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Abstract

Background The annually recorded incidence of primary hepatic carcinomas has significantly increased over the past two decades
accounting for over 800 thousand of annual deaths caused by hepatocellular carcinoma (HCC) alone globally. Further, secondary liver
malignancies are much more widespread compared to primary hepatic carcinomas: almost all solid malignancies are able to metastasise
into the liver. The primary tumours most frequently metastasising to the liver are breast followed by colorectal carcinomas. Given the
increased incidence of both primary and metastatic liver cancers, a new, revised approach is needed to advance medical care based on
predictive diagnostics, innovative screening programmes, targeted preventive measures, and patient stratification for treatment algo-
rithms tailored to individualised patient profile.

Advantages of the approach taken The current pilot study took advantage of systemic alterations characteristic for liver malignan-
cies, utilising liquid biopsy (blood samples) and specific biomarker patterns detected. Key molecular pathways relevant for
pathomechanisms of liver cancers have been considered opening a perspective for both—individualised diagnostics and targeted
treatment. Systemic alterations have been analysed prior to the therapy application avoiding molecular biological effects potentially
diminishing predictive power of the biomarker-panel proposed. Multi-omics at DNA and protein (both expression and activity) levels
has been applied. An established biomarker panel is considered as a powerful tool for individualised patient profiling and improved
multi-level diagnostics—both predictive and prognostic ones.

Results and conclusions Biomarker panels have been created for the patient stratification, prediction of a more optimal therapy and
prognosis of survival based on the individualised patient profiling. Although there are some limitations of the pilot study performed, the
results are encouraging, as it may be possible, through further research along these lines, to find a clinically and cost-effective means of
stratifying liver cancer patients for personalised care and therapy. The benefits to the patient and society of accurate treatment
stratification cannot be overemphasised.
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Introduction

Heterogeneous population of liver malignancies:
epidemiological concerns and operational basis
for the paradigm shift in the disease management

Worldwide, primary liver cancer is the sixth most common can-
cer, with a majority of the cases occurring in developing coun-
tries. As compared with other common cancers, such as breast,
colorectal, lung, and stomach cancers, the incidence is increasing
[1]. The annually recorded incidence of primary hepatic carcino-
mas has significantly increased over the past two decades ac-
counting for over 800 thousand of annual deaths caused by he-
patocellular carcinoma (HCC) alone globally [2]. Specifically
modifiable risk factors have been demonstrated to be the major
contributors to the development of HCC. In particular, wide-
spread viral hepatic infections (hepatitis B and C) [3] and un-
healthy lifestyle specifically linked to the abnormal alcohol con-
sumption, physical inactivity and obesity, individually and/or
synergistically, result in chronic inflammatory processes to the
liver, fatty liver disease and cirrhosis [4].

Secondary liver malignancies are much more widespread
compared to primary hepatic carcinomas: almost all solid malig-
nancies are able to metastasise into the liver [4]. The primary
tumours most frequently metastasising to the liver are breast
followed by colorectal carcinomas. Further, 27% of the patients
with primary lung, colon, or rectum cancers are reported to de-
velop liver metastases [5].

As currently practiced, most healthcare systems are focused
on “disease care” and the majority of patients with liver malig-
nancies have advanced disease at the time of diagnosis. As a
preferable alternative, it is amongst the goals of predictive, pre-
ventive and personalised medicine (PPPM) to provide compre-
hensive cost-effective care throughout all phases of disease
starting with disease prediction before the clinical manifestation
as well as providing detection at early stages and prognosis for
individualised treatment algorithms. Finally, there is a great need
for precise palliative care that is tailored to each patient to achieve
satisfactory individual outcomes in a long-term manner.

There is currently a relative lack of reliable predictive and
prognostic biomarkers for an advanced PPPM approach that ham-
pers effective implementation of individualised patient profiles
and patient stratification essential for tailoring treatment decisions
[6]. Although there are tests based on biopsies such as immuno-
histochemistry for tumour characteristics and chemosensitivities,
these tests are invasive, expensive and/or not widely available,
applicable and/or affordable. Consequently, the applied approach
is usually cost-ineffective, life quality of the affected patients is
unsatisfactory and the life-expectance is particularly short.

There are relatively few projects dedicated to the development
of specific biomarker-sets for the detection and/or evaluation of
liver malignancies. A PubMed search specifically for “predictive
biomarker panels” in “advanced liver carcinoma and/or
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metastasis” and “unresectable liver carcinoma/metastasis” re-
vealed few articles for each item. This actuality provided moti-
vation to use a minimally invasive approach utilising liquid bi-
opsy in order to develop a powerful diagnostic tool for
individualised patient profiling and patient stratification essential
for tailoring treatment decisions.

Diversity of pathomechanisms and molecular
landscape of liver malignancies relevant
for predictive and prognostic approaches

Liver malignancies comprise a wide spectrum of cancers ranging
from the primary hepatocellular carcinomas (1) to highly hetero-
geneous group of metastatic diseases which, further, discriminate
between metastases spread by the locally situated abdominal
primary tumours (e.g. colorectal cancer) (2) and distanced prima-
ry tumours such as the breast cancer (3). Consequently,
pathomechanisms which underlie individual groups (1-3) of liv-
er malignancies differ dramatically from each other being still
poorly understood.

