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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: To determine the potential prognostic value of proliferation and angiogenesis plasma
Grothh factors proteins following CT-guided high dose rate brachytherapy (HDR-BT) of hepatocellular carcinoma (HCC).
Angiogenesis Materials and methods: For this prospective study, HDR-BT (1 x 15 Gy) was administered to 24 HCC patients.
Hee . Plasma was obtained and analyzed using an Olink proteomics Target-96 immuno-oncology-panel that included
Interventional oncology ) . . ) . . |
Biomarker multiple markers of angiogenesis and proliferation. Fold-change (FC) ratios were calculated by comparing
HDR-BT baseline and 48 h post HDR-BT paired samples. Patients were classified as responders (n = 12) if they had no
Tumor ablation local progression within 6 months or systemic progression within 2 years. Non-responders (n = 12) had recur-

rence within 6 months and/or tumor progression or extrahepatic disease within 2 years.

Results: Proliferation marker EGF was significantly elevated in non-responders compared to responders (p =
0.0410) while FGF-2, HGF, and PIGF showed no significant differences. Angiogenesis markers Angiopoietin-1
and PDGF-B were likewise significantly elevated in non-responders compared to responders (p = 0.0171, p =
0.0462, respectively) while Angiopoietin-2, VEGF-A, and VEGFR-2 did not differ significantly. Kaplan-Meier
analyses demonstrated significantly shorter time to systemic progression in patients with increased EGF and
Angiopoietin-1 (p = 0.0185, both), but not in patients with one of the remaining proteins elevated (all p > 0.1).
Pooled analysis for these 9 proteins showed significantly shorter time to systemic progression for FC >1.3 and
>1.5 for at least 3 proteins elevated (p = 0.0415, p = 0.0193, respectively).

Conclusion: Increased plasma levels of EGF and Angiopoietin-1 after HDR-BT for HCC are associated with poor
response and may therefore function as predictive biomarkers of outcome.

Abbreviations: ANG-1, angiopoietin-1; ANG-2, angiopoietin-2; BCLC, barcelona clinic liver cancer; CT, computed tomography; d, days; EDTA, ethyl-
enediaminetetraacetic acid; EGF, epidermal growth factor; FGF-2, fibroblast growth factor-2; FC, fold-change; Gd-EOB-DTPA-enhanced MRI, gadolinium-ethox-
ybenzyl-diethylentriamine pentaacetic magnetic resonance imaging; HCC, hepatocellular carcinoma; HDR-BT, high dose rate brachytherapy; HGF, hepatocyte
growth factor; hrs, hours; LOD, limit of detection; min, minutes; NPX, normalized protein expression; NR, non-responder; OS, overall survival; PEA, proximity
extension assay; PDGF subunit B, platelet-derived growth factor subunit B; PIGF, placental growth factor; RFA, radiofrequency ablation; R, responder; rpm, rounds
per minute; TTSP, time to systemic progression; VEGFA, vascular endothelial growth factor A; VEGFR-2, vascular endothelial growth factor receptor 2.
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Introduction

In the past several decades, novel treatment approaches for hepa-
tocellular carcinoma (HCC) have emerged [1-3]. Beside locoregional
therapies, local treatment strategies including high dose rate brachy-
therapy (HDR-BT) have been successfully incorporated into multidisci-
plinary treatment algorithms and current guidelines for HCC [4-6].
Despite their multiple advantages including a minimally invasive nature
and low complication rate, tumor recurrence remains a challenge to
treatment efficacy [7]. Indeed, for local ablation, studies showed up to
25 % higher 5-year cumulative distant intrahepatic new tumor rate and
worse disease-free survival rate compared to surgical resection [8].
Initial study of this phenomenon has rendered an increasing body of
evidence indicating a complex interplay between proimmunogenic and
protumorigenic effects following local tumor ablation mediated by
cellular components, cytokines, growth factors, and epigenetic regula-
tions such as micro-RNAs. For example, it has previously been eluci-
dated that activation of an interlinked pathway of
IL-6/HGF-c-Met/STAT3/VEGF is a key driver of post-ablation distant
tumorigenesis [9,10]. Nevertheless, a wide diversity of growth factors of
proliferative and angiogenic capability is associated with this
post-ablation tumorigenesis phenomena. Consequently, single bio-
markers do not fully cover the abundance of processes put into motion
by local tumor therapies. Accordingly, a combination of multiple bio-
markers is likely to be needed in order to select patients who need
additional follow-up and potentially more aggressive treatment [11].
While the effect of ablation-induced tumorigenesis has been shown for
thermal ablation [7,9] it has so far not been reported for brachytherapy.
This study analyzed a panel of circulating tumorigenic proteins,
particularly those associated with proliferative and angiogenic poten-
tial, and assessed their association with outcome of HDR-BT in HCC.

