effort to improve the response rate of anti-PD1 therapy,
combination therapies with blockade of other inhibitory immune checkpoints are being
investigated. Anti-PD1/PD-L1 treatment in combination with anti-cytotoxic Tlymphocyte associated protein 4 (CTLA-4) is highly efficacious in melanoma and
advanced non-small-cell lung cancer

6-8.

The combination of anti-PD1 with anti-cell

immunoglobulin and mucin domain 3 (TIM-3)9, 10 have demonstrated promising results
in pre-clinical studies. Our group previously found that the combined blockade of PDL1 with TIM3, lymphocyte- activation gene 3 (LAG3), or CTLA-4 further restored
responses of human HCC tumor-derived T cells to tumor associated antigens (TAAs)
in ex vivo assays compared to single PD-L1 blockade11.
T cell immune receptor with Ig and ITIM domains (TIGIT) is a novel co-inhibitory
molecule in cancer immunotherapy. TIGIT has a co-stimulatory counterpart called
CD226 (DNAM-1). Both are expressed on multiple immune cell subsets, including
activated and memory T cells, regulatory T cells (Treg), and natural killer (NK) cells1215.

These two receptors share the same ligand CD155 (also known as PVR, poliovirus

receptor), but TIGIT has higher affinity for CD155. CD155 is highly expressed on
dendritic cells (DCs), fibroblasts, endothelial cells and some tumor cells12, 16, 17. It has
been shown that TIGIT exerts immunosuppressive functions by inhibiting IL-12 and
enhancing IL-10 production by DCs through CD155, thereby inhibiting CD4+ T cell
proliferation and IFN-γ production12. Furthermore, TIGIT can directly suppress T cell
functions by cell-intrinsic inhibitory signaling18. Finally, TIGIT can compete for ligand
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binding with CD226 thereby reducing T-cell co-stimulation via CD22619 and can
prevent co-stimulatory signaling via CD226 by blocking CD226 homo-dimerization20.
Interestingly, TIGIT is expressed on tumor-infiltrating T cells (TILs) in several types of
human tumors, and its expression on TILs correlates with PD1 expression20-22. TIGIT
and PD1 were also found to be co-expressed on tumor antigen (TA)-specific CD8+ T
cells from melanoma patients23 and dual TIGIT/PD-L1 blockade synergistically elicits
tumor rejection in mouse cancer models20, 24 and increases in vitro proliferation and
cytokine production of TA-specific CD8+ T cells from melanoma patients23. Therefore,
clinical trials on co-blockade of TIGIT with PD1/PD-L1 in multiple solid tumors are
ongoing (BMS: NCT02913313, Genetech:NCT02794571, NCT03563716, Oncomed:
NCT03119428).
To which extent TIGIT is expressed on TILs of HCC patients and whether TIGIT
blockade alone or in combination with PD1 blockade can reinvigorate TILs of HCC
patients is still unknown. Here, we compared expression of TIGIT and its co-stimulatory
counterpart CD226 on T cells isolated from tumors, paired tumor free liver tissues (TFL)
and peripheral blood (PB) of HCC patients, characterized TIGIT-expressing CD8+ TIL,
and studied the effects of single and combined TIGIT/PD1 blockade on ex vivo TIL
responses.
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Materials and methods
Patients
A total of 47 HCC-patients who were eligible for surgical tumor resection were enrolled
in the study between June 2015 and Nov 2020. Paired fresh liver tumor and TFL
tissues, cut out at a minimal distance of ≥1 cm from the tumor, were used for isolating
TILs and intrahepatic lymphocytes. In addition, PB was collected on the day of
resection. None of the patients received systemic anti-cancer therapy or
immunosuppressive treatment at least 3 months before surgery. The clinical
characteristics of the patients are summarized in Table 1. The study was approved by
the local ethics committee, and all specimens were obtained after written informed
consent.
Cell Preparation
Single cell suspensions from PB, tumors and TFLs were obtained as described
previously25. Fresh tissue was cut into small pieces and digested in Hanks’ Balanced
Salt solution with Ca2+ and Mg2+ (Sigma, the Netherlands) with 0.125 mg/ml of
collagenase IV (Sigma-Aldrich, USA) and 0.2 mg/mL of DNase I (Roche, USA) for 30
minutes at 37°C with magnetic bead stirring. Cell suspensions were filtered through
100 µm cell strainers (BD Biosciences, Belgium) and mononuclear cells (MNCs) were
obtained by Ficoll density gradient centrifugation. CD45+DAPI- leukocytes were
quantified using a MACSQuant flow cytometer (Miltennyi Biotech, Germany) after
being stained with a mixture of DAPI, CD3 and CD45 antibodies.
Polyclonal T cell stimulation
TILs of HCC patients were suspended in RPMI medium supplemented with 10%
normal human serum, 2 mM L-glutamine, 50 mM Hepes buffer, 1% penicillinstreptomycin, 5 mM sodium pyruvate, and 1% minimum essential medium
nonessential amino acids. 5x104 CD45+ TILs were seeded in each well of a 96-well
round-bottom culture plate and stimulated with a suboptimal amount of CD3/CD28
beads (beads to TILs ratio ranging from 1:10 to 1:800). Blocking mouse anti-human
TIGIT antibody (clone MBSA43, eBioscience, USA) was chosen based on the referred
article26 and used at 10 and 20 µg/mL. Blocking human anti-human PD1 antibody
(nivolumab, Bristol-Myers Squibb; provided by the Erasmus MC hospital pharmacy)
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was used at 10 µg/mL, which was based on the referred article 27. Blocking anti-CD226
antibody clone DX11 (BD Biosciences) was used at 20 µg/mL according to previous
studies19, 28,

29.

Isotype control antibodies mIgG1 (clone MOPC-21, Biolegend) and

hIgG4 (clone QA16A15, Biolegend) were added at 20 µg/mL and 10 µg/mL
respectively. T cell proliferation was determined after 4 days of culture based on Ki67expression in CD3+CD8+ T cells on a FACSCanto II flow cytometer, and analyzed using
FlowJo software Version 10 (Tree Star, USA). Dead cells were excluded by Aqua
live/dead fixable dye (Thermo Fisher scientific) according to manufacturer’s
instructions. To measure intracellular IFN-γ produced by CD8+ TILs, TILs were
restimulated with anti-CD3/CD28 beads on day 3 after polyclonal stimulation and
Golgistop (containing monensin) was added (1:1500 dilution, BD Biosciences). After
additional 24 hours of incubation, TILs were harvested and subjected to intracellular
cytokine staining.
Antigen specific stimulation
To test the effects of dual TIGIT/PD1 blockade on tumor-specific T-cell immunity, we
used an antigen specific assay as described in our previous HCC-research11, 30. Briefly,
autologous B-cell blasts served as APC, and were electroporated with mRNA encoding
GPC3 or MAGEC2, two tumor antigens that are frequently expressed in HCC tumors31.
Importantly, the sequences encoding the tumor antigens in the mRNA’s are directly
followed by a sequence encoding the transmembrane and luminal regions for DCLamp, which is a targeting signal for the endolysosomal compartment resulting in
peptide loading in MHC class II as well as in MHC class I and thereby presentation to
CD4+ and CD8+ T cells. TILs were stained with CFSE, and co-cultured with GPC3
mRNA- and/or MAGEC2 mRNA-, or eGFP (irrelevant control antigen) mRNAtransfected autologous B-cell blasts with a TIL:B cell ratio of 1:1, and proliferation of
CD8+ T cells was measured using flow cytometry on day 6.
Ex vivo cytotoxicity assay
HepG2 HCC cells expressing RFP-H2B upon lentiviral transfection, were used as
target cells. RFP-H2B transduced cells give fluorescence in the Percp channel, thus
enabling better differentiation between CD45+ leucocytes and HepG2 cells. CD3+ TILs
isolated using CD3 microbeads (Miltenyi Biotec, Germany) were used as effector cells.
HepG2 cells were pre-treated with IFN-γ for 48 hours to induce PD-L1 expression.
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CD3+ TILs were pre-activated for 3 days with anti-CD3/CD28 beads, and then cocultured with IFN-γ-treated HepG2 cells in a ratio of 10:1 in absence or presence of
nivolumab or nivolumab plus anti-TIGIT antibody, or corresponding isotype control
antibodies (mentioned above). After 96 hours of co-culture, the remaining HepG2 cells
were quantified using a MACSQuant flow cytometer.
Statistical analysis
The distribution of all data sets was analyzed for normality using the Shapiro-Wilk test.
The differences between paired groups of data were analyzed according to their
distribution via paired t test or Wilcoxon matched pairs test. Differences between
different groups of patients were analyzed via t test or Mann-Whitney test. Spearman’s
rank correlation test for nonparametric data and Pearson’s correlation test for
parametric data were used to analyze the correlation between two factors. Statistical
analysis was performed using GraphPad Prism 8.0. P value less than 0.05 was
considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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Table 1. Patient Characteristics
Sex (male /female)
Age at surgery (years)**
Race (Caucasian/Asian/African)
Cirrhosis (Yes/no)
Tumor size (cm)**
Tumor number (1/2)
AFP level before resection (ug/L)
<20/ 20-400/ >400/ unknown

HCC patients* (n=47)
35/12
67 ± 10
39/4/4
17/30
8.7 ± 5.5
43/4
26/8/12/1

*Etiology of liver disease: no known liver disease (n=19 ), Hepatitis B/C (n= 7/5),
Alcohol-related liver disease (n= 1), non-alcoholic steatohepatitis (NASH)/non-alcoholic fatty
liver disease(NAFLD) (n= 15)
** Median ± SD.
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Results
TIGIT/CD226 ratio is increased on intratumoral CD8+ T and Treg cells
We compared the expression of TIGIT and CD226 on CD8+ T cells, CD4+FOXP3+ Treg
and CD4+FOXP3- Th cells in HCC tumors, paired TFL and blood. Gating strategy is
shown in Fig.S1A. In all tissue compartments, TIGIT was expressed on CD8+ T cells
and Th, whereas the highest expression was found on Treg (Fig.1A-1D). In contrast,
compared to TFL and blood, significantly reduced proportions of CD8+ T and Treg cells
in tumor expressed CD226 (Fig.1A-1D and S1B). In addition, the median fluorescent
intensities (MFI) of TIGIT on CD8+, Treg and Th cells in tumor and TFL did not differ
much, whereas the MFI of CD226 was considerably decreased in tumor compared to
TFL (Fig.S1C and S1D). As a result, ratios of TIGIT/CD226 frequencies and MFI of
both CD8+ T and Treg cells were highest in the tumor (Fig.1E and S1E). We observed
limited co-expression of TIGIT and CD226 on T cell subsets in all three tissue
compartments (Fig.1F). Importantly, the TIGIT+CD226- T cell fractions were increased
significantly in Treg and Th in the tumor compared to TFL (Fig.S1F).
These data suggest that tumor-infiltrating CD8+ T cells receive mainly co-inhibitory
signals (via TIGIT) and less co-stimulatory signals (via CD226) from CD155expressing cells. In addition, increased TIGIT/CD226 ratios on Treg may enable Treg
to be highly sensitive to TIGIT signals that can enhance their suppressive function32.
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Figure 1. TIGIT/CD226 ratio is increased on intratumoral Treg and CD8+ T cells. (A-C) Flowcytometry plots of TIGIT and CD226 expression on tumor-infiltrating CD8+ T, Treg and Th cells.
(D) The percentages of TIGIT and CD226 positive cells among CD8+ T, Treg and Th cells in
blood, TFL and tumor (n=28). (E) The frequency ratio of TIGIT/CD226 in CD8+ T, Treg and
Th cells. (F) The mean percentage of co-expression of TIGIT and CD226 among CD8+ T, Treg
and Th cells in tumors, TFL and blood from HCC patients (n=16). Dots represent individual
patients. Bars represent means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

TIGIT is enriched and CD226 is downregulated on intratumoral PD1high CD8+ TILs
Consistent with Kim et al