Even more challenging is the detection of a pathology- and
stage-specific molecular signature for identifying individual cancer
subtypes that would allow the adjustment of optimal treatment
modalities and prognosis of individual outcomes. The task requires
a comprehensive biomedical approach, since previous studies have
demonstrated that an “ideal biomarker” does not exist. Therefore,
the most reliable approach requires multi-level diagnostics with
application of biomarker panels reflecting pathology/stage-
specific alterations at molecular and subcellular levels [7].

Several affected pathways are usually considered for such a
panel, to produce a highly sensitive and specific molecular
“portrait”. Contextually, patients with hepatic breast cancer me-
tastases demonstrate highly specific profiles of matrix metallopro-
teinases MMP-2 and MMP-9 after SIRT treatment as compared
to other primary and secondary liver tumours [8]. Certainly, tissue
remodelling is an essential attribute of aggressive metastatic dis-
ease; therefore, metalloproteinases as the key enzymes are strong
predictors and prognostic factors in disease monitoring. Further,
MMP profiles demonstrated specifically in blood provide strong
arguments in favour of systemic processes which underlie liver
malignancies [8]. In fact, several groups have recently published
research data supporting the relevance of molecular patterns in
blood for monitoring the therapy efficacy with sufficient prognos-
tic power for individual outcomes such as lymphocyte-to-
monocyte ratio [9], serum procalcitonin levels [10], serum
alpha-fetoprotein levels [11, 12], interleukin-8 levels [13], serum
fibrinogen levels [14] and serum annexin A3 levels [15].

Biomarker patterns non-invasively detected in blood samples
may provide important insights into systemic pathomechanisms
of liver malignancies. However, it is important to note that the
majority of publications have correlated the overall survival with
biomarkers measured after a therapeutic intervention that cer-
tainly may have a prognostic value estimating potential survival,
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however, in no way can be useful for choosing an optimal treat-
ment modality. The focus of the current project is to identify
biomarkers which will allow individualised patient profiling that
is essential for tailoring treatments.

One of the decisive factors with strong predictive power for
individual outcomes is the severity of underlying liver dysfunction
that can be characterised as a dysfunction of detoxification path-
ways. The cause of the detoxification dysfunction differs amongst
individual cases. However, the key players are well known, name-
ly the superoxide-dismutase and catalase which are useful bio-
markers estimating the systemic detoxification [16-19].

Particularly, under toxic conditions (deficient detoxification
pathways), stress response is pivotal for estimating the efficacy
of the DNA repair machinery and even for predicting the sys-
temic capacity to regenerate after highly toxic therapy [20-22].

Finally, for estimating metastatic potential of many types of
tumours, S100 (calgranulin) has been per evidence success-
fully implemented in predictive biomarker panels [23-27].

Working hypothesis

Based on the above provided evidence, the following hypoth-
eses have been created:

1. Multi-level diagnostic approach might improve a predic-
tive power of diagnostic tools.

2. Liquid biopsy might be useful source of diagnostic infor-
mation: systemic alterations reflected in molecular and sub-
cellular blood profiles underlie specific pathomechanisms
crucial for predicting individual outcomes, if correlated
with overall survival.

3. Biomarker panel should include key-molecules driving
tissue remodelling, detoxification, and metastasis poten-
tial as well as DNA quality indicators.

4. Contextually, blood multi-omics might create a robust
platform for individualised patient profiling.

5. Predictive and prognostic approaches utilising
individualised patient profiles can be implemented before
therapeutic interventions, to enable an optimal choice of
treatment modalities (such as selective internal radiation
therapy, SIRT, versus transarterial chemoembolisation,
TACE) tailored to the person.

Materials and methods

Recruitment of patients with primary hepatocellular
carcinoma and secondary hepatic metastases

This study was designed as a “pilot study” for the identifica-
tion of a multi-level biomarker screening panel for patients

with primary and metastatic liver malignancies who would
be undergoing SIRT or TACE. Therefore, a wide range of
malignancies of different types were incorporated in the study.
The blood tests for the screening panels were performed prior
to SIRT or TACE.

A total of 158 patients, treated either by SIRT (126) or
TACE (32), were considered for the study (Table 1).

Inclusion criteria:

—  Primary hepatocellular carcinoma
—  Hepatic metastases

—  Treatment by SIRT

—  Treatment by TACE

Exclusion criteria:
—  Pregnancy

Acute infections (but not chronic hepatitis)
—  Alcohol abuse

Table 1  Characterisation of the liver cancer patients analysed in the
current study

Patient characteristics Number of patients (%)

All patients in the study 158 (100%)
Gender
Female 65 (41%)
Male 93 (59%)
Age
<60 63 (40%)
> 60 95 (60%)
Type of therapy
SIRT 126 (80%)
TACE 32 20%)
Cancer type
Hepatocellular carcinoma 57 (36.1%)
Hepatic metastases of:
Colorectal cancer 51 (32.3%)
Breast cancer 15 (9.5%)
Cholangiocellular carcinoma 10 (6.3%)
Neuroendocrine tumour 8 (5.1%)
Pancreatic cancer 3 (1.9%)
Lung cancer 3 (1.9%)
Gastric cancer 3(1.9%)
Oesophageal cancer 2 (1.3%)
Ovarian cancer 2 (1.3%)
Uveal melanoma 1 (0.6%)
Cervical cancer 1 (0.6%)
Urothelial carcinoma 1 (0.6%)
Cancer of unknown primary 1 (0.6%)
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Table 2 Overall survival analysed for two stratified patients groups,
namely treated either with TACE or SIRT; the difference is statistically