Materials & methods
Study design

24 patients were included in this prospective study cohort. Recruited
patients presented between August 2017 and November 2019 at the

Department of Radiology at LMU University Hospital, Munich, Ger-
many. Written informed consent for local ablative treatment and study
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inclusion was provided by all patients. Patients were eligible for study
inclusion if they presented with previously untreated HCC (Barcelona
Clinic Liver Cancer (BCLC) A and B). Patient characteristics are
demonstrated in Table 1.

Study procedures

Prior to procedure, all patients underwent baseline imaging through
Gd-EOB-DTPA-enhanced liver MRI (Primovist®, Bayer Vital GmbH Gb
Pharma, Leverkusen, Germany) and contrast-enhanced CT of chest,
abdomen, and pelvis. HDR-BT was performed as previously described
[12]. 5 mL of peripheral blood was collected at baseline (day before
procedure) as well as 48 hrs after procedure in Monovette EDTA tubes
(Sarstedt AG, Niimbrecht, Germany). Centrifugation was performed
within one hour at 3000 rpm for 5 min at 4 °C. Plasma aliquots were
stored at —80 °C until use. Follow-up imaging was performed in three
months intervals through MRI and CT as described above.

Proximity extension assay of plasma proteins

Proteins were measured in 1 pL of EDTA plasma using the Olink
proteomics Target 96 Immuno-Oncology panel (Olink Proteomics,
Uppsala, Sweden) based on the Proximity Extension Assay (PEA) tech-
nology [13,14]. The panel includes Epidermal growth factor (EGF),
Fibroblast growth factor-2 (FGF-2), Hepatocyte growth factor (HGF),
and Placental growth factor (PIGF) representing the proliferation sub-
panel and Angiopoietin-1 (ANG-1), Angiopoietin-2 (ANG-2), Vascular
endothelial growth factor A (VEGFA), Vascular endothelial growth
factor 2 (VEGFR-2), and Platelet-derived growth factor subunit B (PDFG
subunit B) representing the angiogenesis panel (see supplementary
Table 1 for the full list of proteins). Briefly, proteins are bound by two
independent antibodies, each carrying an oligonucleotide complemen-
tary to each other. From the hybridization of the DNA sequence, the
DNA polymerase can generate unique and specific DNA products,
quantified by RT-qPCR. Samples were distributed randomly on a 96-well
plate to avoid batch effects. Each plate includes interplate controls to
adjust differences between different plates, and negative controls to
calculate the limit of detection (LOD). Protein levels are expressed as a
normalized protein expression (NPX) unit on a log2 scale. High and low
NPX values correspond to high and low protein concentrations,

Table 1
Patient characteristics. NASH: Non-alcoholic steatohepatitis. AFP: Alpha-Fetoprotein. TTSP: Time to systemic progression in days.
Overall number/median (%/range Responders number/median (%/range Non-responders number/median (%/range p-
[IQRD [IQRD) [IQRD value
Basic characteristics
Female 4 (16.7) 2(16.7) 2(16.7) 1
Male 20 (83.3) 10 (83.3) 10 (83.3)
Age [years] 69 (50-84[21]) 68.5 (58-87 [21.5]) 68.5 (44-86 [32.5]) 0,80
Tumor etiology
Hepatitis B 4 (16.7) 1(8.3) 3(25.0) 0,59
Hepatitis C 6 (25.0) 4(33.3) 2(16.7) 0,64
Alcoholic 9(37.5) 5(41.7) 4(33.3) 1
NASH 3(12.5) 1(8.3) 2(16.7) 1
Unknown 6 (25.0) 3(25.0) 3(25.0) 1
Multiple 4 (16.7) 2(16.7) 2(16.7)
Tumor characteristics
Child-Pugh A 19 (79.2) 10 (83.3) 9 (75.0) 1
Child-Pugh B 5(20.8) 2(16.7) 3(25.0)
AFP [ng/ml] 5.25 (1.6-35.8 [7.0]) 5.25 (1.6-21.5 [4.7]) 5.45 (2.0-35.8[32.2]) 0,77
AFP > 20 ng/ml 4 (16.7) 1(8.3) 3(25.0) 0,59
TTSP 475.0 [377.3-897.3] 911.5 [837.5-1047.5] 396.5 [252.0-461.5] 0,01
Technical parameters
Lesion diameter sum 3(1.1-10.9[3.2]) 2.9 (1.7-10.3[1.1D 3.5 (1.1-10.9[4.8]) 0,49
[em]
Lesion diameter max. 2.5 (1.1-10.3[1.6]) 2.7 (1.7-10.3[0.8]) 2.3 (1.1-10.0[5.7]) 0,31
[em]
Lesion number treated: 1 16 (66.7) 10 (83.3) 6 (50.0) 0,19
Lesion number treated: 2 8(33.3) 2 (16.7) 6 (50.0)
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Definitions of oncological outcome