33

and Ma et al

34,

we observed two subgroups of HCC

patients based on the presence or absence of a distinct PD1high subpopulation in
tumor-derived CD8+ T cells. HCC patients with a PD1high CD8+ TILs population were
termed high PD1 expressers (Fig.2A and S2A), whereas patients with only PD1intermediate CD8+ TILs were called low PD1 expressers (Fig.2A and S2B). High PD1
expressers comprised 68% of the total analyzed population (Fig.2A). All tumor-derived
PD1high CD8+ T cells expressed TIGIT (Fig.2B). The PD1high TIGIT+ fraction comprised
on average 58% of the total CD8+ TILs, and part of these cells co-expressed the co-
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inhibitory receptors TIM3 and LAG3 (Fig.2B and S2C). Interestingly, in contrast to
TIM3 and LAG3, TIGIT was also expressed on a subset of CD8+PD1int TILs in high
PD1 expressers (Fig.2B). Moreover, this subset showed higher expression of CD226
than PD1high CD8+ TILs (Fig.2B). High PD1 expressers had significantly increased
frequencies of TIGIT-expressing CD8+ TILs, but in low PD1 expressers percentages
of CD226-expressing CD8+ TILs were enhanced. MFI of TIGIT and CD226 showed the
same differences (Fig.2C). In high PD1 expressers, ratios of TIGIT/CD226 on CD8+ T
cells were upregulated in tumor compared to TFL and blood (Fig.2D) and correlated
positively with the frequencies of PD1high CD8+ TILs (Fig.S2D). In low PD1 expressers,
ratios of TIGIT/CD226 on CD8+ T cells did not differ between tumor, TFL and blood
(Fig.S2E). Within high PD1 expressers, both the frequencies and MFI of TIGIT
increased step-wise according to the level of PD1 expression on CD8+ T cells (Fig.2E),
whereas CD226 frequency and MFI were negatively associated with PD1 expression
(Fig.2F). Consequently, the ratio of TIGIT/CD226 was strongly enhanced in tumorinfiltrating PD1high CD8+ T cells, but only minimally on PD1intCD8+ compared to PD1CD8+ TILs (Fig.2G). In low PD1 expressers, TIGIT expression was minimally increased
in PD1int CD8+ compared to PD1- CD8+ TILs (Fig.2H) whereas CD226 did not show
any difference (Fig.2I). The ratios of TIGIT/CD226 on PD1int and PD1- CD8+ TILs in
low PD1 expressers were all below 1 (Fig.2J). Nevertheless, the PD1intTIGIT+ fraction
of total CD8+ TILs in low PD1 expressers was larger than in high PD1 expressers (on
average 37% of total CD8+ TILs (Fig.S2F) versus 14% (Fig.2B), respectively. The
frequencies of PD1highCD8+, TIGIT+ CD8+ T cells and the ratios of TIGIT/CD226 on
CD8+ TILs correlated positively with serum AFP concentrations in individual patients
(Fig.S2G-S2I).
Collectively, in high PD1 expressers TIGIT expression correlated with PD1 expression,
and TIGIT/CD226 ratios were maximally increased on PD1high CD8+ TILs, whereas in
low PD1 expressers CD8+ TIL contain a larger proportion of PD1int cells with
TIGIT/CD226 ratios smaller than 1.
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Figure 2. TIGIT is enriched and CD226 is down-regulated on intratumoral PD1high CD8+ T
cells. (A) Flow-cytometry plots revealed stratification of HCC patients based on differential
PD1 expression on tumor-infiltrating CD8+ T cells. The gate to define the PD1high subsets was
set based on the intermediate PD1 expression of CD8+ TILs. The percentage of High PD1
expresser and its association with etiology are shown (n=44). (B) Flow-cytometry plots of coexpression of PD1 and TIGIT, CD226, TIM3 and LAG3 in High PD1 expressers. Percentages
of coexpression of TIGIT and PD1 were shown (n=16). (C) Expression of TIGIT and CD226
on CD8+ TILs in high or low PD1 expressers. (D) Ratios of TIGIT/CD226 in blood, TFL and
tumor. (E-F) Expression of TIGIT and CD226 in the PD1-, PD1int and PD1high subsets of CD8+
TILs in high PD1 expressers (n=10). (G) Ratios of TIGIT/CD226 in PD1-, PD1int and PD1high
subsets of CD8+ TILs high PD1 expressers (n=10). (H-I) Expression of TIGIT and CD226 in
the PD1- and PD1int subsets of CD8+ TILs in High PD1 expressers (n=7). (J) Ratios of
TIGIT/CD226 in PD1- and PD1int subsets of CD8+ TILs in low PD1 expressers (n=7). Dots
represent individual patients. Bars show mean or mean ± SEM.
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PD1highTIGIT+ CD8+ TILs are functionally exhausted with high TOX expression
TOX has been identified as a major driver of epigenetic changes associated with CD8+
T cell exhaustion and has a role in maintaining survival of exhausted T cells35-37. A
TCF1+ stem cell-like progenitor population exists with exhausted CD8+ TILs that might
be responsible for the proliferative and functional responses that occur following
immune checkpoint blockade38-40. We therefore examined TOX and TCF1 expression
in the different CD8+ TIL subsets. In High PD1 expressers, the expression of TOX was
specifically upregulated in PD1highTIGIT+ CD8+ TILs, whereas TCF1 expression was
downregulated in this subset (Fig.3A-3C). PD1highTIGIT+ CD8+ TILs also expressed
higher levels of activation markers Ki67, CD38 and HLA-DR (Fig.3D-3F). Coexpression of CD39 and CD103 identifies tumor-reactive CD8+ T cells in multiple
human solid tumors41. Here we found a higher frequency of CD39+CD103+ cells in
PD1highTIGIT+ CD8+ TIL subset compared to other subsets (Fig.3G).
Since dysfunctional production of cytotoxins is a feature of exhaustion, we analyzed
their intracellular expression directly ex vivo. The expression of granzyme B (GzmB)
and perforin was significantly reduced in the PD1high TIGIT+ fraction compared to PD1int
TIGIT+ fraction (Fig.3H). Interestingly, the PD1intTIGIT+ CD8 TIL subset tended to
contain the most cytotoxins (Fig.3H). Furthermore, we stimulated TILs with phorbol 12myristate 13-acetate (PMA) and ionomycin to assess effector cytokine production by
flow cytometry. The percentages of TNF-α-and IFN-γ-producing cells were lowest in
PD1highTIGIT+ cells compared to the other CD8+ TIL fractions (Fig.3I).
PD1highTIGIT+ CD8+ T cells were also present in TFL of High PD1 expressers
(Fig.S3A), and part of these cells expressed TIM3 but not LAG3 (Fig. S3B-C).
However, although this subset showed a decreased TCF1 level, it did not upregulate
TOX (Fig.S3D-E). Notably, CD226 was not down-regulated and the ratios of
TIGIT/CD226 were only modestly increased in PD1high CD8+ T cells in TFL (Fig.S3FH) compared to those ratios on PD1high CD8+ TILs (Fig.2H). The expression of perforin
but not GzmB was significantly reduced in the PD1high TIGIT+ fraction compared to
PD1int TIGIT+ fraction in TFL (Fig.S3I).
These data demonstrate that in contrast to PD1int CD8+ TIL, PD1highTIGIT+ CD8+ TILs
are highly activated, terminally differentiated dysfunctional T cells, characterized by
high TOX expression.
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Figure 3. PD1highTIGIT+ CD8+ TILs are functionally exhausted with high TOX expression. (A)
Flow-cytometry plots of TOX and TCF1 expression in PD1-, PD1int and PD1high CD8+ TILs. (BF) Expression of TOX, TCF1, Ki67, CD38 and HLA-DR in four subsets of CD8+ TILs in High
PD1 expressers. Dots represent individual patients and bars show mean. (G) Coexpression of
CD39 and CD103 in four subsets of CD8+ TILs in high PD1 expressers. (H) The percentages
of intracellular granzyme B and perforin expression in four subsets of CD8+ TILs in high PD1
expressers. (I) Production of IFN-γ and TNF-α by four subsets of CD8+ TILs in high PD1
expressers after PMA/ionomycin stimulation.*P < 0.05, **P < 0.01, ***P < 0.001.
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CD155 is present on tumor-infiltrating APCs and overexpressed on HCC tumor
cells
As CD155 is the high affinity ligand for TIGIT and CD226, we analyzed CD155
expression on APC subsets in tumors . We focused on three major APC subsets,
CD45+BDCA1+CD19- conventional dendritic cells (cDC), CD45+CD14+ monocytes/
macrophages, and CD45+CD19+ B cells (Fig.S4A). The percentages of cDCs,
monocytes /macrophages and B cells in tumor tissues did not significantly differ from
those in TFL (Fig.4A). Prominent expression of CD155 was found on cDC and
monocytes, and low expression on B cells (Fig.4B-4C and S4B). Both frequencies and
MFI of CD155 expression on APCs in tumor did not differ with that in TFL and blood.
We also examined CD155 protein expression on tumor cells using tissue microarrays
with cores of tumors and tumor-free liver tissues from 97 HCC-patients by
immunohistochemistry (described previously in31, 42). We found that most tumor cells
express CD155 and that expression was significantly upregulated on tumor cells
compared to hepatocytes in TFL tissue (Fig.4D-4E).
These

data

demonstrate

that

CD155

is

highly

expressed

in

the

tumor

microenvironment, suggesting that TIGIT+ TILs interact with CD155+ cells within the
tumor which might result in T cell inhibition.
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Figure 4. CD155 is present on tumor-infiltrating APCs and overexpressed on HCC tumor cells.
(A)The percentages of B cells, cDC, and monocytes within CD45+ cells from tumor, TFL and
blood. Dots represent individual patients and bars show mean ± SEM. (B) Representative
histograms of CD155 expression on tumor-infiltrating B cells, cDC and monocytes. (C) The
percentages of CD155+ cells within APC subsets and MFI of CD155 on APCs in tumor, TFL
and blood. (D) Representative images of immunohistochemistry staining show CD155
expression in HCC tumor and paired TFL tissue. The immunostaining score for patient 1 was
3D in tumor, 1D in TFL. Tonsil served as both positive and negative control tissue. Scale bars
are presented in each image. (E) The immunostaining score of CD155 in individual patients
is presented (n=97). Significance was assessed by Wilcoxon matched-pairs signed rank test.
Data are presented as mean ± SEM. *P < 0.05.
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Combined TIGIT and PD1 blockade enhances ex vivo functionality of CD8+ TILs
We tested whether co-blocking TIGIT and PD1 can improve functionality of tumorinfiltrating T cells. We isolated on average 2.74x106 CD45+ leukocytes per gram of
tumor (Fig.S5A-S5B). We stimulated TILs with a suboptimal amount of anti-CD3/CD28
beads, in the presence or absence of mouse anti-human TIGIT (10 µg/ml) and/or antiPD1 (nivolumab,10 µg/ml), which completely blocked TIGIT and PD1 on CD8+ TILs
until the end of the cultures (Fig.S5C), or isotype-matched control antibodies. After 4
days, T cell proliferation (Fig.S5D) and cytokine production were measured by flow
cytometry. Single nivolumab treatment resulted in a minor increase in CD8+ TIL
proliferation (Fig.5A) whereas single TIGIT blockade did not (Fig.S5E). But coblockade of TIGIT and PD1 significantly enhanced the proliferation of CD8+ TILs
compared to single PD1 blockade (Fig.5A). The stimulatory effect of co-blockade
compared to single PD1 blockade was mainly observed in Low PD1 expressers and
not observed in High PD1 expressers (Fig.5B). A higher concentration of TIGIT
blocking antibody (20 µg/ml) in combination with nivolumab did not have added value
to reinvigorate CD8+ TIL proliferation in High PD1 expressers (Fig.S5F). Combined
blockade of TIGIT and PD1 also enhanced ex vivo proliferative responses of CD8+
TILs of HCC patients to tumor antigens GPC3 and/or MAGEC2 presented by
autologous B cells (Fig.5C and S5G-S5H).
To compare the survival and proliferative ability of PD1high and PD1int & - CD8+ TILs,
from high PD1 expressers we sorted PD1high CD8+ and PD1int plus PD1- CD8+ TILs
and cultured each of those populations together with the remaining CD45+CD8- TILs
in the presence of anti-CD3/CD28 beads. PD1high CD8+ T cells showed limited
expansion capacity compared to the PD1int and PD1- subsets (Fig. 5D).
In addition, compared to single PD1 blockade, co-blockade of TIGIT/PD1 significantly
enhanced IFN-γ production in CD8+ TIL of low PD1 expressers (Fig.5E-5F) and also
in CD8+ TILs from some high PD1 expressers. Moreover, we used an HCC cell line
(HepG2) to evaluate the effect of co-blockade on cytotoxicity of anti-CD3/CD28stimulated purified CD3+ TIL. As HepG2 cells expressed high levels of CD155 but low
levels of PD-L1, we induced PD-L1 expression on HepG2 by IFN-γ pre-treatment for
48h (Fig.S6A). CD155 expression did not change after IFN-γ treatment (Fig.S6B).
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Combined PD1/TIGIT antibody blockade significantly enhanced cytotoxicity of CD3+
TIL against HepG2 compared to single PD1 blockade (Fig.5G and S6C).
Collectively, these data demonstrate that compared to anti-PD1 monotherapy, coblockade of TIGIT with PD1 improves ex vivo CD8+ TIL proliferation, IFN-γ production
and cytotoxicity as well as reactivity of CD8+ TILs against tumor antigens.
Combined TIGIT and PD1 blockade enhances ex vivo functionality of CD8+ TILs
not responding to anti-PD1 single blockade
We next asked two questions: 1) whether combined blockade of TIGIT/PD1 can
convert anti-PD1 non-responders to responders, 2) whether co-blockade can further
enhance CD8+ TIL function in anti-PD1 responders. We stratified HCC patient TILs into
nivolumab (nivo) responders (11/22, 50%) and non-responders (11/22, 50%) based on
CD8+ TIL proliferation upon ex vivo single PD1 blockade (Fig.6A). Strikingly, compared
to only blocking PD1, co-blockade of TIGIT/PD1 significantly enhanced the
proliferation of CD8+ TILs in nivo non-responders but not in nivo responders (Fig.6B).
Similarly, nivo/anti-TIGIT treatment significantly improved IFN-γ production by CD8+
TILs from nivo non-responders, although also enhanced IFN-γ production was
observed in CD8+ TILs of some nivo responders (Fig.6C). However, enhanced TIL
cytotoxicity against HepG2 was observed in both groups upon co-blockade (Fig.6D).
Interestingly, 73% of nivo responders were high PD1 expressers (Fig.6F), suggesting
that high PD1 expressers tend to respond better to PD1 blockade.
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Figure 5. Combined TIGIT and PD1 blockade further enhances ex vivo functionality of CD8+
TILs (A) Effects of nivolumab single blockade and combined blockade with mouse anti-human
TIGIT mAb on CD8+ TIL proliferation from individual patients upon anti-CD3/CD28 beads
stimulation (n=22). (B) Effects of nivolumab blockade alone or combined with TIGIT blockade
on CD8+ TIL proliferation in high or Low PD1 expressers. Data were normalized to each
corresponding isotype. (C) Proliferation (CFSE-low) of CD8+ TILs of individual patients (2 high
PD1 expressers and 3 low PD1 expressers) in response to GPC3 or/and MAGEC2 in the
presence or absence of blocking antibodies. Shapes indicate different patients. Data were
normalized to isotype and shown as fold change. (D) Total cell count of sorted PD1high and
PD1int plus PD1- CD8+ TILs on day 9 with CD3/CD28 beads stimulation. Bars represent mean.
(E) Flow cytometry plots of IFN-γ in CD8+ TILs after restimulated with anti-CD3/CD28 beads in
polyclonal stimulation. (F) Production of IFN-γ by CD8+ TILs in high or low PD1 expressers
after restimulated with anti-CD3/CD28 beads in polyclonal stimulation. (G) Percent of
remaining HepG2 was calculated by HepG2 count in each condition divided by HepG2 count
in TIL+HepG2 only then the killing ratio of Nivo or Nivo/anti-TIGIT was normalized to
corresponding isotype (n=7) . *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. Combined TIGIT and PD1 blockade enhances ex vivo functionality of CD8+ TILs in
nivolumab non-responders. (A) Stratification of nivolumab responders and non-responders
based on CD8+ TIL proliferation. (B)Effects of nivolumab blockade alone or combined with
TIGIT blockade on CD8+ TIL proliferation in nivolumab responders or non-responders. (C)
Production of IFN-γ by CD8+ TILs in nivolumab responders or non-responders after
restimulated with CD3/CD28 beads in polyclonal stimulation. (D) Percent of remaining HepG2
depicted as ratio of absolute HepG2 count in presence of TIL+ Nivo or Nivo/anti-TIGIT versus
corresponding isotypes (n=6). (E) The distribution of high and low PD1 expressers in
nivolumab responders and non-responders. Bars represent mean.
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CD226 is required for the effect of TIGIT blockade
As CD226 is the co-stimulatory counterpart of TIGIT, we assessed whether CD226
expression is affected by TIGIT blockade and whether CD226 is required for the
stimulatory effects of TIGIT blockade that we observed in TIL-cultures of some patients.
In ex vivo polyclonal assays, we observed that TIGIT blockade significantly
upregulated both CD226hi frequencies and CD226 MFI on day 4 (Fig.7A and 7B).
Furthermore, the percentages of CD226hi CD8+ TILs correlated with the frequencies of
Ki67+CD8+ TILs after TILs were used in ex vivo polyclonal assays with or without antiTIGIT or dual blocking antibodies (Fig.7C). Notably, the addition of anti-CD226
blocking antibodies to TILs that responded to single TIGIT blockade abrogated the
effect of TIGIT blockade partially (Fig.7D-7E).
Taken together, CD226 expression can be upregulated by TIGIT blockade and is
partially required for the stimulatory effects of TIGIT blockade on CD8+ TILs.