MMP-2 significant

66 kDa

lysis zone Therapy OS (95% confidence interval) (months) Significance

categories
SIRT 7 (5.029-8.971) P=0.003
TACE 15 (7.963-22.037)

MMP-9

86 kDa . . .

lysis zone Biobanking: both peripheral leucocytes and blood serum

categories

Fig. 1 Zymographic patterns of metalloproteinase MMP-2 and MMP-9
in blood serum categorised depending on the level of activity from 1
(weakest) to 5 (strongest); the categorisation has been utilised for the
patient stratification in follow-up statistical analysis

—  Genetic disorders and disorders with premature ageing
(Down syndrome, Werner syndrome, Alzheimer’s dis-
ease, others)

All the patients were informed about the purposes of the
study and consequently have signed their “consent of the
patient”. All investigations conformed to the principles
outlined in the Declaration of Helsinki and were performed
with permission from the responsible Ethics Committee of the
Medical Faculty, Rheinische Friedrich-Wilhelms-University
of Bonn. Corresponding reference number is 283/10.

Liquid biopsy: blood samples collection, biobanking
and biopreservation

Blood samples (20 ml) anti-coagulated with heparin were col-
lected from the patients prior to any treatment application.

Fig. 2 Comet assay (microscopic subcellular image) analyses four
classes of comets: class I indicates intact DNA with a bright head and
no tail, while class IV demonstrates an apoptotic DNA fragmentation
characterised by (almost) no visible head and a long diffuse tail.
Comets with intermediate characteristics but clearly distinguishable
patterns are represented by classes II and III distinguishable by the ratio
R =T/r, where T represents the comet’s tail length and r is the radius of the
comet’s head. The characteristic value of R for class I is 1 and for class IV
is infinite, due to the r = 0. Comets with R values ranging between 1 <R >
3 represent class II. D is the diameter of the comet’s “head”
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were separated and stored for all follow-up analyses.

Peripheral leucocytes were isolated using Ficoll-
Histopaque gradients (Histopaque 1077, Sigma, USA)
as described elsewhere [28]. Briefly, blood samples
were diluted with equal volumes of physiological buffer
solution (PBS, Biochrom AG, Germany). Then, 2 ml of
histopaque were placed into 10 ml sterile centrifuge
tubes and 5 ml of diluted blood samples were carefully
layered onto each histopaque gradient. Gradients were
centrifuged at 475 g and 20 °C for 15 min. The
leucocytes bands were removed from the interface be-
tween plasma and histopaque layers of each tube and
collected into one 50 ml tube. The total volume was
brought to 50 ml with cold Dulbecco’s Modified Eagle
Medium (DMEM, Gibco™, USA). The cell suspension
was washed three times with PBS and the total number
of cells was determined.

Blood serum (500 pl) was separated by centrifugation from
each blood samples not later than within 1 h after individual
blood draw.

Biopreservation: Blood serum was frozen and stored
at —80 °C directly after each individual blood sample
centrifugation. Separated peripheral leucocytes were fi-
nally re-suspended in PBS-DMSO solution, aliquoted
into Eppendorf tubes and stored at —80 °C until molec-
ular profiling has been performed.

Table 3  Multivariate analysis (Cox proportional hazards model)
performed for two stratified patients groups, namely treated either with
TACE or SIRT; statistically significant difference is presented in italic

Covariate Hazard ratio (95% confidence interval) Significance
Therapy

SIRT 1.000 P=10.004
TACE 0.493 (0.304-0.802)
Age

<60 1.000 P=0.351

> 60 0.840 (0.583-1.211)

Gender

Female 1.000 P=0.548
Male 1.120 (0.773-1.623)
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Fig. 3 Overall survival of patients stratified by the therapy type and
individual biomarkers (Kaplan-Meier analysis using log-rank test) as
follwing: a stratified by the treatment approach (TACE versus SIRT); b
treated with SIRT and stratified by MMP?2 activities (middle/high versus
low); ¢ treated with TACE and stratified by MMP2 activities (middle/high
versus low); d stratified by the level (high versus low) comets class I; e

Multi-omic analysis
Protein expression analysis by Western blotting

All analyses were performed two times for each sample
utilising the standardised procedure described elsewhere [29,
30]. Primary antibody incubation was performed at room tem-
perature using a 1:200 dilution of the specific antibodies to

human calgranulin A, a goat polyclonal antibody (C-19)
raised against a peptide mapping at the C-teminus of
calgranulin A of human origin, sc-8/12; Santa Cruz,
USA

Time (months)