Patients were stratified into responders and non-responders as pre-
viously described [12]. In brief, responders did not show limited or
diffuse systemic tumor progression within a period of 6 months after
procedure and had no diffuse systemic progression of more than 3
nodules with a diameter of > 3 cm within a period from 6 months to 24
months. By contrast, non-responders showed tumor recurrence within a
period of 6 months and/or tumor progression with more than 3 nodules
or at least one individual nodule exceeding a diameter of 3 cm or
extrahepatic tumor disease within 24 months. The time point at which
any of the above-mentioned criteria occurred defined the time to sys-
temic progression (TTSP). Two patients underwent liver transplantation
9 months after procedure without prior tumor recurrence assessed in MR
and CT imaging and no viable tumor detection in the liver explant.
Accordingly, these two patients were stratified as responders.

Statistical analysis

NPX values from the protein plasma analysis were obtained for each
sample. ANPX values were calculated as subtraction of the pre-therapy
(baseline) NPX value from post-therapy NPX value. Additionally, fold
change (FC) ratios were calculated based upon manufacturer in-
structions as the power of two from each absolute ANPX value in order
to express differences on a linear scale. Data of baseline NPX value, post-
therapy NPX value, and FC ratio is reported as median [1st quartile-3rd
quartile]. Proteins were grouped into two different biological panels
subsuming proteins involved in proliferation and angiogenesis path-
ways. Both panels were tested separately in their respective entirety to
display differences according to therapy response. For this analysis, the
sum of all respective FCs within each protein panel was compared be-
tween responders and non-responders using the Mann-Whitney-U test.
Significance and trends to significance provided a basis for further hi-
erarchical approach by testing single proteins separately. For the com-
parison of pre-therapy with post-therapy protein levels in both
responders and non-responders, Wilcoxon signed-rank test was applied.
Mann-Whitney-U test was used for the comparison of baseline protein
levels between responders and non-responders and for comparison of
FCs between responders and non-responders for each respective indi-
vidual protein. Additionally, dichotomous analysis was performed by
using Fisher’s Exact test. For each protein, FCs with a decrease of <0.9 or
an increase of >1.1 were compared between responders and non-
responders. Accordingly, FCs were only considered if they showed a
substantial alteration beyond a margin of error reaching from 0.9 to 1.1.
For Kaplan-Meier analysis, patients were divided into two groups ac-
cording to the median FC of each protein with TTSP being compared by
applying the log-rank test. For pooled protein analysis, TTSP of patients
with at least one out of nine protein FCs being increased >1.3 or >1.5
were compared with TTSP of all patients not fulfilling this criterion
using the log-rank test. Moreover, TTSP of all patients with at least three
out of nine protein FCs increased above median, >1.3, or >1.5 were
compared with TTSP of all patients not fulfilling these criteria using the
log-rank test. For the pooled analysis, weighted impact models with
weighting factors of two-fold or three-fold were applied for the three
proteins found to have individual significance (EGF, ANG-1, and PDGF
subunit B). An individual total score for each patient was calculated by
summing up all single proteins rendering a maximum score of 12 or 15.
Based on these score cut-offs, patients were stratified into two groups
and TTSP was compared by log-rank test using FC >1.3, or FC >1.5
thresholds. For patients without systemic progression, data was
censored at the time point of the last available follow-up. A significance
level of @ = 5 % was applied. As all analyses were performed in an
explorative manner, no further adjustment of a was done. Statistical
analysis was performed with SAS version 9.4 (SAS Institute, Cary, NC,
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Results
Clinical outcomes

The cohort consisted of n = 12 responders and n = 12 non-
responders. Median follow-up period was 475 days (d) ranging from a
minimum of 183 d to a maximum of 1224 d None of the patients that
responded to treatment experienced systemic progression during the
follow-up period. The median time to systemic progression or loss to
follow-up was 912 days for patients who responded to treatment and
397 days for non-responders.