Figure 7. CD226 is required for the effect of TIGIT blockade. (A) Flow-cytometry plots of
CD226 expression on CD8+ TILs after 4 days cultures with/without CD3/CD28 beads
stimulation or anti-TIGIT antibody. (B) Expression of CD226 on CD8+ TILs after cultures
with/without anti-CD3/CD28 beads stimulation or anti-TIGIT antibodies on day 4 (patients n=3).
Data are presented as mean ± SEM. (C) Correlation of Ki67% and CD226hi frequencies in
CD8+ TILs after in vitro stimulation with CD3/CD28 beads. Dots show data from TIL that were
involved in ex vivo polyclonal assays, including data from TIL only, TIL+beads, TIL+anti-TIGIT
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(10 and 20 µg/mL) or TIL+anti-PD1+ anti-TIGIT(10 and 20 µg/mL) (6 different conditions with
n = 3 samples each, total 18). Significance was assessed by Pearson’s correlation. (D)
Proliferation of CD8+ TILs stimulated with anti-CD3/CD28 beads in the presence of anti-TIGIT
or anti-TIGIT plus anti-CD226 antibodies (n=6). (E) Production of IFN-γ by TILs stimulated with
anti-CD3/CD28 beads in the presence of anti-TIGIT or anti-TIGIT plus anti-CD226 antibodies
(n=5). Data normalized to each isotype. *P < 0.05. Bars represent mean.

Discussion
The aims of this study were to characterize TIGIT-expressing TILs in HCC patients and
to determine whether co-blockade of TIGIT and PD1 has added value over PD1 single
blockade to restore functionality of HCC TILs. We observed elevated ratios of
TIGIT/CD226 expression on intratumoral CD8+ T and Treg cells compared with their
counterparts in TFL and blood. This allows more frequent interaction of TIGIT on these
TIL subsets with its high affinity ligand CD155 expressed on APCs or tumor cells. This
interaction may have different effects on CD8+ T cells and Treg. In CD8+ T cells, TIGIT
signaling can directly or indirectly inhibit their cytotoxic/effector function18, 20; in Treg,
TIGIT signaling can directly promote their suppressive functions32,
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or Treg can

induce IL-10 production by DCs via TIGIT signaling, which also results in suppression
of antitumor effector T cell responses12.
Kim et al.33 and Ma et al.34 have shown that PD1 is differentially expressed on CD8+
TIL in about half of HCC patients, and that PD1high CD8+ TILs are functionally the most
exhausted subpopulation. Wang et al.44 have shown that TOX is upregulated in
functionally exhausted PD1highCD8+ TILs in HCC. Here, we confirmed these
observations, and we extended them by showing that the PD1high CD8+ TIL subset has
the lowest expression of the cytotoxins granzyme B and perforin, and co-expresses
CD39 and CD103 suggesting enrichment with tumor-specific T cells. We further
demonstrated that TIGIT expression was enriched whereas CD226 expression was
downregulated on PD1high CD8+ TILs compared to CD8+PD1int and CD8+PD1- TILs.
Consequently, PD1highTIGIT+ CD8+ TILs had the highest TIGIT/CD226 ratios
compared to other CD8+ subsets. Since a large part of these cells also expressed the
co-inhibitory receptors TIM3 and/or LAG3, our data suggest that the PD1highTIGIT+
subset represents the terminally differentiated and exhausted CD8+ TIL subset in HCC
tumors. In agreement with Kim et al.33, we found that high PD1 expressers were mainly
found among patients with high serum AFP levels. Ma et al.34 reported recently that
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the presence of CD8+PD1hi T cells in HCC tumors is associated with poor prognosis,
and Liu et al.45 found that elevated levels of peripheral PD1+TIGIT+ CD8+ T cells are
associated with poor prognosis of patients with HBV-related HCC.
Interestingly, we demonstrate that the more PD1highTIGIT+ CD8+ T cells in tumor, the
more PD1highTIGIT+ CD8+ T cells were found in TFL. PD1highTIGIT+ CD8+ T cells in
TFL did not show increased levels of TOX, and neither reduced CD226 and granzyme
B expression. Apparently, PD1highTIGIT+ CD8+ T cells in the tumors are in a further
stage of exhaustion than their counterparts in TFL. This may be caused by chronic
TCR stimulation in the tumor microenvironment. Several studies have shown that TOX
expression was increased and remained high in exhausted CD8+ T cells by chronic
TCR stimulation, whereas only low-level and transient TOX upregulation was seen in
CD8+ T cells during acute infection35-37. TOX-expression in CD8+ TILs maybe further
supported by tumor-derived factors, such as vascular endothelial growth factor-A
(VEGF-A), that drive exhaustion in CD8+ TILs46. Further research is required to
understand the specific factors in HCC tumor microenvironment that increase TOX
levels on PD1high CD8+ TILs.
We performed polyclonal and tumor antigen-specific functional assays to test the
effects of blocking PD1 and TIGIT on tumor-infiltrating CD8+ TILs ex vivo. Compared
to single PD1 blockade, co-blockade of TIGIT/PD1 increased IFN-γ production by CD8+
TILs of some high PD1 expressers, but did not improve their proliferation. This might
be caused by limited survival capacity and a terminally differentiated and exhausted
state of CD8+ TILs. In contrast, CD8+ TIL of low PD1 expressers exhibited enhanced
proliferation and cytokine production in response to co-blockade. CD8+ TIL of these
patients are not terminally differentiated, and also express more CD226, thereby
allowing better co-stimulation upon TIGIT blockade. Another hypothesis is that the
PD1intTIGIT+ CD8+ subset, which was enriched in low PD1 expressers, may mediate
the enhanced proliferative response. On average 60% of PD1intTIGIT+ CD8+ TILs
expressed TCF1. TCF1 is a key transcription factor of progenitor exhausted CD8+ T
cells (Tex), which express intermediate PD1, to produce differentiated effector T-cell
progeny and to maintain themselves38,

39.

This PD1int Tex cell subset mediates

responses to PD1 checkpoint pathway blockade. Accordingly, PD1intTIGIT+ CD8+ TILs
may be expanded after TIGIT/PD1 blockade to fill up the effector-type pool. Further
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work is required to unravel the role of these PD1int TIGIT+ TCF1+ CD8+ T cells in
response to checkpoint blockade in HCC patients.
In HCC, the question still remains how to improve the response rate to anti-PD1
therapy. Here we found TIGIT/PD1 co-blockade could improve ex vivo proliferation,
cytokine production, and cytotoxicity of CD8+ TILs which did not respond to nivolumab
ex vivo. Interestingly, CD8+ TILs that ex vivo responded to single PD1 blockade were
mainly derived from high PD1 expressers (Fig.6E). In contrast, the vast majority of
combination-blockade responding CD8+ TILs were derived from low PD1 expressers
(Fig.5B (78%) and 6B (73%)), suggesting that especially tumors with intermediate (and
not high) PD1 expressing CD8+ TIL may display improved benefit from combined
treatment with anti-PD1 and anti-TIGIT.
CD226 deficiency has been shown to impair antitumor T cell effector function47. Here
we found that blocking TIGIT upregulated CD226 on CD3/CD28-stimulated CD8+ TILs,
which enabled CD226 to interact more frequently with CD155. The linear correlation
between CD226 and Ki67 expression after culture indicates the enhanced expression
of CD226 might be responsible for the increased proliferation of CD8+ TILs. TIGIT may
act directly to compete with CD226 for ligand binding12, 19. Johnston et al. showed that
TIGIT directly interacts with CD226 and that this interaction impairs CD226
homodimerization and function20. Here we showed neutralizing CD226 on CD8+ TILs
can counteract the effect of TIGIT blockade.
CD155 is the shared ligand for TIGIT and CD226. We found that CD155 is abundant
on antigen presenting cells (cDC and monocytes) and present on HCC tumor and TFL
tissues. We also found that the CD155 protein level was upregulated in HCC tumors
compared to TFL. Duan et al. found that mRNA and protein levels of CD155 were
higher in HCC cancer tissues than those in adjacent tumor-free tissues. The
expression of CD155 gradually decreased as differentiation increased48. Sun et al.
showed that higher intratumoral CD155 expression is correlated to a poorer prognosis
of HCC patients49. The high expression of CD155 can contribute to the suppression of
immune responses if TIGIT/CD226 ratios are elevated in the tumor microenvironment.
Our study has a few limitations: (1) checkpoint therapy is currently used to treat
advanced HCC patients. However, the HCC cohort in this study is a representative
cohort for resectable/early stage HCC patients in western countries; (2) considering
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the predominant expression of TIGIT and increased TIGIT/CD226 ratios on tumorinfiltrating Treg, Treg may be involved in the observed effects of co-blockade. Although,
after depletion of CD4+CD25+ Treg by magnetic sorting, combination treatment still
enhanced CD8+ TIL proliferation and IFN-γ production (data not shown), suggesting
that T cells (non-Treg) are direct targets for co-blockade, further research is needed to
unravel the role of TIGIT on Treg functions in HCC in more detail.
In summary, we conclude that TIGIT is enriched in PD1high CD8+ TILs and this subset
represents the most dysfunctional and exhausted CD8+ TIL fraction. Unlike TIM3 and
LAG3, TIGIT is also expressed on the PD1int CD8+ subset which co-expresses CD226
and is prominent in tumors of HCC patients that do not have CD8+PD1high TILs. CD8+
TILs of these patients preferentially respond ex vivo to dual TIGIT/PD1 blockade.
Compared to single PD1 blockade, co-blockade of TIGIT/PD1 improved CD8+ TIL
cytotoxicity and converted CD8+ TILs that ex vivo did not respond to PD1 blockade to
responders. Therefore co-blocking TIGIT and PD1 could be a promising immune
therapeutic strategy for HCC patients. The clinical proof of efficacy remains to be
demonstrated and this will be the next challenge in future studies.
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Supplemental materials and methods
Immunohistochemistry (IHC)
The construction of tissue microarrays (TMA) of tumor and tumor-free liver tissues has
been described previously 1,2. The TMAs were then immunohistochemically stained by
the department of pathology of Erasmus MC, using rabbit anti-human monoclonal Ab
CD155 (clone D3G7H, rabbit IgG, 1:400, Cell signaling), which is the clone
recommended by Chandramohan et al. 3. IHC was performed with an automated,
validated and accredited staining system (Ventana Benchmark ULTRA, Ventana
Medical Systems, Tucsen, AZ, USA) using Optiview universal DAB detection Kit (#760700). In brief, following deparaffinization and heat-induced antigen retrieval the tissue
samples were incubated according to their optimized time with CD155. Incubation was
followed by hematoxylin II counter stain for 12 minutes and then a blue coloring reagent
for 8 minutes according to the manufactures instructions (Ventana). The
immunohistochemically stained TMAs were then scanned using NanoZoomer 2.0HT
(Hamamatsu) and scored blindly by two researchers, based on the intensity of staining
(0[none],1[low], 2[intermediate], 3[strong]) and the frequency of positive tumor cells or
hepatocytes (A[<10%], B[10-50%], C[50-90%], D[>90%]). The score per core was
calculated by multiplying the intensity by the frequency of positive cells (A=0.1, B=0.3,
C=0.7 and D=1), and then the average score per tissue was calculated by taking the
average of the three scores.
Flow cytometry analysis
PBMCs and MNCs isolated from TFL or tumor were analyzed for expression of surface
and intracellular markers using the following anti-human antibodies: anti-TIGIT, antiCD226, anti-PD1, anti-CD155, anti-perforin, anti-granzyme B, anti-CD8, anti-CD4,
anti-CD56, anti-CD45, anti-TIM3, anti-LAG3, anti-TOX, anti-Ki67 and anti-TCF1 etc.
(See supplemental table 1 for more antibody information). Viability of cells was
assessed using Aqua LIVE/DEAD dye (Thermo Fisher Scientific). Fixation and
permeabilization were performed using the Fixation/Permeabilization kit (eBioscience).
For intracellular cytokine staining, cells were treated with 40 ng/mL PMA (Sigma,
Zwijndrecht, the Netherlands) and 1µg/mL ionomycin (Sigma) at 37°C for 5 hours in
the presence of GolgiStop at 1:1500 dilution (BD Biosciences), followed by staining of