Time (months)

stratified by the level (high versus low) of class III comets; f stratified by
the level (high versus low) of class IV comets; g stratified by the level
(high versus low) of SOD-2 expression; h stratified by the level (high
versus low) of catalase expression; and i stratified by the level (high
versus low) of calgranulin A expression; corresponding statistical signif-
icance is provided

human catalase, a goat polyclonal antibody (S-20) raised
against a peptide mapping an internal region of catalase of
human origin, sc-34,282, Santa Cruz, USA)

human profilin-1, a goat polyclonal antibody (C-15)
raised against a peptide mapping at the C-terminus of
profilin-1 of human origin, sc-30,522 Santa Cruz, USA
human RhoA, a mouse monoclonal antibody (26C4) raised
against an epitope corresponding to amino acids 120-150 of
RhoA of human origin, sc-418 Santa Cruz, USA

human superoxide-dismutase (SOD-2), a goat polyclonal
antibody (N-20) raised against a peptide mapping near the
N-teminus of SOD-2 of human origin, sc-7/8503, Santa
Cruz, USA
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Table 4  Overall survival in two patient groups treated with SIRT and
stratified by MMP9 activities

Table 6  Overall survival for two patient groups treated with SIRT and
stratified by MMP?2 activities; the difference is statistically significant

MMP9 OS (95% confidence interval) Significance
[months]

1.+2. 8 (5.812-10.188) P=0.953

3.+4.+5. 9 (4.795-13.205)

—  human thioredoxin (Trx), a mouse monoclonal antibody
(D-4) specific for an epitope mapping between amino
acids 1-34 at the N-terminus of Trx of human origin,
sc-271281 Santa Cruz, USA

— and the house-keeping protein - human actin, a goat poly-
clonal IgG (I-19), epitope mapping at the C-terminus of
actin of human origin, recommended for detection of a
broad range of actin isoforms of human origin, sc-1616
Santa Cruz, USA

The protein specific signals were measured
densitometrically using the Quantity One® imaging system
(Bio-Rad, USA).

Analysis of metalloproteinase activity by zymography

For determination of gelatinase activity of MMP-2 and MMP-
9 in blood serum “Ready-Gelatin-Gels” (Bio-Rad, USA) were
used according to the instructions of the manufacturer. Two
microliters from individual serum samples were electropho-
resed under non-reducing conditions using Criterion™
Precast Gel System (Bio-Rad, USA). After electrophoresis,
each gel was incubated at room temperature in 2% Triton X-
100 for 2 x 30 min in order to remove the traces of sodium
dodecyl sulphate, and then incubated overnight at 37 °C in
buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.6, containing
5 mM CaCl, and 0.02% NaNj3). Afterwards, a staining with
0.5% Coomassie blue G-250 (Sigma, USA) was performed
for each gel. The proteolytic activity of each gelatinase (A and
B) was identified as a clear band on a blue background ac-
cording to the correspondent molecular weight of each
gelatinase (A and B that corresponds to the metallproteinase-
2 and metallproteinase-9, respectively). Gels were dried be-
tween cellophane sheets with a Gel Air™ Drying System (Bio-
Rad, USA) and then scanned with a yellow filter using Adobe
Photoshop (Adobe System, USA) in grey-scale mode.

Table 5 Overall survival in two patient groups treated with TACE and
stratified by MMP9 activities

MMP9 OS (95% confidence interval) Significance
[months]

1.+2. 19 (6.721-31.279) P=0.547

3.+4.+5. 12 (2.605-21.395)

MMP2 OS (95% confidence interval) [months] Significance
1.+2. 9 (5.929-12.071) P=0.007
3.+44.+5. 5(3.161-6.839)

Densitometric analysis of zymographic lysis zones at 66 and
86 kDa for gelatinases A and B, respectively (Fig. 1), was
performed using Quantity One® imaging system (Bio-Rad,
USA).

Subcellular imaging: comet assay analysis of DNA
fragmentation

In order to evaluate DNA quality (DNA damage), the subcel-
lular imaging by Comet Assay™ Trevigen, Inc., Cat. No.
4250-050-K, USA) analysis has been used. The single cell
gel electrophoresis assay is based upon the ability of DNA
fragments to migrate out of the peripheral leucocytes in the
electric field applied, whereas undamaged chromosomal
DNA does not migrate into the agarose gel. DNA fragmenta-
tion assessment has been performed by evaluation of the DNA
“comet” tail shape and specific migration patterns. Peripheral
leucocytes have been immobilised in a bed of low-melting
point agarose, on a Trevigen CometSlide™. The alkaline elec-
trophoresis is very sensitive and detects small amounts of
damage. Therefore, after cell lysis, samples have been treated
with alkali to denature the DNA and hydrolyse sites of dam-
age. After electrophoretic separation, staining with a fluores-
cent DNA intercalating dye (SYBR® Greenl) has been per-
formed. The shape of individual comets has been visualised
by epifluorescence microscopy. The evaluation system devel-
oped by the authors and published earlier [31] has been ap-
plied for the qualification and quantification the DNA
fragmentation/damage (Fig. 2).