Comparison of baseline plasma levels rendered no significant dif-
ference for all investigated proteins (all p > 0.05, supplementary
Table 2a, b). Changes in protein plasma levels following HDR-BT were
seen in a proliferation panel consisting of EGF, FGF-2, HGF, and PIGF, as
well as in an angiogenesis panel consisting of ANG-1, ANG-2, VEGFA,
VEGFR-2, and PDFG subunit B. Specifically within this proliferation
panel, the entirety of protein FCs was significantly elevated in non-
responders compared to responders (R: 6.68 [3.06-4.40], NR: 4.24
[3.63-4.66], p = 0.0251). Likewise, within the angiogenesis panel the
entirety of protein FCs was elevated in non-responders compared to
responders, even though only a trend was observed as the required level
of significance was not met (R: 4.96 [4.07-5.51], NR: 5.69 [4.80-6.92],
p = 0.1020).

Proliferation panel

Within the proliferation panel, EGF FC demonstrated a significant
increase in non-responders after HDR-BT compared to responders (R:
0.67 [0.53-1.14], NR: 1.51 [1.06-2.16], p = 0.0410, Fig. 1a, Table 2a).
For EGF FC, observation of patients with substantial differences of <0.9
or >1.1, revealed 11 responders of which 8 (73 %) showed decreasing
FCs, and 10 non-responders of which 8 (80 %) had increasing FCs (p =
0.0300, Fig. 2a). No significant difference was observed in FCs of FGF-2,
HGF and PIGF between responders and non-responders (all p > 0.05,
supplementary Fig. 1a, b, ¢, Table 2a). Fisher’s Exact test did not show
differences in the proportion of responders and non-responders for
decreasing or increasing FCs in FGF-2, HGF, and PIGF (all p > 0.05).
Baseline protein levels did not differ significantly between responders
and non-responders in any of the proteins investigated (all p > 0.05).
PIGF in non-responders demonstrated slightly elevated levels after HDR-
BT compared to baseline (pre: 9.88 [9.71-10.10], post: 9.99
[9.75-10.471, p = 0.0425, data not shown, Table 2a). Yet, no significant
difference was observed in non-responders for EGF, FGF-2, and HGF
comparing before and after therapy (all p > 0.05). Likewise, responders
had, no significant difference found for EGF, FGF-2, HGF, and PIGF after
HDR-BT compared to baseline (all p > 0.05, Table 2a).

Angiogenesis panel

Among the angiogenesis panel proteins, ANG-1 FC was significantly
elevated in non-responders after HDR-BT compared to responders (R:
0.86 [0.74-1.10], NR: 1.29 [1.15-1.56], p = 0.0171, Fig. 1b, Table 2b).
Patients with substantial differences in ANG-1 FC included 9 responders
of which 6 (67 %) demonstrated decreasing FCs and 12 non-responders
of which 10 (83 %) had increasing FCs (p = 0.0318, Fig. 2b). For PDGF
subunit B, non-responders demonstrated a significantly increased FC
compared to responders (R: 0.89 [0.62-1.17], NR: 1.25 [1.02-1.93],p =
0.0462, supplementary Fig. 2d, Table 2b). Patients with substantial
PDGF subunit B FC differences included 11 responders of which 7 (64 %)
showed decreasing FCs and 9 non-responders of which 8 (89 %) showed
increasing FCs (p = 0.0281, Fig. 2c). FCs of ANG-2, VEGFA, and VEGFR-
2 did not show significant differences between responders and non-
responders (all p > 0.05, supplementary Fig. 2a, b, ¢) and Fisher’s
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Fig. 1. Violin plots displaying plasma Fold change ratios (FC) of Epidermal growth factor (EGF) and Angiopoietin-1 (ANG-1) 48 h post-therapy compared to baseline
in responders (red) and non-responders (green). EGF FC (a) showed significantly lower levels in responders (n = 12) compared to non-responders (n = 12) (p =
0.0410). Likewise, ANG-1 FC (b) showed significantly lower levels in responders compared to non-responders (p = 0.0171).