123

IFN-γ and TNF-α on fixed cells. Cells were analyzed using FACSCanto II and Fortessa
flow cytometers (BD Biosciences, San Diego, CA).
PMA/Ionomycin restimulation assay
TILs were stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin to
assess effector cytokine production. Golgistop (containing monensin) was added
(1:1500 dilution, BD Biosciences). After exposure to PMA and ionomycin for 5 hours,
intracellular interferon (IFN)-γ and tumor necrosis factor (TNF)-α were measured by
flow cytometry.
Flow sorting
Frozen TILs were thawed and stained with anti-CD45-APC (clone HI30), anti-CD8FITC (clone RPA-T8) and anti-PD1-PE (clone MIH4) antibodies. Dead cells were
excluded by 7-AAD staining. PD1high CD8+ and PD1int plus PD1- CD8+ TILs were sorted
separately into two FACS tubes. In addition, CD45+CD8- leukocytes from TILs were
sorted. Cells were sorted using Aria II sorter (BD Biosciences, San Diego, CA).
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Supplemental Table 1. Anti-human Antibodies Used in Flow Cytometry (FACS)
Antibody
TIGIT-PE
TIGIT-efluor450
CD226-APC
CD155-PE
PD1-PECy7
PD1-PE
CD3-PE
CD3-PECy7
CD3-PerCPCy5.5
CD3-APCeFluor780
CD3-APCR700
CD3-Pacific blue
CD4-PE
CD4-APC
CD4-APCeFluor780
CD4-BV605
CD4-eFluor450
CD8-PerCPCy5.5
CD8-FITC
CD8-FITC
CD8-APC
CD8-eluor450
CD56-FITC
CD56-BV510

Clone
MBSA43
MBSA43
11A8
2H7CD155
J105
MIH4
UCHT1
UCHT1
SK7
SK7
UCHT1
UCHT1
13B8.2
OKT4
OKT4
OKT4
OKT4
RPA-T8
SK1
RPA-T8
RPA-T8
RPA-T8
TULY56
HCD56

Supplier
eBioscience
eBioscience
Biolegend
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
BD Biosciences
eBioscience
BD Biosciences
BD Pharmingen
Beckman
Biolegend
eBioscience
Biolegend
eBioscience
eBioscience
eBioscience
eBioscience
Biolegend
eBioscience
eBioscience
Biolegend

Antibody
FOXP3-eFluor450
Perforin-FITC
GranzymeB-V450
CD14-PerCPCy5.5
BDCA1-APC
CD19-APCH7
CD45-APC
CD45-eFluor450
LAG3-PerCPeF710
TIM3-PECF594
IFN-γ-FITC
TNF-α-PerCPCy5.5
Ki67-FITC
Ki67-PECy7
CD38-FITC
HLA-DR-APC
CD39-FITC
CD103-PECy7
TOX-APC
TCF1-PE
hIgG1-APC
mIgG1-PE
mIgG1-PECy7
mIgG2b-FITC

Clone
236A/E7
delta G9
GB11
61D3
AD5-8E7
SJ25C1
HI30
HI30
3DS223H
7D3
25723.11
Mab11
20Raj1
20Raj1
T16
LN3
A1
Ber-ACT8
REA473
7F11A10
REA293
P3.6.2.8.1
MOPC-21
27-35

Supplier
eBioscience
eBioscience
BD Biosciences
eBioscience
Miltenyi
BD Biosciences
Biolegend
eBioscience
eBioscience
BD Biosciences
BD Biosciences
Biolegend
eBioscience
eBioscience
Beckman
eBioscience
Biolegend
Biolegend
Miltenyi
Biolegend
Miltenyi
eBioscience
Biolegend
BD Pharmingen
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Supplemental Figure 1. (A) Gating strategy of CD8, Treg and Th. (B) The frequencies of
TIGIT+ and CD226+ cells in T cell subsets in tumor and TFL of individual patients are shown.
(C-D) The MFI of TIGIT and CD226 on CD8+ T, Treg and Th cells in blood, TFL and tumor
(n=28). (E) The MFI ratio of TIGIT/CD226 in CD8+ T, Treg and Th cells. (F) The frequency of
TIGIT+CD226- subset in CD8, Treg and Th in blood, TFL and tumor (n=16). *P < 0.05, **P <
0.01, ***P < 0.001. Dots represent individual patients. Bars represent mean ± SEM.
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Supplemental Figure 2. (A-B) Gating strategy of PD1high, PD1int and PD1- in tumor, TFL and
blood in High and Low PD1 expressers. (C) Percentages of PD1highTIGIT+, PD1highTIM3+ and
PD1highLAG3+ in CD8+ TILs from High PD1 expressers. Bars show means. (D) Correlation of
PD1highCD8+ TILs with frequency and MFI ratios of TIGIT/CD226 in CD8+ TILs (n=19). (E)
Ratios of TIGIT/CD226 in CD8+ T cells in blood, TFL and tumor from Low PD1 expressers.
Bars show mean ± SEM (n=10). (F) Co-expression of TIGIT and PD1 on CD8+ TILs from Low
PD1 expressers (n=9). (G) Correlation between CD8+ TIL frequency and serum AFP level from
HCC patients. (H) Correlation between PD1highCD8+ TIL frequency and serum AFP level,
TIGIT+CD8+ TIL frequency and serum AFP level from HCC patients. (I) Correlation between
MFI or frequency ratios of TIGIT/CD226 and serum AFP level from HCC patients. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Supplemental Figure 3. (A) Frequencies of PD1high CD8+ T cells in TFL and tumor from High
PD1 expressers (n=16). (B) FACS plots show co-expression of PD1 and TIGIT, TIM3, LAG3
on CD8+ T cells in TFL containing PD1high CD8+ T cells. (C) Frequencies of PD1high TIGIT+,
PD1high TIM3+ and PD1high LAG3+ within CD8+ T cells in TFL. (D-E) Expression of TOX and
TCF1 in four subsets of CD8+ T cells in TFL. (F-G) Expression of TIGIT and CD226 in the PD1-,
PD1int and PD1high subsets of CD8+ T cells in TFL (n=5). Dots represent individual patients and
bars show mean. (H) Ratios of TIGIT/CD226 in PD1-, PD1int and PD1high subsets of CD8+ T
cells in TFL. Bars show mean ± SEM. (I) The percentages of intracellular granzyme B and
perforin expression in four subsets of CD8+ T cells in TFL. *P < 0.05, **P < 0.01.
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Supplemental Figure 4. (A) Gating strategy of CD19+ B cells, CD14+ monocytes and CD19BDCA1+ cDC was shown. (B) Representative flow-cytometry plots of CD155 expression on B
cells, cDC and monocytes in PBMC and TFL.
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Supplemental Figure 5. (A) The number of CD45+ cells isolated per gram of tissue from tumor
and TFL. Dots show individual patients. (B) Correlation of PD1high CD8+ T cells frequency and
CD45+ cells per gram of tissue. (C) Flow-cytometry plots show the blockade of TIGIT and PD1
by anti-TIGIT and anti-PD1 antibodies after 4 days in culture. (D) Flow-cytometry plots show
the proliferating (Ki67 positive) CD8+ TILs after 4 days of stimulation by CD3/CD28 beads. (E)
Effects of mouse anti-human TIGIT mAb (10 µg/ml) on CD8+ TIL proliferation from individual
patients upon anti-CD3/CD28 beads stimulation. (F) Effects of nivolumab blockade and
combined blockade with mouse anti-human TIGIT mAb on proliferation of CD8+ TILs from
individual patients upon anti-CD3/CD28 beads stimulation. Percentages of Ki67 were
normalized to cultures to which the corresponding isotype control antibodies had been added.
(G) Flow-cytometry plots of CD8+ TIL proliferation in response to MAGEC2, GPC3 or eGFP
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mRNA-transfected autologous B-cell blasts in the presence or absence of blocking antibodies.
(H) Proliferation (CFSE-low) of CD8+ TILs of individual patients in response to eGFP, GPC3
or/and MAGEC2.

Supplemental Figure 6. (A) PD-L1 expression on HepG2 is shown over time after IFN-γ
treatment. (B) Expression of CD155 on HepG2 without or with IFN-γ treatment is shown. (C)
Flow cytometry plots of gating on HepG2 cells in ex vivo killing assay. Number means HepG2
(CD45-RFP+) absolute count
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Abstract
Background: 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 HCCtumors, and to investigate whether CTAs could serve as biomarker for occult
metastasis.
Methods: Tumor and paired 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.
Results: 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. Interestingly, CTA-expression in
TFL was an independent negative prognostic factor for post-resection HCC-recurrence
and survival.
Conclusion: 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.
Keywords: liver neoplasms; cancer testis antigens; prognosis; neoplasm recurrence;
immunotherapy
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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/brainrestricted 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 macroand 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.
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Material and 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 HCCtumor and TFL tissues were retrieved from the Dutch nationwide pathology archives
(PALGA) respectively.
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. 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
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database (http://www.cta.lncc.br/) was consulted to find additional CTAs expressed in
HCC and one relevant paper was added.12
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%, 5090%, >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.
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. Time to event was calculated
from the day of surgery. Used statistical tests are indicated in the figures. P-values <
0.05 were considered significant.
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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 paper12 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 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,13, 14 Human Protein Atlas
(HPA) consortium,15 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 RTqPCR. 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
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therefore not excluded (Figure 1C and Supplementary Table S4). These 26 CTAs
were selected for further study.

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,
5
GTEx consortium.254, 259-261
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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 Yencoded 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
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).
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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 tumorfree 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 HCCpatients 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.
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mRNApositive HCC

Relative
mean in mRNA-+ HCC expression HCC
2

(range)

1

(%)

(compared to

mRNApositive TFL
4

(%)

3

testis)

mean in mRNA-+ TFL
5

(range)

Relative

mRNA-

expression TFL

positive

(compared to

cirrhotic

6

7

testis)

tissue

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

1

Table 1. mRNA expression of CTAs in tumor and TFL of HCC-patients. Percentage of
hepatocellular carcinomas (HCC) expressing mRNA of the CTA – meaning a Ct-value <35 and
2

relative expression > 0.001 (n=100); Mean relative expression (relative to the geometric mean
of the 3 household genes- GUSB, HPRT1, PMM1) level in HCCs expressing the CTA and
3

range; Mean relative expression of the CTA in HCC expressing the CTA, relative to the relative
4

mean expression in 3 testis tissues; Percentage of paired tumor-free liver (TFL) tissues
5

expressing mRNA of the CTA (n=100); Mean relative expression level in TFLs expressing the
6

CTA and range; Mean relative expression of the CTA in TFL expressing the CTA, relative to
7

the relative mean expression in 3 testis tissues; Percentage of non-cancerous/non-dysplastic
cirrhotic liver tissues expressing the CTA (n=35); *% in male
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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.
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Heatmap of mRNA expression of the 12 CTAs expressed in ≥ 10% of HCCs (rows), in HCC
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 [((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.

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
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 exclusively 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 hepatocytes in 1%, 3%, 17% and 9% of
TFL tissues respectively, but at significantly lower expression levels than in tumors
(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).
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In conclusion, the CTAs that were studied for protein expression, also showed protein
expression in tumors and, except MAGEA9, also in TFL.

145

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 the paired 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 coexpression of CTA-proteins in tumor tissue. TMA slides were scanned by a Nanozoomer
(Hamamatsu), and analyzed by NDP.view2 software (Hamamatsu).