Table 7  Multivariate analysis performed for two patient groups treated
with SIRT and stratified by MMP2 activities; statistically significant
difference is presented in italic

Covariate Hazard ratio (95% confidence interval) Significance
MMP2 category

1. +2. 1.000 P=0.011
3.+4.+5. 1.676 (1.127-2.493)
Age

<60 1.000 P=0.585

> 60 0.892 (0.592—-1.344)
Gender

Female 1.000 P=0.647
Male 1.1 (0.731-1.655)
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Table 8  Overall survival of two patient groups treated with TACE and
stratified by MMP?2 activities

Table 10 Multivariate analysis for two patient groups stratified by the
level of the class I comets (CA I); low versus high levels mean below and
above the median value, respectively; statistically significant difference is

MMP2 OS (95% confidence interval) [months] Significance presented in italic
1.+ 2. 12 (4.115-19.885) P=0.068 Covariate Hazard ratio (95% confidence interval) Significance
3.+4.+5. 19 (0-40.818)
CA1
low 1.000 P<0.001
Statistical analysis high 0.448 (0.302-0.666)
Therapy
Statistical analyses were carried out using the SPSS 22 soft- SIRT 1.000 P=0.001
ware package (IBM, Armonk, NY). TACE 0.448 (0.274-0.734)
Spearman’s rank-order correlation method was used for — Age
mutual correlations amongst biomarkers and clinic- <60 1.000 P=028
pathological characteristics. Survival time was estimated by > 60 0.805 (0.543-1.193)
Kaplan-Meier analyses and compared amongst stratified pa-  Gepder
tient groups using log-rank test. Female 1.000 P=023
Multivariate analysis was performed utilising the Cox re- Male 1.287 (0.853-1.942)

gression model to test independent significance while
adjusting for covariates. Data were presented as hazard ratios
(HR) and 95% confidence intervals (95%CI). Overall survival
(OS) was defined as the time frame between the diagnosis and
death recorded. Reported P values were two sided. P <0.05
was considered statistically significant.

Results

Structured by corresponding subtitles, the results of the statis-
tical analysis are provided below for the patients stratified by
the treatment approach and most promising multi-omic bio-
marker panel. The results of univariate and multivariate anal-
yses of overall survival for all biomarker measured in the study
are summarised in Tables 21 and 22. The results of mutual
correlations amongst all biomarkers are provided in Table 23.

Overall survival of patients treated either with SIRT
or TACE

OS of patients treated with TACE was more than two times
longer compared to the SIRT treatment. The difference is sig-
nificant in both uni- and multivariate analyses as demonstrated
in the Table 2 and Table 3. Figure 3a shows results by the
Kaplan-Meier analysis.

Table 9  Overall survival analysed for two patient groups stratified by
the level of the class I comets (CA I); low versus high levels mean below
and above the median value, respectively; the difference is statistically
significant

OS of patients treated with SIRT and stratified
by MMP9 activities

No difference has been demonstrated in OS for the SIRT-
treated patients demonstrating either low (categories 1 and
2) or middle and high (categories 3, 4 and 5) levels of
MMP-9 activity in blood plasma measured prior to the treat-
ment as summarised in Table 4.

0S of patients treated with TACE and stratified
by MMP9 activities

In contrast to the SIRT, there is an increase in OS of the
TACE-treated patients with low (categories 1 and 2) level of
MMP-9 activity in blood plasma measured prior to the treat-
ment as summarised in Table 5.

0S of patients treated with SIRT and stratified
by MMP2 activities

OS is significantly increased for the SIRT-treated patients with
low (categories 1 and 2) level of MMP-2 activity in blood
plasma measured prior to the treatment as summarised in
Table 6. Moreover, this patient stratification resulted in a

Table 11 Overall survival analysed for two patient groups stratified by
the level of the class III comets; low versus high levels mean below and
above the median value, respectively; the difference is statistically
significant

CAl OS (95% confidence interval) [months] Significance CA 1L OS (95% confidence interval) [months] Significance
Low 6 (3.622-8.378) P<0.001 Low 12 (5.097-18.903) P=0.002
High 15 (4.621-25.379) High 7 (4.928-9.072)
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Table 12 Multivariate analysis performed for two patient groups
stratified by the level of the class III comets; low versus high levels
mean below and above the median value, respectively; statistically
significant difference is presented in italic

Table 14 Multivariate analysis performed for two patient groups
stratified by the level of the class IV comets; low versus high levels
mean below and above the median value, respectively; statistically
significant difference is presented in italic

Covariate Hazard ratio (95% confidence interval) Significance Covariate Hazard ratio (95% confidence interval) Significance
CAIII CA 1V

Low 1.000 P<0.001 Low 1.000 P=0.006
High 2.075 (1.404-3.066) High 1.703 (1.161-2.497)

Therapy Therapy

SIRT 1.000 P<0.001 SIRT 1.000 P=0.002
TACE 0.411 (0.249-0.678) TACE 0.458 (0.279-0.751)
Age Age

<60 1.000 P=0.128 <60 1.000 P=0.193
> 60 0.732 (0.489-1.095) > 60 0.770 (0.519-1.142)

Gender Gender

Female 1.000 P=0.503 Female 1.000 P=0425
Male 1.150 (0.764-1.730) Male 1.181 (0.785-1.778)

statistically significant difference also by multivariate analy-
sis—Table 7. Figure 3b shows results by the Kaplan-Meier
analysis.