Exact test did not reveal differences in the proportion of responders and
non-responders for decreasing or increasing FCs in ANG-2, VEGFA, and
VEGFR-2 (all p > 0.05). ANG-1, ANG-2, VEGFA, VEGFR-2, PDGF subunit
B had no significant differences of baseline levels between responders
and non-responders, as well as between pre- and post-therapy levels for
both responders and non-responders separately (all p > 0.05, Table 2b).

Changes in protein levels are associated with oncological outcome

Patients with an EGF and ANG-1 FC above their respective protein
median FC presented with a median TTSP of 87d [563-1048d]. Patients
with an EGF and ANG-1 FC below the respective protein median FC
showed a median TTSP of 414d [252-461d] (p = 0.0185 both, Fig. 3).
For the remaining proteins, median TTSP did not change significantly
between patients with a protein FCs above or below their respective
median (all p > 0.05, data not shown).

When a protein FC >1.3 was applied as a threshold to stratify pa-
tients significantly shorter TTSP was noted in patients with PDGF sub-
unit B above this threshold compared to patients below (p = 0.0320,
data not shown). ANG-1 showed a trend towards significantly shorter
TTSP in patients with a FC >1.3 (p = 0.0501). The remaining proteins
had no significantly altered TTSP when this FC threshold was applied for
patient stratification (all p > 0.05).

Using a threshold of protein FC >1.5 rendered significantly shorter
TTSP in patients with elevated EGF (p = 0.0188, data not shown), PIGF
(p = 0.0014, data not shown), ANG-1 (0.0193, data not shown), and
PDGF subunit B (0.0234, data not shown). For FGF-2, HGF, and VEGFA,
no significant difference in TTSP was observed when a threshold of FC
>1.5 was applied (all p > 0.05). No individual patient showed a protein
FC >1.5 for ANG-2 and VEGFR-2, accordingly, these proteins were
excluded from the analysis.

The pooled protein analyses showed that patients with at least one
out of nine investigated protein FCs elevated >1.3 (p = 0.0365, Fig. 4a)
or >1.5 (p = 0.0142, Fig. 4b) had a significantly shorter TTSP when
compared to all patients not fulfilling this criterion.

All patients with at least 3 protein FCs elevated above median
showed no difference in their TTSP compared to all other patients (p =
0.5707). However, patients with at least three protein FCs elevated >1.3
(p = 0.0415, Fig. 4c) or >1.5 (p = 0.0193, Fig. 4d) demonstrated a
significantly shorter TTSP than patients not fulfilling this criterion.

For impact models using the FC >1.3 threshold to indicate protein
elevation, one model showed a significantly shorter TTSP in patients
with a high individual total score (weighting factor: 3, score cut-off: >3,
p = 0.0234; supplementary Table 3). With an applied FC >1.5, four
weighted impact models rendered significantly shorter TTSP in patients
with high individual total scores (weighting factor: 2, score cut-off: >2,p
= 0.0352; weighting factor: 2, score cut-off: >4, p = 0.0083; weighting
factor: 3, score cut-off: >2, p = 0.0352; weighting factor: 3, score cut-off:
>3, p = 0.0352; supplementary Table 3).

Discussion

Our proof-of-concept study provides initial evidence of altered
circulating growth factors and angiogenesis markers with potentially
protumorigenic effects following HDR-BT-treated HCC. Indeed, we
demonstrated that increasing levels of EGF, ANG-1, and PDGF subunit B
48 h after local ablative therapy were associated with poor therapy
response and shorter time to systemic progression. Our data further
indicates that a panel of several biomarkers may be needed to detect
various tumorigenic effects which may help to identify patients at risk.

Local tumor ablation with HDR-BT might induce multiple pathways
of proliferation and angiogenesis with EGF being markedly increased in
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Table 2a

Individual protein levels for proliferation markers Epidermal growth factor (EGF), Fibroblast growth factor 2 (FGF-2), Hepatocyte growth factor (HGF), and
Placental growth factor (P1GF). Responders and non-responders displayed with their respective NPX protein level at baseline (Pre) and 48 h after therapy (Post). The
Fold change ratio (FC) reflects the difference of protein levels after therapy compared to baseline. Median and interquartile range (IQR) are shown for responders and
non-responders.