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, also consisting of 100 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. In both cohorts
Kaplan meier survival analysis showed a significant difference for both early HCC
recurrence and HCC-specific survival based on CTA expression in TFL. 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
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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 S6), no histological
indications for the presence of malignant cells in TFL were present. 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 S7), 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 after surgery.
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Discovery cohort
Early recurrence (<2 yr)
Univariate analysis

HCC-specific survival

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)

1.7 (0.7-3.9)

0.22

5.1 (1.9-14)

0.0015

4.63 (2.0-10.8)

0.0004

4.0 (1.7-9.4)

0.002

≥3 CTAs in TFL

4.2 (1.9-9.4)

0.013
0.0005
3

Number of
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

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

2.3 (1.3-4.0)

0.0031

3.3 (1.5-7.2)

0.0032

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

2.4 (1.3-4.5)

0.0051

CTAs in TFL
(numeric)

Chronic viral
hepatitis
Vascular
invasion

AFP > 400 ug/l

2.4 (1.2-4.7)

2.7 (1.5-5.0)

3.0 (1.5-5.8)

0.02

0.001

0.001

2.7 (1.2-6)

0.013

3.3 (1.5-7.3)

0.0038

Validation cohort
Early recurrence (<2 yr)
Univariate analysis

HCC-specific survival

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

1.2 (0.89-1.7)

0.21

1.4 (0.95-2)

0.095

>1 tumor

2.1 (1-4.2)

0.043

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

0.91 (0.42-2)

0.82

0.98 (0.36-2.7)

0.97

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

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

Number of
CTAs in TFL
(numeric)

Chronic viral
hepatitis
Vascular
invasion

2.2 (1.1-4.5)

2.6 (1.3-5.3)

0.03

0.007

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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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
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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).

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
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 associatoins 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 prognostic markers identifying patients with 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 markers identifying occult multifocality
should be abundantly and relatively frequently expressed in tumor tissues, to allow for
higher 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
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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 noncancerous 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 HCC patients has barely been
investigated before, the association between expression of CTAs in tumor-free tissue
and prognosis has also not been investigated in HCC, nor any other types of cancer.
Therefore it was unknown if it could serve as a biomarker 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 cohort 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 CTA tumormarkers of our panel
in histologically tumor-free liver tissues 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. Moreover,
CTA mRNA expression profiles in TFL were 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 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 appearing
normal histologically. Since these mutations were not found in the matched blood
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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 other
prognostic factors. 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 and treatment could
be adjusted accordingly, possibly by targeting the CTAs or other biomarkers used.
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 almost half of resected HCC-patients,
therapeutic vaccination with CTA 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 CTAexpressing (pre-)malignant cells. A prerequisite for therapeutically targeting antigens
by vaccination, is that they 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
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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 HCCpopulations. Secondly, future research is required to investigate whether CTAexpressing 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 of occult multifocality (and thereby prediction of recurrence) by
detecting tumor markers in supposedly tumor-free tissue – to be widely applicable, it
should be validated in other cancer types.
We established a panel of 12 testis-restricted CTAs that are expressed in 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
survival, combined with immunohistochemical data, suggests that CTA-expressing
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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Materials & Methods
Liver and healthy tissue samples
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 noncancerous 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 (R123415250), muscle (R1234171-50), ovary (HR-406), pancreas (R1234188-50), skin
(R1234218-50), small intestine (R1234226-50), stomach (HR-302), testis (R123426050), 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 (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,
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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)2 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 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).
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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 discovery
and validation cohort based on CTA expression in TFL

Characteristic
Age at surgery (years)
Mean ± SD
Median (range)
Sex – no. (%)
Male
Female
Race – no. (%)
White
African
Asian
Not reported
Etiology – no. (%)
No known liver disease
Alcohol
Hepatitis B
NASH
Hepatitis C + Alcohol
Hepatitis B + Alc/HepC/HepD/NASH
Hepatitis C
Fibrolamellar HCC
Hemochromatosis (+ NASH/Alcohol)
Autoimmune hepatitis
Primary sclerosing cholangitis
Other
Hepatitis status – no. (%)
Hepatitis B or C positive
Chronic Hepatitis B
Chronic Hepatitis C
Cirrhosis – no. (%)
Yes
No
Tumor differentiation – no. (%)
Good
Moderate
Poor
Unknown
Vascular invasion – no. (%)
Yes
No
Unknown
BCLC stage – no. (%)
0
A
B
Number of lesions – no. (%)
1
>1
Median (range)
Size of largest lesion (cm)
Mean ± SD
Median (range)
AFP level before resection (ug/l)
Mean ± SD
Median (range)
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Discovery cohort
CTA in TFLCTA in TFL+
(n=55)
(n=45)

Validation cohort
CTA in TFL –
CTA in TFL+
(n=63)
(n=26)

60.0 ± 14.3
63 (11-82)

59.8 ± 15.0
64 (16-80)

65.9 ± 10.7
67 (34-85)

60.4 ± 11.0
61 (36-76)

36 (65.5)
19 (34.5)

27 (60)
18 (40)

49 (77.8)
14 (22.2)

15 (57.7)
11 (42.3)

47 (85.5)
3 (5.5)
4 (7.3)
1 (1.8)

36 (80)
5 (11.1)
4 (8.9)
-

52 (82.5)
4 (6.3)
5 (7.9)
2 (3.2)

20 (76.9)
5 (19.2)
1 (3.8)

14 (25.5)
16 (29.1)
8 (14.5)
5 (9.1)
3 (5.5)
2 (3.6)
4 (7.3)
2 (3.6)
1 (1.8)
-

19 (42.2)
5 (11.1)
4 (8.9)
3 (6.7)
5 (11.1)
4 (8.9)
2 (4.4)
2 (4.4)
1 (2.2)
-

19 (30.2)
11 (17.5)
10 (15.9)
12 (19.0)
1 (1.6)
5 (7.9)
3 (4.8)
2 (3.2)

7 (26.9)
8 (30.8)
3 (11.5)
4 (15.4)
1 (3.8)
1 (3.8)
1 (3.8)
1 (3.8)
-

17 (30.9)
10 (18.2)
8 (14.5)

15 (33.3)
8 (17.8)
7 (15.6)

16 (25.4)
11 (17.5)
5 (7.9)

5 (19.2)
4 (15.4)
2 (7.7)

22 (40)
33 (60)

12 (26.7)
33 (73.3)

24 (38.1)
39 (61.9)

10 (38.5)
16 (61.5)

8 (14.5)
30 (54.5)
9 (16.4)
8 (14.5)

4 (8.9)
22 (48.9)
9 (20)
10 (22.2)

8 (12.7)
36 (57.1)
14 (22.2)
5 (7.9)

3 (11.5)
15 (57.7)
5 (19.2)
3 (11.5)

23 (41.8)
27 (49.1)
5 (9.1)

26 (57.8)
15 (33.3)
4 (8.9)

41 (65.1)
22 (34.9)
-

18 (69.2)
6 (23.1)
2 (7.7)

1 (1.8)
36 (65.5)
18

30 (66.7)
15 (33.3)

4 (6.3)
47 (74.6)
12 (19.0)

22 (84.6)
4 (15.4)

30 (54.5)
25 (45.5)
1 (1-11)

26 (57.8)
19 (42.2)
1 (1-10)

49 (77.8)
14 (22.2)
1 (1-11)

22 (84.6)
4 (15.4)
1 (1-11)

6.2 ± 4.3
5.2 (1.3-24)

9.1 ± 6.9
7.5 (1-34)

7.0 ± 4.7
5.7 (0.8-21.0)

8.0 ± 4.7
7.15 (1.7-16.5)

711 ± 2384
7 (1-10709)

113360 ± 519877
12 (1-3118700)

1850 ± 6673
9 (1-45803)

784 ± 1641
47 (1-4973)

Supplementary Table S2. Primer sequences and annealing temperatures (Tm)
used for RT-qPCR.
Primer

Tm

Forward Primer

Reverse Primer

CAGE1

60

TCATCCGAAGTCCATGACCA

GACTCTTCCTGGAGTGGTTG

Product
Length
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

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

161

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

162

Supplementary Table S3. Results of the literature search and overview of
included articles.
Study

Gene(s)

Population

Wei Y, et al. Int
J Oncol. 20184
Jiao Y, et al.
PLoS One.
20175

MAGEA9

Liu, et al.
Cancer Lett.
20176

CTCFL

Xie, et al. Drug
target. 20177

TTK

HCC patients (n=90;
China)
HCC cell line (HepG2)
and normal human
hepatocyte cell line (L02) and HCC patients
(China)
HCC cell lines
(HepG2, SMMC-7721,
Huh7, HCCLM3,
PLC/PRF/5), normal
human hepatocyte cell
lines (L-02 and
WRL68) and HCC
patients (n=25; China)
Review

Charoentong,
et al. Cell Rep.
20171

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,
TSPY

Kido, et al. J
Genet
Genomics.
20168

TFDP3

Detection
method
IHC

Outcome

RT-qPCR
and IHC

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

RT-qPCR
and IHC

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

n.a.

Liu, Oncotarget 2015: 118/152
(77.63%) of HCC patients mRNA
TTK+ – China
Aforementioned genes are all
correlated with CD4 and/or CD8 T
cells in HCC

IHC: 40/90 (44%) MAGEA9+

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

RNA
sequencing

TCGA and refers to
Kido, et al. 2014 IHC:
male HCC patients
(n=287; TMA
purchased from US
Biomax) and RTqPCR: male HCC
patients (n=32; China)
HCC cell lines (Bel74041, HepG22, QGY77033, QGY-77014,
BEL-74025, SMMC77216)
HCC cell lines (LO2,
HepG2, Hep3B, Huh7,
SMMC-7721) and
HCC patients (China;
n=142)

TCGA: RNA
seq
Kido, et al.
2014: RTqPCR and
IHC

This paper researches the TSPY coexpression 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+

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

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

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+
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%)
Expression of al 4 TAAs in 10
patients, both in HCC and TFL, but
higher in HCC.

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

ACRBP

Wang, et al. Int
J Clin Exp
Pathol. 201510

MAGEA3, MAGEA4,
MAGEC2, NY-ESO-1

Sideras, et al.
Br J Cancer.
201511

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

HCC patients
(Netherlands; n=133)

IHC

Melis, et al. J
Transl Med.
201412

NUF2, TTK, MAGEA3,
CEP55

HBV+ HCC patients
(n=10; Italy)

RT-PCR

163

Li, et al. J
Transl Med.
201413

TSPY

Deng, et al.
Hepatology.
201414

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

Xia, et al. Int J
Clin Exp
Pathol. 201315
Zhou, et al.
Oncol Rep.
201316

Chen, et al.
Genet Test Mol
Biomarkers.
201317

CTCFL

Song, et al.
Oncol Rep.
201218

AKAP3, CTp11

Li, et al. Bull
Cancer. 201219
– no full text
Yoon, et al.
Tohoku J Exp
Med. 201120

CABYR-c

Tseng, et al.
Oncol Rep.
201121

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

Wang, et al.
Oncol Rep.
200921
Riener, et al. Int
J Cancer.
200922

HCC cell lines
(HepG2, SMMC7721,
Huh7, MHCC97L,
MHCC97H, HCCLM3)
and HCC patients (n=
52;China)
HCC patients (n=24;
China?)

RT-PCR

6/6 cell lines and expression of TSPY
in male HCC tissues, but not female
HCC tissues

RT-PCR

SP17, MAGEC1, NYESO-1

HCC patients (n=45;
China)

IHC

FAM9C

HCC cell lines (SSMC7721, QGY-7703,
BEL-7404, BEL-7405,
YY-8103, Huh7) and
HCC patients (n=46;
China)
HCC cel lines (SMMC7721, BEL-7402,
Huh7, HepG2) and
HCC patients (n=105;
China)
HCC cell lines (SNU354, SNU-398, SNU423, SNU-449,
HepG2) and HCC
patients (n= 10;
Korea)
HCC patients (n=20;
China)

RT-qPCR
and IHC

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

HCC patients (n=28;
Korea), CCA patients
(n=5) and combined
HCC-CCA (n=8) –
Korea
HCC cell lines
(HepG2, Huh7) and
HCC patients (n=16;
Taiwan)

RT-qPCR

NY-ESO-1, CTAG2, SSX1

HCC patients (n=64;
China)

RT-PCR

MAGEA4, MAGEC1,
MAGEC2, GAGE, NYESO-1

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

IHC

Lu, et al. Chin
Med J. 200723
Wu, et al. Life
Sci. 200624
Watanabe, et
al. Cancer Sci.
200525
Yin, et al. Br J
Cancer. 200526

NY-ESO-1, SSX1

RT-PCR

Shi, et al. Br J
Cancer. 200527
Peng, et al.
Cancer Lett.
200528

DDX53

HCC patients (n=36;
China)
HCC patients (n=36;
China)
HCC cell line
(Alexander, Huh7,
HepG2, SNU475)
HCC cell lines (hephcc-1, hep-hcc-2, hephcc-HLE, Hep3B,
COS7) and HCC
patients (n= 57;China)
HCC patients (n=33;
China)
HCC patients (n=73;
China)
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RNF17

SSX2, SSX5
IGSF11

TSPY

MAGEA1, MAGEA3,
MAGEA4, MAGEA10,
SSX1, SSX2, SSX4,

RT-PCR,
IHC and WB

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

RT-PCR

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

RT-PCR and
WB

Both mRNA and protein expression
are significantly higher in HCC
compared to TFL
4/28 (14.3%) HCC RNF17+, 1/5
(20%) CCA RNF17+, 2/8 (25%)
combined HCC/CCA RNF17+. No
expression in TFL.