0S of patients treated with TACE and stratified
by MMP2 activities

In contrast to the SIRT-treated patients stratified by MMP-2
activities (see above), OS is decreased (close to significant) for
the TACE-treated patients with low (categories 1 and 2) level
of MMP-2 activity in blood plasma measured prior to the
treatment as summarised in Table 8. Figure 3¢ shows results
by the Kaplan-Meier analysis.

0S of patients stratified by the class | comets

By the class I comets, patients have been stratified into two
groups demonstrating either low or high level compared to the
median value. There is a statistically significant difference for
an increased OS of patients with high level of the class I
comets compared to the low level (Table 9). Moreover, the
multivariate analysis (Table 10) resulted in significant differ-
ences for both parameters—class I comets and the type of

Table 13 Overall survival analysed for two patient groups stratified by
the level of the class IV comets; low versus high levels mean below and
above the median value, respectively; the difference is statistically
significant

therapy applied. Figure 3d shows results by the Kaplan-
Meier analysis.

OS of patients stratified by the class lll comets

By the class III comets, patients have been stratified into
two groups demonstrating either low or high level com-
pared to the median value. There is a statistically signif-
icant difference for an increased OS of patients with low
level of the class III comets compared to the high level
(Table 11). Moreover, the multivariate analysis (Table 12)
resulted in significant differences for both parameters—class
[I comets and the type of therapy applied. Figure 3e shows
results by the Kaplan-Meier analysis.

0S of patients stratified by the class IV comets

By the class IV comets, patients have been stratified into two
groups demonstrating either low or high level compared to the
median value. There is a statistically significant difference for an
increased OS of patients with low level of the class IV comets
compared to the high level (Table 13). Moreover, the multivariate
analysis (Table 14) resulted in significant differences for both

Table 15  Overall survival analysed for two patient groups stratified by
the level of SOD-2 expression; low versus high levels mean below and
above the median value, respectively

CA LV OS (95% confidence interval) (months) Significance SOD2 OS (95% confidence interval) [months] Significance
Low 11 (4.976-17.024) P=0.009 Low 7 (5.415-8.585) P=0.12
High 8 (6.062-9.938) High 12 (5.176-18.824)
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Table 16 Multivariate analysis performed for two patient groups
stratified by the level of SOD-2 expression; low versus high levels mean
below and above the median value, respectively; statistically significant
difference is presented in italic

Table 18 Multivariate analysis performed for two patient groups
stratified by the level of catalase expression; low versus high levels
mean below and above the median value, respectively; statistically
significant difference is presented in italic

Covariate Hazard ratio (95% confidence interval) Significance Covariate Hazard ratio (95% confidence interval) Significance
SOD2 Catalase

low 1.000 P=0.05 Low 1.000 P=0.05
high 0.67 (0.444-1.011) High 0.667 (0.438-1.015)

Therapy Therapy

SIRT 1.000 P=0.022 SIRT 1.000 P=0.045
TACE 0.517 (0.294-0.91) TACE 0.561 (0.318-0.987)
Age Age

<60 1.000 P=0.208 <60 1.000 P=0.19%4
> 60 0.758 (0.492-1.167) > 60 0.751 (0.487-1.157)

Gender Gender

Female 1.000 P=0.569 Female 1.000 P=0.63
Male 1.133 (0.738-1.74) Male 1.111 (0.723-1.707)

parameters—class IV comets and the type of therapy applied.
Figure 3f shows results by the Kaplan-Meier analysis.

0S of patients stratified by the expression level
of SOD-2

By the expression level of SOD-2, patients have been stratified
into two groups demonstrating either low or high level compared
to the median value. There is a trend for an increased OS of
patients with high level of the SOD-2 expression compared to
the low level (Table 15). Moreover, the multivariate analysis
(Table 16) resulted in significant differences for both parame-
ters—SOD-2 expression and the type of therapy applied.
Figure 3g shows results by the Kaplan-Meier analysis.

0S of patients stratified by the expression level
of catalase

By the expression level of catalase, patients have been strati-
fied into two groups demonstrating either low or high level
compared to the median value. There is a statistically signif-
icant difference for an increased OS of patients with high
level of the catalase expression compared to the low level
(Table 17). Moreover, the multivariate analysis (Table 18)

Table 17 Overall survival analysed for two patient groups stratified by
the level of catalase expression; low versus high levels mean below and
above the median value, respectively; the difference is statistically
significant

resulted in significant differences for both parameters—
catalase expression and the type of therapy applied.
Figure 3h shows results by the Kaplan-Meier analysis.

0S of patients stratified by the expression level
of calgranulin A

By the expression level of calgranulin A, patients have been
stratified into two groups demonstrating either low or high
level compared to the median value. There is a statistically
significant difference for an increased OS of patients with
low level of calgranulin A expression compared to the high
level (Table 19). Moreover, the multivariate analysis (Table 20)
resulted in significant differences for both parameters—
calgranulin A expression and the type of therapy applied.
Figure 3i shows results by the Kaplan-Meier analysis.