EGF FGF-2 HGF PIGF
Patient-ID Response Pre Post FC Pre Post FC Pre Post FC Pre Post FC
1 Responder 6.73 6.83 1.08 2.34 2.31 0.98 11.09 11.12 1.02 10.33 10.62 1.23
2 Responder 7.26 6.32 0.52 2.18 1.38 0.57 9.46 9.55 1.06 9.17 9.53 1.29
3 Responder 6.20 5.23 0.51 2.26 1.72 0.69 10.47 10.37 0.93 9.38 9.52 1.10
4 Responder 8.06 6.34 0.30 3.32 1.62 0.31 10.77 10.83 1.04 10.10 10.41 1.24
5 Responder 7.95 8.36 1.34 3.40 3.57 1.12 10.51 10.56 1.03 11.15 11.15 1.00
6 Responder 7.71 7.55 0.89 2.35 1.80 0.69 9.94 9.84 0.94 9.24 9.34 1.08
7 Responder 5.84 7.31 2.78 1.08 1.56 1.39 9.57 10.04 1.39 9.07 9.59 1.43
8 Responder 7.33 6.82 0.70 2.64 2.26 0.77 10.38 10.61 1.17 9.82 10.01 1.14
9 Responder 8.54 7.63 0.53 2.57 0.75 0.28 10.49 10.02 0.73 10.32 9.98 0.79
10 Responder 9.13 8.32 0.57 3.63 3.11 0.70 11.20 10.32 0.55 11.03 10.66 0.78
11 Responder 7.39 6.75 0.64 0.81 0.43 0.77 9.43 9.94 1.42 9.65 10.03 1.30
12 Responder 9.65 10.55 1.86 2.55 3.18 1.55 10.44 10.43 0.99 9.65 9.71 1.05
Median 7.55 7.07 0.67 2.45 1.76 0.73 10.46 10.34 1.03 9.74 9.99 1.12
Mean 7.65 7.33 0.98 2.43 1.98 0.82 10.31 10.30 1.02 9.91 10.05 1.12
SD 1.12 1.34 0.71 0.84 0.96 0.39 0.60 0.45 0.24 0.69 0.56 0.20
13 Non-responder 6.98 7.72 1.67 1.60 1.76 1.11 9.55 9.24 0.80 9.73 9.63 0.94
14 Non-responder 6.06 6.51 1.36 0.69 0.75 1.04 10.71 10.75 1.03 10.87 11.07 1.15
15 Non-responder 6.90 7.96 2.08 1.71 1.79 1.06 10.73 10.58 0.90 9.75 9.99 1.18
16 Non-responder 5.96 7.67 3.28 3.35 2.09 0.42 9.19 9.46 1.20 9.64 9.79 1.11
17 Non-responder 7.39 5.80 0.33 1.95 2.74 1.73 11.67 11.62 0.96 10.24 10.43 1.14
18 Non-responder 7.50 7.63 1.10 1.99 1.91 0.95 10.50 10.64 1.10 10.35 10.57 1.16
19 Non-responder 9.63 10.41 1.72 4.69 5.29 1.51 10.66 10.28 0.77 9.88 9.95 1.05
20 Non-responder 6.82 7.02 1.15 1.73 1.33 0.76 10.36 10.29 0.95 9.87 9.49 0.77
21 Non-responder 6.28 6.08 0.87 1.46 0.98 0.72 9.98 10.79 1.74 9.49 9.99 1.41
22 Non-responder 7.85 11.84 15.93 1.13 3.77 6.24 12.20 13.03 1.78 9.95 10.83 1.84
23 Non-responder 4.89 6.16 2.40 1.70 2.05 1.28 10.05 10.05 1.00 10.05 10.10 1.04
24 Non-responder 7.51 7.42 0.94 2.07 2.15 1.06 9.65 9.48 0.89 9.33 9.46 1.10
Median 6.94 7.52 1.51 1.72 1.98 1.06 10.43 10.43 0.98 9.88 9.99 1.13
Mean 6.98 7.68 2.74 2.01 2.22 1.49 10.44 10.52 1.09 9.93 10.11 1.16
SD 1.18 1.79 4.23 1.05 1.25 1.54 0.86 1.04 0.33 0.41 0.52 0.26
EGF ANG-1 PDGF subunit B