RT-PCR and
WB

RT-PCR

Cell lines: 2/2 expressed CABYR-a/b
and CABYR-c/d
HCC patients: 7/16 (43.8%) CABYRa/b+, 14/16 (87.5%) CABYR-c/d+,
0/16 (0%) CABYR-e+
19/64 (29.7%) NY-ESO-1+, 29/64
(45.3%) CTAG2+, 24/64 (37.5%)
SSX1+
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+
4/36 (11.1%) NY-ESO-1+, 22/36
(61.1%) SSX1+
13/36 (36.1%) SSX2, 17/36 (47.2%)
SSX5
HCC cell lines: 3/4 IGSF11+

RT-PCR

20/57 (35%) TSPY+

RT-PCR

13/33 (39.4%) DDX53+

RT-PCR

51/73 (69.9%) MAGEA1+, 35/73
(47.9%) MAGEA3+, 6/30 (20%)
MAGEA4+, 11/30 (36.7%)

RT-PCR

SSX5, NY-ESO-1,
MAGEB1, MAGEB2,
MAGEC1, MAGEC2,
SYCP1

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+
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

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

NY-ESO-1, CTAG2

HCC patients – Japan

RT-PCR and
IHC

Yang, et al. Lab
Invest. 200530
Dong, et al.
Biochem Cell
Biol. 200431 –
no full text
Dong, et al. Br
J Cancer.
200432
Zhao, et al.
World J
Gastroenterol.
200433
Li, et al. Lab
Invest. 200334
– no full text
Dong, et al. Br
J Cancer.
200335
Luo, et al.
Cancer Immun.
200236

FATE

HCC patients (n=35;
China)
HCC patients (China)

RT-PCR and
IHC
RT-PCR

RT-PCR: 10/15 (66%) FATE+
IHC: 7/35 (20%) FATE+
25% of HCC samples FATE+

ZNF165

HCC patients (n=42;
China)

RT-PCR

22/42 (52%) ZNF165+

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+

MAGEC2

HCC patients (n=70;
China)

IHC

26/70 (37.1%) MAGEC2+

FATE, TPTE

HCC patients (n=62;
China)

RT-PCR

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

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

HCC patients (n=21;
China)

RT-PCR

Wang, et al. J
Immunol.
200237
de Wit, et al. Int
J Cancer.
200238
Ono, et al. Proc
Natl Acad Sci U
S A. 200139
Chen, et al.
Cancer Lett.
200140

MAGEC2, TFDP3

HCC patients (n=20;
China)

RT-PCR

4/21 (19%) MAGEA1+, 5/21 (24%)
MAGEA3+, 1/21 (4.8%) MAGEA4+,
8/21 (38%) GAGE+, 0/21 (0%) NYESO-1+, 8/21 (38%) SSX1+, 2/21
(9.5%) SSX2+, 2/21 (9.5%) SSX4+,
6/21 (29%) SYCP1+, 4/21 (19%)
LUZP4+
14/20 (70%) MAGEC2+, 5/17 (29.4%)
TFDP3+

DSCR8

HCC cell lines
(Hep3B, HepG2,
PLC/RPF/5, Huh7)
HCC patients (n=5;
Japan)

RT-PCR

1/4 cell lines DSCR8+

RT-PCR

2/5 (40%) ACRBP+

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+

FATE

ACRBP

SSX1, SSX2, SSX4,
SSX5, SYCP1, NY-ESO-1
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Supplementary Table S4. Frequency table of healthy liver tissues (n=21)
expressing mRNA of the CTAs.

CAGE1
CBLL2
CCDC83
CPXCR1
CSAG2/3
CT45
CT47A1
Cxorf48
DDX53
DPPA2
DUSP21
FAM46D
FATE1
FBXO39
FMR1NB
FTHL17
GAGE1
HORMAD1
LUZP4
MAGEA1
MAGEA2
MAGEA3
MAGEA4
MAGEA8
MAGEA9

mRNA+
mRNA+
healthy liver
healthy liver
(%)
(%)
0.0
0.0
MAGEA10
42.9
19.0
MAGEB1
0.0
0.0
MAGEB2
0.0
28.6
MAGEB3
85.7
28.6
MAGEB6
14.3
4.8
MAGEC1
0.0
0.0
MAGEC2
0.0
0.0
NYESO1
47.6
0.0
PAGE1
0.0
100.0
PAGE5
23.8
0.0
PASD1
0.0
0.0
PLAC1
33.3
4.8
RNF17
100.0
0.0
SAGE1
0.0
0.0
SLCO6A1
42.9
66.7
SPANXA
23.8
38.1
SPANXC
100.0
0.0
SPANXN3
0.0
47.6
SYCP1
0.0
100.0
TEKT5
23.8
33.3
TFDP3
14.3
100.0
TPPP2
0.0
0.0
TSPY
0.0
38.1
ZCCHC13
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.

CCDC83

0.00

Relative
mean in mRNA-+
mRNAmean in mRNAexpression HCC
positive TFL
HCC
5
(compared
to
+ TFL (range)
2
4
(range)
(%)
3
testis)
#VALUE!
0.00
#VALUE!

CPXCR1

2.02

0.001 (0.001-0.001)

0.00378

0.00

#VALUE!

Cxorf48

8.25

0.157 (0.002-0.991)

1.839

2.04

0.012 (0.001-0.023)

mRNApositive
1
HCC (%)

Relative
expression TFL
(compared to
6
testis)

mRNApositive
cirrhotic
7
tissue
0

0.139

2.9

0

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)

PLAC1

4.12

0.014 (0.001-0.041)

0.146

0.00

#VALUE!

0.009

0
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
2

a Ct-value <35 and relative expression > 0.001 (n=100); Mean relative expression (relative to the
geometric mean of the 3 household genes- GUSB, HPRT1, PMM1) level in HCCs expressing the CTA
3

and range; Mean relative expression of the CTA in HCC expressing the CTA, relative to the relative
4

mean expression in 3 testis tissues; Percentage of paired tumor-free liver tissues (TFL) expressing
5

mRNA of the excluded CTAs (n=100); Mean relative expression level in TFLs expressing the CTA
6

and range; Mean relative expression of the CTA in TFL expressing the CTA, relative to the relative
7

mean expression in 3 testis tissues; 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 +
6 (7.9)
Alc/HepC/HepD/NASH
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)
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)
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Supplementary Table S7. Cox regression analysis of HCC recurrence and HCCspecific survival based on CTA protein expression in TFL
Early recurrence
Univariate analysis

HCC-specific survival

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
Number of
CTAs in TFL
(numeric)

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

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
Vascular
invasion

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

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
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Supplementary Table S8. Cox regression analysis of HCC recurrence and HCCspecific 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

PAGE1

Rabbit

1:1000

Sigma-Aldrich

Polyclonal

R04065

TSPY

Rabbit

1:200

Polyclonal

R59337

MAGEA9

Mouse

1:50

Sigma-Aldrich
Prof. Y. Fradet,
Québec,
Canada317

14A11

N/A

MAGEC2

Rabbit

1:500

Sigma-Aldrich

Polyclonal

A115364

CT47A1

Rabbit

1:8000

Sigma-Aldrich

Polyclonal

R39285

MAGEA1

Mouse

1:50

Santa Cruz

MA454

B0507

MAGEB2

Rabbit

1:500

Sigma-Aldrich

Polyclonal

R109336

SLCO6A1

Rabbit

1:200

Sigma-Aldrich

Polyclonal

R72094

MAGEC1

Mouse

1:3200

Santa Cruz

CT7-33

A1807

Procedure
Optiview
CC1 32'
Optiview
CC1 32'

Ab incubation at
37˚C
32
minutes
32
minutes

Optiview
CC1 32'
Optiview
CC1 32'
Optiview
CC1 32'
Optiview
CC1 32'
Optiview
CC1 32'
Optiview
CC1 32'
Optiview
CC1 32'

32
minutes
32
minutes
32
minutes
32
minutes
32
minutes
32
minutes
32
minutes
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Supplementary Figure S1. Number of CTAs co-expressed in HCC tumors and
TFL, based on mRNA expression.
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Supplementary Figure S2

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.41 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
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MAGEA1

Int
Low
0
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HCC
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Intensity
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Intensity

Hi

Intensity

Hi

Intensity

Intensity
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MAGEA9

Int
Low
0
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0

HCC

TFL

HCC

TFL

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.
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Supplementary Figure S4

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.

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.
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Supplementary Figure S6

Supplementary Figure S6. 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.
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Supplementary Figure S7.

Supplementary Figure S7. HCC recurrence and HCC-specific survival by CTA mRNAexpression in tumor tissue in the discovery cohort. Log-rank test.
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General discussion and summary
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Summary and discussion
Liver cancers are predicted to be the sixth most commonly diagnosed cancer and
fourth leading cause of cancer death worldwide in 20181. Hepatocellular carcinoma
(HCC) comprises 75%-85% of all liver cancer cases1. More than 80% of HCC patients
are diagnosed at advanced stage and their median survival is less than 2 years 2.
Tyrosine inhibitors (TKIs,), such as sorafenib3 or lenvatinib4, can only prolong overall
survival time for 3 months and most patients will develop resistance to TKIs. Molecular
profiling could contribute to the further understanding of tumor biology and the
mechanism of primary resistance to treatments and facilitate better tailoring of
therapeutic strategies. Although 20% of advanced HCC patients show response to
immune checkpoint inhibitors targeting PD-1/PD-L1, around 80% of advanced HCC
patients fail to respond to single checkpoint blockade. Currently, many studies are
evaluating the combination of two immune checkpoint inhibitors in order to obtain an
enhancement

of

efficacy

through

the

modification

of

the

tumor

immune

microenvironment.
Thus this thesis mainly focuses on two questions in hepatocellular carcinoma (HCC):
1) how to do better molecular diagnosis to facilitate targeted therapy; and 2) how to
improve the efficacy of immune checkpoint blockade. Using tissue and blood from HCC
patients, the research described in this thesis aimed to detect tumor mutations in two
types of liquid biopsies: circulating tumor cells (CTCs) and circulating tumor DNA
(ctDNA). In addition, the research aimed to demonstrate the potential added value of
combined checkpoint blockade in HCC versus monotherapy with anti-PD1 antibodies,
and to determine the expression of cancer testis antigens (CTAs), that may be potential
therapeutic targets for improved immunotherapy in HCC.
1. Detection of oncogenic mutations in liquid biopsies in HCC
The classic biopsy is invasive and the limited tissue collected cannot represent the
heterogeneity of the whole tumor. Compared with a classic biopsy, liquid biopsies are
more convenient and present minimal procedural risk to the patient. Therefore, they
can be performed on a serial basis. In theory, a liquid biopsies may deliver more
complete information regarding the patient’s entire tumor burden. Moreover, analysis
of therapeutic targets and drug resistance-conferring gene mutations from CTCs and
ctDNA contributes to a better understanding and clinical management of drug
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resistance in cancer patients. EpCAM+ CTC count analysis using CellSearch has been
approved by FDA for the monitoring of patients with metastatic breast, colorectal, or
prostate cancer, with detection rate of 71% for metastatic breast cancer, 64% for colon
cancer and 20% for prostate cancer 5. ctDNA is found in both primary and metastatic
cancer, with changing levels depending on the tumor burden. Some ctDNA assays
have demonstrated clinical validity and utility with certain types of advanced cancer;
however, there is insufficient evidence of clinical validity and utility for the majority of
ctDNA assays 6. With regards to early-stage cancer, there is no evidence of clinical
utility and little evidence of clinical validity of ctDNA assays in treatment monitoring, or
residual disease detection 6. In HCC, current methods detect only a few CTCs in a
single blood draw of 7.5 mL and CTCs can be detected using CellSearch in around
20% of advanced HCC patients, limiting their clinical utility. In contrast, ctDNA appears
to be more readily detectable than CTCs.
Generally, capturing rare CTCs remains technically challenging and to authenticate
whether cells are true CTCs is also challenging in cancer. Many studies have explored
CTC detection methods, with some being based on cell size, cell density or cell
markers or the combination of either two, such as filtration, centrifugation or fluorescent
imaging. Most CTC isolation systems are not validated in clinic and only enrich a
subgroup of cancer cells. The CanPatrol system which combines nanomembrane
filtration technology and multiple RNA in situ analysis is reported to have a recovery of
80%, but it has only been tested by few research groups and not clinically validated 7,
8.