Summarising overview

OS of patients in relation to the individual biomarkers
(Kaplan-Meier analysis with log-rank test), multivariate anal-
ysis of overall survival (OS) of patients in relation to all indi-
vidual biomarkers measured in the study (Cox proportional
hazards regression) and mutual correlations amongst the

Table 19  Overall survival analysed for two patient groups stratified by
the level of calgranulin A expression; low versus high levels mean below
and above the median value, respectively; the difference is statistically
significant

Catalase OS (95% confidence interval) [months] Significance Calgranulin A OS (95% confidence interval) [months]  Significance
Low 7 (5.013-8.987) P=0.049 Low 14 (7.014-20.986) P=0.003
High 12 (7.464-16.536) High 7 (4.965-9.035)
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Table 20  Overall survival analysed for two patient groups stratified by
the level of calgranulin A expression; low versus high levels mean below
and above the median value, respectively; statistically significant
difference is presented in italic

Covariate Hazard ratio (95% confidence interval) Significance
Calgranulin A

Low 1.000 P=0.001
High 2.315(1.483-3.615)

Therapy

SIRT 1.000 P=0.003
TACE 0.422 (0.238-0.749)
Age

<60 1.000 P=0438
> 60 0.847 (0.556-1.29)

Gender

Female 1.000 P=0.535
Male 0.869 (0.557-1.355)

biomarkers and clinical characteristics (Spearman’s rank-
order correlation coefficients) are provided in summarising
Tables 21, 22 and 23, respectively.

Discussion

HCC, the most common primary liver malignancy, is
characterised by a highly specific geographic distribution vary-
ing dramatically amongst world regions. Perhaps an extreme
situation is observed in China, where HCC is the most com-
mon cancer type and the primary cause of the cancer-related
mortality in males under 60 years of age. This is attributed to
the widespread of hepatitis B in the country [32]. However, the
HCC epidemic has already spread beyond the Eastern Asian
predominance into the Western regions, making it especially
remarkable in the USA and Western Europe [33]. In the USA,
HCC is currently the fastest growing cause of cancer-related
death [6]. Noteworthy, HCC related specifically to fatty liver
diseases is increasingly prevalent in USA, Europe and other
world regions [34]. The global burden of HCC is predicted to
grow to 22 million over the next two decades [35].

In addition, almost all solid malignancies have been dem-
onstrated to be capable of metastasising to the liver. The pri-
mary tumours most frequently metastasising to the liver are
breast cancer followed by colorectal carcinoma [4].
Consequently, specific challenges of secondary liver malig-
nancies to a large extent deals with the breast cancer (BC)
epidemic which is recognised as being characteristic for the
early twenty-first century accounting for almost two million
new cases and a half of million BC-related deaths annually
[36]. To this end, new trends demonstrate a persistently in-
creasing incidence of premenopausal breast cancer in young

@ Springer

Table 21 Overall survival (OS) of patients in relation to the individual
biomarkers (Kaplan-Meier analysis with log-rank test); statistically sig-
nificant difference is presented in italic

Biomarker OS (95% confidence interval) [months] Significance
MMP2 category P=0.636
1 7 (1.266-12.734)

2 10 (6.429-13.571)

3 7 (4.561-9.439)

4 11 (0-22.202)

5 _
MMP9 category P=0.963
1 8 (5.381-10.619)

2 9 (2.446-15.554)

3 9 (5.102-12.898)

4 10 (4.156-15.844)

5 6 (3.078-8.992)

CAIl

Low 6 (3.622-8.378) P<0.001
High 15 (4.621-25.379)

CAll

Low 11 (5.259-16.741) P=10.02
High 8 (6.255-9.745)

CA III

Low 12 (5.097-18.903) P=10.002
High 7 (4.928-9.072)
CA IV

Low 11 (4.976-17.024) P=0.009
High 8 (6.062-9.938)
Calgranulin A

Low 14 (7.014-20.986) P=0.003
High 7 (4.965-9.035)
Catalase

Low 7 (5.013-8.987) P=0.049
High 12 (7.464-16.536)
Profilin

Low 7 (4.349-9.651) P=0.107
High 11 (5.193-16.807)
RhoA

Low 8 (5.289-10.711) P=0.646
High 9 (6.209-11.791)

SOD2

Low 7 (5.415-8.585) P=0.12
High 12 (5.176-18.824)
Thioredoxin

Low 8 (5.321-10.679) P=0.391
High 8 (4.484-11.516)

patients diagnosed with particularly aggressive metastatic dis-
ease to distant sites with a great prevalence of liver and/or
brain metastasis and remarkably short life expectancy such
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Table 22 Multivariate analysis of overall survival (OS) of patients in
relation to the individual biomarkers (Cox proportional hazards regres-
sion); covariates in the analysis: age (<60 vs. > 60), therapy type (SIRT
vs. TACE), and gender (female vs. male); statistically significant differ-
ence is presented in italic

Biomarker Hazard ratio (95% confidence interval) Significance

MMP2 category
1 1.000
2 0.808 (0.478-1.366) P=0427
3 1.172 (0.682-2.016) P=0.566
4 1.472 (0.428-5.067) P=0.54
5 _ _