FC protein expression
FC protein expression

FC protein expression

Study subject Study subject Study subject

Fig. 2. Waterfall plots illustrating Fold change ratios (FC) per individual study subject between 48 h post-therapy compared to baseline for Epidermal growth factor
(EGF), Angiopoietin-1 (ANG-1), and Platelet-derived growth factor subunit B (PDGF subunit B). EGF FC in patients with substantial FC differences (<0.9 or >1.1) was
increased in 8 of 10 non-responders and decreased in 8 of 11 responders (p = 0.0300, a). ANG-1 FC in patients with substantial FC differences was increased in 10 of
12 non-responders and decreased in 6 of 9 responders (p = 0.0318, b). PDGF subunit B FC in patients with substantial FC differences was increased in 8 of 9 non-
responders and decreased in 7 of 11 responders (p = 0.0281, c). FCs >1.0 reflect increasing, <1.0 reflect decreasing protein levels after HDR-BT compared to
baseline. Dashed lines indicate the margin of error between 0.9 and 1.1. Green bars: responders (n = 12), red bars: non-responders (n = 12). Bars are displayed within
the range of the respective y-axis.

non-responders. Activation of the EGF/EGFR pathway is associated with in Kupffer cells/liver macrophages may have a protumorigenic effect
HCC promotion and metastasis formation [15]. EGFR is overexpressed [19]. Therefore, early EGF increases following HDR-BT might fulfill a
in the majority of patients suffering from HCC [16]. The cellular origin hepato-protective role in the acute phase of liver damage by irradiation,
of EGF after HDR-BT remains to be elucidated. In mice, EGF originating eventually contributing to hepatocarcinogenesis via a host of other
from salivary glands contributes to liver regeneration following partial pathways.

hepatectomy [17] and EGFR seems to be a critical regulator of hepato- Regarding other growth factors of our panel, such as FGF-2, our
cyte proliferation in early phases of liver regeneration [18]. Whereas findings differ with respect to other local ablation techniques. Following
EGFR is suggested to play an anti-tumorigenic role in hepatocytes, EGFR radiofrequency ablation, FGF-2 was found to be increased in a subset of
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Individual protein levels for proliferation markers Angiopoietin-1 (ANG-1), Angiopoietin-2 (ANG-2), Vascular endothelial growth factor A (VEGFA),
Vascular endothelial growth factor receptor 2 (VEGFR-2), and Platelet-derived growth factor subunit B (PDGF-B). Responders and non-responders displayed
with their respective NPX protein level at baseline (Pre) and 48 h after therapy (Post). The Fold change ratio (FC) reflects the difference of protein levels after therapy
compared to baseline. Median and interquartile range (IQR) are shown for responders and non-responders.