Marker-based systems such as CellSearch can only capture CTCs by single surface

marker EpCAM which can easily be lost on CTCs during EMT transition, and most of
HCC cells do not express EpCAM. In chapter 2, we sought to optimize a method to
isolate as many CTCs as possible for mutational profiling. We analyzed several
markers expressed in HCC and selected CK, ASGPR1, GPC3 and EpCAM for the
detection of CTCs. We chose to combine RosetteSep negative selection for
enrichment with multi-markers based fluorescence-activated cell sorting (FACS).
However, despite including multiple markers, there is no clear CTC-events cluster
detected in blood from 15 advanced HCC patients. Similarly, using FDA-approved
CellSearch system, CTCs were found in only 27% of advanced HCC patients (chapter
3). Due to technical challenges, we failed to isolate sufficient DNA from few collected
CTC events for downstream mutational analysis. These findings indicate that CTCs
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are present in extremely low frequencies in HCC and can hardly be captured for further
mutational analysis. We believe that, currently available methods can only detect very
few CTCs in a single blood draw (<10ml), limiting their clinical utility.
Compared to CTCs, ctDNA appears to be more readily detectable. The main methods
to detect ctDNA include droplet digital PCR (ddPCR) and next-generation sequencing
(NGS). The use of assays that assess genomic variants in ctDNA is increasing in HCC.
However, there is limited evidence of clinical validity of ctDNA analysis in HCC, and
the clinical utility of these assays has not been established. In Chapter 3, we explored
the feasibility of determining oncogenic mutations in paired ctDNA and CTCs in
advanced HCC. Using a panel-based NGS and ddPCR techniques, mutations in
ctDNA were identified in several genes, TERT promoter C228T, TP53, CTNNB1,
PIK3CA and NRAS. Interestingly, the TERT C228T mutation was most prevalent (77%
of HCC patients) and present in all patients with one or more ctDNA mutations, and in
patients of which CTCs could be detectable in blood. We failed to collect enough CTCs
for mutational analysis. These findings demonstrate that ctDNA is better suitable for
molecular profiling of HCC than CTCs, and therefore ctDNA may potentially aid in
treatment decisions.
CtDNA is reported to be strongly associated with tumors and patient outcomes. We
found that the maximal variant allele frequency (VAF) of ctDNA was linearly correlated
with tumor size and AFP level (log10). CtDNA positivity was associated with
macrovascular invasion and correlated with poor patient survival. These findings
indicate that ctDNA might potentially be used as a prognostic marker. Analyzing ctDNA,
novel mutations associated with resistance to conventional and targeted therapy have
been identified

9, 10.

These newly identified mutations might offer new avenues of

treatment for cancer patients with advanced disease. Furthermore, additional studies
combining ctDNA analysis with biomedical imaging or serum markers will determine
the benefits of ctDNA in cancer surveillance as an adjunct diagnostic test.
2. Co-blockade of immune checkpoints in HCC
The success of immune checkpoint blockade in patients with a wide variety of
malignancies has changed the treatment paradigm in oncology. Although PD-1/PD-L1
checkpoint blockade can result in dramatic therapeutic responses, this therapy is only
effective in a subset of patients, and many patients are only partial responders to
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therapy. Patients who do not respond to initial therapy with PD-1/PD-L1 blockade are
referred to as having “primary resistance” to therapy, which can be caused by
inadequate T cell infiltration due to lack of tumor immunogenicity, T cell exclusion and
tumor cell resistance to interferon etc

11.

Furthermore, there is a growing subset of

patients who, despite showing a robust initial response to therapy, go on to develop
progressive disease. This phenomenon is known as “acquired resistance” to PD-1/PDL1 blockade therapy which can be caused by loss of T cell function, disruption of
antigen presentation and evolution of interferon resistance etc11, 12. Both phenomena
are highly complex, as the mechanisms for both types of resistance can be overlapping
and/or multifactorial

13.

To combat the loss of T cell function, one strategy is to apply

dual checkpoint blockade therapy. For example, CTLA-4 and PD-1 are not functionally
redundant, acting at different locations and times in the generation of effector T
cells14.This may mean that combination therapies may act in a complementary or even
synergistic fashion. Blockade of both PD-1 and CTLA-4 showed improved clinical
efficacy in patients with, amongst others, melanoma

15

and advanced non-small-cell

lung cancer 16 and hepatocellular carcinoma 17. However, PD-1 plus CTLA-4 blockade
is hampered by a high frequency of severe immune-related systemic adverse effects18,
therefore other less toxic combinations are urgently needed.
Multiple lines of evidence support that TIGIT plays a critical role in limiting adaptive
and innate immunity against tumors

19-22.

In Chapter 4, we summarize current

knowledge and identify gaps in our current understanding of the role of TIGIT in cancer
immunity and, based on these insights, provide recommendations for its positioning in
cancer immunotherapy. We highlighted that TIGIT blockade can synergize with PD-1
blockade to enhance anti-tumor effects of CD8+ T cells. Unlike CTLA-4, PD-1 and TIM3,
TIGIT is also expressed on NK cells. Thus TIGIT blockade does not only reinvigorate
anti-tumor T cell responses but it also enhances anti-tumor NK cell responses. In
addition, targeting TIGIT evokes less immunopathology compared to targeting CTLA4

22-24.

Co-blockade of TIGIT/PD-L1 induces similar adverse events compared to PD-

L1 blockade alone in non-small cell lung cancer (NSCLC) patients 25. TIGIT-blockade
causes less toxicity compared to CTLA-4 blockade, because TIGIT knockout mice do
not develop autoimmunity 22, 24, while CTLA-4 knockout mice die within 2-3 weeks due
to severe autoimmunity

26.

In Chapter 5, we investigated the ex vivo efficacy of co-

blockade of TIGIT/PD-1 in HCC. We reported that TIGIT was enriched whereas its co-
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stimulatory counterpart CD226 was downregulated on PD-1highCD8+ TILs. PD1highCD8+ TILs co-expressed exhaustion markers TIM3 and LAG3, and demonstrated
higher TOX expression. This subset showed decreased capacity to produce IFN-γ and
TNF-α. Expression of TIGIT-ligand CD155 was upregulated on tumor cells compared
to hepatocytes in TFL. Co-blockade of TIGIT/PD-1 preferentially improved proliferation
and cytokine production of CD8+ TILs from tumors enriched for PD-1intCD8+ TILs (low
PD-1 expressers) but not CD8+ TILs enriched with PD-1highCD8+ TILs (high PD-1
expressers). Importantly, ex vivo co-blockade of TIGIT/PD-1 improved proliferation,
IFN-γ production and anti-tumor cytotoxicity of CD8+ TILs compared to single PD-1
blockade. Since only 20% of HCC patients responds to anti-PD-1 therapy

27, 28,

a

majority of patients are PD-1 non-responders. Our results demonstrate that ex vivo,
co-blockade of TIGIT/PD-1 can convert CD8+ TILs that did not respond to monotherapy
with anti-PD-1 into therapy responders. Therefore co-blockade of TIGIT/PD-1 could be
a promising immune therapeutic strategy for advanced HCC patients, especially for
those patients that do not respond to anti-PD-1/PD-L1 therapy. Currently, the phase
1/2 clinical trial of TIGIT/PD-L1 combined blockade for the treatment of liver cancer is
ongoing (NCT04524871). The results of the initial clinical trial will learn us whether coblockade of TIGIT and PD-1/PD-L1 could improve the response rate of HCC patients
and whether it can overcome the acquired resistance of single PD-1/PD-L1 blockade.
3. The prognostic value of cancer testis antigens expressed in tumor-adjacent
liver
Recurrence rates are high and currently no therapies are available to prevent
recurrence for HCC patients. Patients experiencing early recurrence likely have occult
multifocality at the time of resection, whereas late recurrences are more likely to
represent de novo tumors

29-31.

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. CTAs lack expression in healthy adult
tissues, and have the potential to induce antitumor immune responses. 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.
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In Chapter 6, we established a panel of 12 CTAs that are expressed in tumors of
almost 80% of HCC patients. Interestingly, these CTAs are expressed in adjacent
macroscopically tumor-adjacent liver tissues of 45% of HCC-patients. The negative
association between expression of these CTAs in tumor-adjacent liver tissues and
HCC-recurrence and survival, combined with immunohistochemical data, suggests
that CTA-expressing cells remain present in the liver after tumor resection. These
findings indicate that to prevent tumor recurrence, HCC patients with CTA expression
in tumor-adjacent liver 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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Conclusion and future perspectives
•

CtDNA assays might play a future role in facilitating treatment decision of
advanced HCC patients. It is highly likely that evidence will emerge to enable
better assessment of the clinical validity and utility of ctDNA assays in HCC.

•

TIGIT is an attractive therapeutic candidate given that it plays a role in many of
the steps that generate cancer immunity. Leveraging TIGIT in combination with
other modalities such as PD-1/PD-L1 blockade may achieve even more robust
clinical outcomes in HCC. Understanding how TIGIT functions, on what cells,
and in what step(s) of the cancer immunity cycle will allow us to best design
anti-TIGIT immunotherapies and target them to the patients who are most likely
to respond.

•

CTAs expressed in tumor-adjacent liver tissues might indicate HCC-recurrence
and overall survival in post-resection HCC patients. Whether targeting CTAs is
clinically effective remains to be proven.
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Introductie
Hepatocellulair carcinoom (HCC) is de derde meest voorkomende oorzaak van aan
kanker gerelateerde sterfgevallen. Leverchirurgie (hepatectomie en levertransplantatie)
zijn momenteel de enige keuzes om een radicale genezing te bewerkstelligen. Echter,
in de jaren na de operatie ontwikkelt ongeveer 50% van de patiënten terugkerende
ziekte. Aangezien hematogene verspreiding de belangrijkste route van HCC-recidief
is, heeft detectie van circulerende tumorcellen (CTC) in het bloed van HCC-patiënten
ongetwijfeld een belangrijke klinische betekenis bij het voorspellen van herhaling en
het bewaken van de therapeutische efficiëntie bij HCC-patiënten. Hoewel er
verschillende pogingen zijn gedaan om CTC's van HCC-patiënten te detecteren, is
onvoldoende aangetoond of daarbij de slecht gedifferentieerde en agressieve
kankercellen zijn opgespoord.
Circulerend tumor-DNA (ctDNA) is de fractie celvrij DNA in het bloed die is afgeleid
van primaire of uitgezaaide tumorcellen. De fractie circulerende mutante DNAfragmenten is erg klein, vergeleken met circulerende wild-type DNA-fragmenten,
waardoor het moeilijk is om te detecteren en te analyseren. De ontwikkeling van next
generation sequencing (NGS), met name deep sequencing, en droplet digital PCR
(ddPCR) hebben de identificatie van genetische varianten in ctDNA vergemakkelijkt.
De focus van ons HCC-onderzoek ligt op het ontwerpen van effectieve
immunotherapie voor HCC-patiënten. We streven ernaar om tumorcellen efficiënt en
selectief te vernietigen door een tumorspecifieke immuunrespons te induceren of te
versterken.
De detectie van CTC’s en ctDNA in het bloed van HCC-patiënten zal ons in staat
stellen om biomarkers en tumorantigenen te definiëren, en moleculaire karakterisering
van metastaserende tumorcellen uit te voeren. Een dergelijke “vloeibare” biopsie, die
met behulp van een eenvoudige bloedafname kan worden uitgevoerd, en zodoende
herhaaldelijk kan plaatsvinden zonder veel ongemak bij de patiënt, stelt ons bovendien
in staat om moleculaire doelwitten voor gepersonaliseerde (immunotherapeutische)
interventies te ontdekken en het effect ervan longitudinaal te vervolgen.
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In hoofdstukken 2 en 3 van dit proefschrift beschrijven we achtereenvolgens de
methode van CTC-detectie en de potentiële waarde van vloeibare biopsieën als
diagnostische techniek bij HCC-patiënten.
In de daaropvolgende hoofdstukken focussen we ons op verbeterde behandeling van
patiënten met gevorderd HCC. Therapeutische immune checkpoint remmers (ICR’s)
zijn medicijnen die zijn gericht op het herstellen van het vermogen van het
immuunsysteem om kwaadaardige tumoren te bestrijden. De middelen zijn effectief
gebleken bij veel soorten kanker. Specifiek zijn anti-PD-1 / PD-L1-therapieën
goedgekeurd voor de behandeling van meer dan tien kankerentiteiten, waaronder
melanoom, niet-kleincellig longcarcinoom en gevorderd HCC.
Helaas vertoont slechts een subgroep van HCC-patiënten een duurzame klinische
respons, wat suggereert dat bij deze patiënten mechanismen aanwezig zijn die de
effecten van anti-PD-1 / PD-L1-antilichamen beperken. T-cel-immunoreceptor met Igen ITIM-domeinen (TIGIT) is een remmende receptor die tot expressie wordt gebracht
op lymfocyten. Hoge expressie zou de afweer tegen tumorcellen kunnen remmen, en
blokkade van TIGIT zou deze remming mogelijk kunnen voorkomen waardoor
therapeutische anti-PD1-antilichamen (langduriger) effectief kunnen zijn. We
bestuderen deze mogelijkheid in de hoofdstukken 4 en 5.
De lymfocyten die zodoende worden gestimuleerd om tumorcellen te doden, dienen
deze tumorcellen wel te herkennen. In hoofdstuk 6 beschrijven we de expressie van
Kanker-Testis-antigenen (KTA’s) in HCC. Dergelijke eiwitten zijn een aangrijpingspunt
voor de afweer en zouden eventueel kunnen worden gebruikt in vaccinatie-strategieën
met als doel om verdere immuunactivatie te bereiken, bijvoorbeeld in combinatie met
therapeutische ICR’s.
1. Detectie van oncogene mutaties in vloeibare biopsieën bij HCC
In vergelijking met een klassieke weefsel biopsie zijn vloeibare biopsieën
gemakkelijker uitvoerbaar en minder risicovol voor de patiënt daar gebruik wordt
gemaakt

van

perifeer

bloed.