MMP9 category
1 1.000
2 1.107 (0.720-1.703) P=0.643
3 1.122 (0.680-1.850) P=0.652
4 1.223 (0.562-2.661) P=0.611
5 0.932 (0.413-2.102) P=0.865

CAl
Low 1.000 P<0.001
High 0.448 (0.302—-0.666)

CA Tl
Low 1.000 P=0015
High 1.615 (1.096-2.379)

CAIII
Low 1.000 P<0.001
High 2.075 (1.404-3.066)

CA IV
Low 1.000 P=0.006
High 1.703 (1.161-2.497)

Calgranulin A
Low 1.000 P=0.001
High 2.315(1.483-3.615)

Catalase
Low 1.000 P=0.059
High 0.667 (0.438-1.015)

Profilin
Low 1.000 P=0.192
High 0.762 (0.507—-1.146)

RhoA
Low 1.000 P=0.333
High 1.192 (0.836-1.699)

SOD2
Low 1.000 P=0.056
High 0.67 (0.444-1.011)

Thioredoxin
Low 1.000 P=0.313
High 0.806 (0.531-1.225)

as in the case of triple-negative BC with more than 50% of
patients who died within the first 6 months of the metastatic

BC diagnosis [37, 38]. A risky status quo has been
emphasised, namely that currently applied screening
programmes are not skilled to satisfy the needs of young
women at high risk [39].

Given the increased incidence of both primary and metastatic
liver cancers, a new, revised approach is needed to advance med-
ical care based on innovative screening programmes, predictive
diagnostics, targeted preventive measured and patient stratifica-
tion for treatment algorithms tailored to the person. Altogether,
this requires a paradigm shift from reactive to the cost-effective
predictive, preventive and personalised medicine (PPPM) as the
medicine of the future [40].

Our current project is strongly motivated on the one hand,
by the widely recognised epidemics of liver malignancies and,
on the other hand, by an evident lack of predictive biomarker
panels for advanced/unresectable liver carcinoma and metas-
tasis as stated in the “Introduction”.

Advantages of the approach taken

— The project takes advantage of the systemic alterations
characteristic for liver malignancies, utilising specific
biomarker patterns detected in blood samples by a mini-
mally invasive analytical approach.

—  Systemic alterations have been analysed prior to therapy
avoiding molecular biological effects which could dimin-
ish the predictive power of biomarker panel proposed.

—  The multi-omic biomarker panel has been considered for
establishing future multi-level diagnostic (predictive and
prognostics) approaches and individualised patient
profiling.

— Key-molecular pathways relevant for pathomechanisms
of liver cancers have been included for constructing spe-
cific biomarker panels that might open a perspective for
both—individualised diagnostics and targeted treatment.

Interpretation of results in the current study:
contribution to the innovative approach
for the patient stratification, prediction
and prognosis in advanced liver malignancies

A. Stratified by the type of therapy (either SIRT or TACE)
applied, the overall survival was at significantly higher
level in patients treated by TACE. This result should be
further validated for patients stratified by the origin of the
liver malignancy, namely HCC and liver metastases of
different origin as individual groups of comparison.

B. Stratification by key enzymes of the tissue remodelling
revealed extremely important results: MMP-9 activity
level in blood was irrelevant for OS in SIRT-treated pa-
tients, in contrast to TACE-treated patients tending to
better survival in case of low activities; MMP-2 activity
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levels were highly relevant for OS in both SIRT- and
TACE-treated patients, however, with opposite effects,
namely significantly higher OS with low activities in
SIRT but with high activities in TACE. Consequently,
synergistically, the MMP-9 and MMP-2 activity patterns
in blood might be an excellent predictor for the patient
stratification, when deciding between two treatment mo-
dalities by equality of other relevant parameters such as
tumour size and location. Concretely, in case of low
MMP-9 and high MMP-2 activities in blood, an applica-
tion of TACE is recommended, and independently of
MMP-9 levels but low MMP-2 activities, SIRT might
be a better choice.

C. Stratification by DNA quality provided an important
added prognostic value by three comet classes I (intact
DNA), III (strongly damaged), IV (apoptotic). Slightly
better OS has been demonstrated for a high (over medical
value) level of class I. In contrast, low levels of class III
and IV were significantly beneficial for OS.

D. The key enzymes of the detoxification pathway demon-
strated similar patterns of a great prognostic value: high
(over median value) expression of both SOD-2 and cata-
lase were significantly beneficial for OS.

E. Stratification by calgranulin A (S100 calcium-binding
protein A8) as a reliable indicator for an increased meta-
static potential was well prognostic for OS demonstrating
better survival rates at lower expression levels of the pro-
tein. This finding is well in consensus with results pub-
lished by other groups [41-43].

Conclusions and expert recommendations

With this pilot programme, we have shown that for a variety of
primary and metastatic liver cancers, liquid biopsy application
and multiparametric analysis might be

— useful for patient stratification,
—  predictive for the treatment approach and
—  prognostic for an individual survival.

Since this was a pilot programme, certain limitations of the
study are well recognised by the authors. This includes the fact
that only two forms of treatment were enrolled in this study.
However, results achieved are encouraging, since it may be
possible, through further research along these lines, to elabo-
rate clinically relevant and cost-effective means of stratifying
liver cancer patients for more personalised care.
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