Eenvoudige

bloedafname

voor

analyse

van

tumorkarakteristieken kan frequenter worden uitgevoerd dan reguliere tumorbiopten,
die een klein maar zeker risico hebben op inwendige bloedingen.
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Dergelijke vloeibare biopsieën stellen ons in staat om de tumor serieel te bestuderen,
bijvoorbeeld om tumor omvang te vervolgen. Bovendien kan analyse van CTC’s of
ctDNA ons helpen om de juiste therapie te kiezen en het effect ervan te vervolgen.
Genmutaties in de tumor waarvan we weten dat deze een aangrijpingspunt zijn voor
oncolytische therapie, kunnen in CTC’s en/of ctDNA worden gedetecteerd.
Genmutatie-analyse met behulp van ctDNA heeft in casuïstiek geleid tot aanpassingen
in de behandeling: een HCC-patiënt met een CDKN2A-inactiverende en een CTNNB1activerende mutatie in ctDNA ontving palbociclib (CDK4 / 6-remmer) en celecoxib
(COX-2 / Wnt-remmer) als behandeling en er was een afname van het des-gammacarboxy-protrombine (DCP) -niveau na 2 maanden behandeling. Een andere patiënt
met een PTEN-inactiverende en een MET-activerende mutatie ontving sirolimus
(mechanistisch doelwit van rapamycine-remmer) en cabozantinib (MET-remmer) en
vertoonde tekenen van klinische werkzaamheid.
Het isoleren van zeldzame CTC's is technisch uitdagend en het is ook een uitdaging
om te verifiëren of cellen echte CTC's zijn. Er zijn verschillende CTC-detectiemethoden
onderzocht, gebruikmakend van celgrootte, celdichtheid, markers op het celoppervlak,
of de combinatie van alle. De meeste CTC-isolatiesystemen zijn echter niet
gevalideerd in de kliniek. Cellsearch dat CTC’s uit het bloed isoleert op basis van
Epithelial cell adhesion molecule (EPCAM) expressie op het oppervlak van cellen van
verschillende kankertypen is als enige test gevalideerd voor gebruik in de kliniek. In
Hoofdstuk 2 hebben we geprobeerd een methode te optimaliseren om zoveel
mogelijk CTC's te isoleren uit het bloed van HCC patiënten voor genmutatie-profilering.
We gebruikten immunohistochemie om de expressie van verschillende eiwitten op het
tumorceloppervlak te detecteren en selecteerden vervolgens CK, ASGPR1, GPC3 en
EpCAM voor de detectie van CTC's. We kozen ervoor om de RosetteSep negatieve
selectiemethode, voor verrijking van CTC's in bloedcellen, te combineren met op
fluorescentie gebaseerde flowcytometrie-sortering. Ondanks het feit dat we meerdere
oppervlaktemarkers gebruikte voor CTC-detectie werd er geen duidelijk cluster van
CTC’s geïdentificeerd in bloed van 15 gevorderde HCC-patiënten. Met het CellSearchsysteem werd bij slechts 27% van de gevorderde HCC-patiënten CTC’s in het bloed
gedetecteerd (Hoofdstuk 3). Vanwege technische uitdagingen slaagden we er niet in
om voldoende DNA te isoleren uit enkele verzamelde CTC’s voor mutatieanalyse.
Deze teleurstellende bevindingen geven aan dat CTC's in extreem lage frequenties
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aanwezig zijn in HCC en nauwelijks kunnen worden gebruikt voor verdere
mutatieanalyse waardoor hun klinische bruikbaarheid wordt beperkt.
In vergelijking met CTC's lijkt ctDNA gemakkelijker detecteerbaar te zijn. De
belangrijkste methoden om ctDNA te detecteren zijn digitale droplet-PCR (ddPCR) en
next-generation sequencing (NGS). In Hoofdstuk 3 vergelijken we de detectie van
oncogene mutaties in gepaard ctDNA en CTC's van patiënten met gevorderd HCC.
Met behulp van NGS- en ddPCR-technieken werden mutaties in ctDNA geïdentificeerd
in verschillende genen; TERT-promotor C228T, TP53, CTNNB1, PIK3CA en NRAS.
Interessant is dat de TERT C228T-mutatie het meest voorkomt (77% van de HCCpatiënten) en aanwezig is bij alle patiënten met een of meer ctDNA-mutaties of
detecteerbare CTC's. We hebben niet genoeg CTC's verzameld voor mutatieanalyse.
Deze bevinding toont aan dat ctDNA beter detecteerbaar is in vergelijking met CTC's.
Analyse van ctDNA kan derhalve beter informatie verschaffen over de aanwezigheid
van genmutaties die met medicatie zijn te benaderen. We ontdekten bovendien dat de
maximale variante allelfrequentie (VAF) van ctDNA lineair gecorreleerd was met
tumorgrootte en alpha-foetoproteine (AFP)-niveau (log10) in het bloed. CtDNApositiviteit was geassocieerd met macrovasculaire invasie in de tumor en gecorreleerd
met een slechte overleving van de patiënt. Deze associatie van ctDNA met klinische
en histologische parameters suggereert dat analyse van ctDNA mogelijk als
prognostische marker kan worden gebruikt.
We concluderen dat CTC’s zeer moeilijk zijn te detecteren in bloed van HCC-patiënten.
Daarentegen lijkt ctDNA geschikt voor genmutatieanalyse en draagt zodoende bij aan
besluitvorming over behandelopties. Bovendien is associatie van ctDNA met klinische
en pathologische parameters relevant voor prognosticatie.
2. De rol voor TIGIT bij immunotherapie voor HCC
Het succes van de ICR’s bij patiënten met een grote verscheidenheid aan maligniteiten
heeft het behandelingsparadigma in de oncologie veranderd. Recent werd de
handeling van HCC-patienten met antilichamen tegen de PD1 en PD1L goedgekeurd.
Bij een groep van ongeveer 20% van deze patiënten is er gedeeltelijke en soms zelfs
complete respons op behandeling. Echter, de grootste groep patiënten reageert
nauwelijks op deze therapie. Er is derhalve behoefte aan verbeterde immunotherapie
en het lijkt logisch om te zoeken naar behandelingen waarbij meerder ICR’s
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tegelijkertijd worden benaderd, in plaats van alleen PD1/PDL1. TIGIT is een
remmende receptor die tot expressie wordt gebracht op lymfocyten en de
werkzaamheid ervan bij kankerimmunotherapie wordt momenteel uitgebreid
bestudeerd. Bij meerdere typen kanker wordt TIGIT tot expressie gebracht op tumorinfiltrerende cytotoxische T-cellen, helper-T-cellen, regulerende T-cellen en NK-cellen,
en het ligand CD155 wordt opgereguleerd op tumorcellen, wat bijdraagt aan lokale
onderdrukking van immunosurveillance. Preklinische studies tonen dat co-blokkade
van TIGIT en PD-1 / PD-L1 leidt tot tumorafstoting, zelfs in anti-PD-1-resistente
tumormodellen. Een unieke eigenschap van TIGIT-blokkade is dat het niet alleen
antitumor-effector-T-celresponsen versterkt, maar ook die van NK-cellen en bovendien
de afweerremmende activiteit van regulatoire T cellen onderdrukt. Er zijn menselijke
monoklonale anti-TIGIT-antilichamen ontwikkeld en recente klinische onderzoeken
hebben veelbelovende resultaten getoond van gecombineerde TIGIT- en PD-L1-coblokkade bij de behandeling van verschillende typen kanker, maar nog niet voor HCC.
In hoofdstuk 4 vatten we de huidige kennis samen en identificeren we de hiaten in
ons huidige begrip van de rol van TIGIT bij kankerimmuniteit, en geven we, op basis
van

deze

inzichten,

aanbevelingen

voor

de

positionering

ervan

bij

kankerimmunotherapie.
In Hoofdstuk 5 onderzoeken we de ex vivo werkzaamheid van co-blokkade van TIGIT
en PD-1 bij patiënten met HCC. Daarbij maakten we gebruik van afweercellen die
werden geïsoleerd uit tumoren van HCC-patiënten die een operatie ondergingen. We
tonen aan dat TIGIT verhoogd tot expressie komt terwijl de co-stimulerende
tegenhanger CD226 juist verlaagd tot expressie komt op hoog PD-1-positieve (PD1HI)
CD8-positieve tumor-infiltrerende lymfocyten (TIL's). Deze cellen brengen ook TIM3
en LAG3 tot expressie, en vertonen een hogere TOX-expressie. Deze subset vertoond
een verminderde capaciteit om de cytokinen IFN-gamma en TNF-alfa te produceren.
Expressie van TIGIT-ligand CD155 is verhoogd op tumorcellen in vergelijking met
hepatocyten in tumor-vrij leverweefsel (TVL). Co-blokkade van TIGIT / PD-1 verbetert
preferentieel de proliferatie en cytokineproductie van CD8-positieve TIL's van tumoren
verrijkt voor zwak-PD-1-positieve CD8-positieve TIL's (lage PD-1-expressers) maar
niet CD8 + TIL's verrijkt met hoog-PD-1-positieve CD8-positieve TIL's (hoge PD-1expressers). Belangrijk is dat ex vivo co-blokkade van TIGIT / PD-1 de proliferatie, IFNgamma-productie en antitumorcytotoxiciteit van CD8-positieve TIL's verbeterde in
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vergelijking met een alleen blokkade van PD-1. Aangezien slechts 20% van de HCCpatiënten reageert op behandeling met anti-PD-1-therapie en onze resultaten
aantonen dat ex vivo co-blokkade van TIGIT en PD-1 ook in staat is om de functie van
CD8-positieve TIL’s die niet reageren op anti-PD1 te verbeteren, zou co-blokkade van
TIGIT en PD-1 een veelbelovende immuuntherapeutische strategie kunnen zijn voor
gevorderde HCC-patiënten, vooral voor die patiënten die niet reageren op anti-PD-1 /
PD-L1-therapie.
Onze resultaten zouden derhalve de opstap kunnen zijn naar het evalueren van
combinatie behandeling met anti-PD1 met anti-TIGIT voor patiënten met HCC in een
klinische studie.
3. De prognostische waarde van de expressie van kanker-testisantigenen in
tumor-aangrenzend leverweefsel
Zelfs als mensen een in-opzet genezende behandeling voor HCC ondergaan, is de
kans op recidiverende ziekte met 50% in 5jr groot. Patiënten die een vroeg recidief
ervaren, hebben waarschijnlijk occulte multifocaliteit op het moment van resectie,
terwijl late recidieven eerder de novo tumoren vertegenwoordigen. Het is derhalve van
groot belang om occulte metastasen op het moment van resectie te detecteren om
patiënten met een hoog risico op recidief vroegtijdig te identificeren. Kankertestisantigenen (CTA's) zijn eiwitten die niet tot expressie komen in gezonde
volgroeide weefsels (behalve mannelijke kiemcellen), maar die wel kunnen worden
gemaakt door kankercellen. De ontdekking ervan in normaal leverweefsel rondom de
levertumor zou kunnen duiden op resterend kankerweefsel. Technieken voor het
detecteren van deze CTA’s zouden derhalve mogelijk kunnen worden gebruikt om
occulte metastasen in omringend macro- en microscopisch tumorvrij weefsel te
herkennen.
In Hoofdstuk 6 beschrijven we dat van in totaal 49 onderzochte CTA’s er 12 tot
expressie komen in bijna 80% van de tumoren van HCC-patiënten. Interessant is dat
deze CTA’s ook tot expressie worden gebracht in tumor-aangrenzende leverweefsels
bij 45% van de HCC-patiënten. De associatie CTA-expressie in tumor-aangrenzende
leverweefsels met het optreden van HCC-recidief en verkorte overleving, suggereert
dat CTA-positieve cellen aanwezig blijven in de lever na tumorresectie. Deze cellen
zouden dus achtergebleven kankercellen kunnen zijn waaruit vervolgens een nieuwe
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tumor zich ontwikkelt. Om tumorherhaling te voorkomen, zouden HCC-patiënten met
CTA-expressie in tumor-aangrenzende lever kunnen worden geselecteerd voor
adjuvante therapie na operatie. Daarbij kan worden gedacht aan CTA-doelgerichte
immunotherapie al dan niet in combinatie met therapeutische ICR’s.
Conclusie
• Een zogenaamd vloeibaar biopt voor detectie en moleculaire analyse van ctDNA kan
in de nabije toekomst een belangrijke rol spelen bij therapie keuze bij behandeling van
HCC-patiënten. Dergelijk onderzoek maakt belastende en risicovolle weefselbiopten
grotendeels onnodig en seriële analyse van tumorkarakteristieken haalbaar.
• Immunotherapie met anti-PD1 antilichamen heeft tot op heden beperkte effectiviteit
bij HCC-patiënten. Met blokkade van TIGIT in combinatie met anti-PD1 verbetert de
functie

van

afweercellen

tegen

leverkanker

en

derhalve

vormt

deze

combinatiebehandeling een potentiële verbetering van de therapie voor HCCpatiënten die het verdient om in klinische vervolgstudies te worden uitgewerkt.
• CTA's die tot expressie worden gebracht in tumor-aangrenzende leverweefsels
kunnen duiden op resterend HCC en mogelijk een vroegtijdig recidief aankondigen.
CTA-detectie in het resectiepreparaat na chirurgie voor HCC heeft dus potentiele
consequenties voor post-operatieve behandeling en follow-up, en dient derhalve te
worden uitgewerkt in aanvullend onderzoek.
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