ANG-1 ANG-2 VEGFA VEGFR-2 PDGF subunit B
Patient-ID Response Pre Post FC Pre Post FC Pre Post FC Pre Post FC Pre Post FC
1 Responder 7.03 7.16 110 753 761 106 1061 1086 119 871 893 117 888 9.08 1.14
2 Responder 7.99 8.12 1.09 612 639 120 1022 1020 098 838 854 112  9.49 9.32 0.89
3 Responder 7.44 7.12 080 738 711 083  9.86 9.76 093 920 892 083 863 7.95 0.63
4 Responder 8.43 7.93 071 731 726 097 1047 1053 104 934 915 088 1031  9.37 0.52
5 Responder 8.38 8.56 113 718 690 082 11.50 1151  1.01 898 911 109 1043  10.83  1.32
6 Responder 8.33 8.20 092 639 628 092 1013 1018 1.03 894 889 097  9.93 9.77 0.89
7 Responder 7.78 8.67 1.85 617 644 121 955 1017 154 853 902 140 911 1022 216
8 Responder 8.11 7.65 073 743 739 097 1034 1048 111 864 860 098  9.83 9.37 0.73
9 Responder 9.52 8.61 053 694 649 073 1076 1041 078 919 881 077 1092 1020  0.61
10 Responder 8.93 8.50 074 861 826 078 1152 1075 058  9.62  9.09 069  11.08 10.37  0.61
11 Responder 8.15 7.80 078 7.04 751 138 1035 1047 109 893 897 1.03  9.37 9.24 0.91
12 Responder 1041 1059 113 6.84 715 124 1125 1142 113 939 939  1.00 11.12 1142  1.23
Median 8.24 8.16 08 711 713 097 1041 1048 1.04 896 895 099  9.88 9.57 0.89
Mean 8.38 8.24 096 7.08 7.06 1.01 1055 10.56 1.03 899 895 099  9.92 9.76 0.97
SD 0.91 0.91 0.34 068 0.60 0.21 0.62 0.51 0.23 038 023 0.19 0.86 0.91 0.46
13 Non-responder ~ 7.79 8.01 116 690 673 089  10.09  9.86 085 88 858 082 1010 1026  1.12
14 Non-responder ~ 7.22 7.73 142 748 735 091 1123 1117 096 829 852 117 872 9.45 1.65
15 Non-responder  7.48 8.01 144 703 689 090 1073 1098 119 873 870 098  9.48 1031 1.79
16 Non-responder ~ 7.53 8.48 1.94 58 598 1.09 1036 1062 1.20 9.08 914  1.04 859 9.90 2.48
17 Non-responder  7.87 6.90 051 770 756 091 1050 1017 079 959 941 088  9.59 7.94 0.32
18 Non-responder ~ 8.00 8.26 1.20 763 759 097 1058 1077 114 895 897 101 952 9.99 1.38
19 Non-responder  9.97 1044 138 718 717 100 1154 1142 092 955 961  1.04 11.31 1146 1.10
20 Non-responder  7.61 7.84 117 762 761 099 1033  9.98 078 915 9.00 091  9.16 9.03 0.92
21 Non-responder ~ 8.18 8.32 111 736 743 104  9.84 1036 144 897  9.03  1.04  9.88 9.95 1.05
22 Non-responder  8.62 1079 450 733 753 115  10.82 1214 248 938 971 126 1035 1158 235
23 Non-responder  6.30 7.40 214 725 720 097 1018 1030 1.08 923 9.06 089  7.17 8.47 2.46
24 Non-responder ~ 8.18 7.87 080 729 720 094 1043 1038 097 927 915 092 961 9.50 0.92
Median 7.83 8.01 129 731 7.28 097 1046 1050 1.03 911 9.04 0.99 9.56 9.93 1.25
Mean 7.90 8.34 1.56 7.22 7.9 098 1055 10.68 1.15 9.09 9.07 1.00 9.46 9.82 1.46
SD 0.87 1.15 1.02 049 047 0.08 0.48 0.66 046 036 037 013 1.02 1.07 0.69
large HCC cohort, Pestana et al. [22] found elevated plasma ANG-1 to be
EGF associated with better overall survival (OS), whereas increased ANG-2
was associated with shorter OS. One potential explanation for our
100 findings of increased ANG-1 after HDR-BT might be due to the modu-
lating effect of ANG-1 in the stabilization and maturation of newly
> == EGF <median FC formed vessels. ANG-1 is increased at a relatively early time following
= —— EGF > median FC damage to endothelial cells in the tumor and surrounding liver tissue
§ 50 [23] to execute its vasculoprotective effects [24]. Also, it has been
a shown that ANG-1 promotes endothelial cell survival by inhibiting
apoptosis following irradiation [25]. Taken together, we hypothesize
p =0.0185 that ANG-1 is secreted for protective reasons in the early post-treatment
0 o 560 1 0'00 1 5'00 phase but subsequently contributes to hepatocarcinogenesis [26,27].
Time to systemic progression (TTSP) ANG-2 was not found to be altered in our cohort. VEGFA and VEGFR-
2 were also not significantly increased in either responders or non-

Fig. 3. Kaplan-Meier curves displaying time to systemic progression (TTSP) for
patients according to the respective median protein Fold change (FC) 48 h post-
therapy compared to baseline for Epidermal growth factor (EGF). Patients with
EGF fold change ratio (FC) levels > median EGF FC demonstrated significantly
shorter TTSP than patients with EGF FC < median EGF FC (p = 0.0185).

patients. In-vitro findings confirmed its contribution to proliferation,
induced by thermally stressed hepatocytes [20]. This may be attributed
to differences in the mechanism of activation by different energy sources
and cell death.

It is well known that radiotherapy may induce rebound effects con-
sisting of growth factor-induced angiogenesis as a consequence of vessel
regression and vascular collapse caused by endothelial cell apoptosis
and senescence [21]. In our study, we found that specifically ANG-1 was
increased in non-responders, whereas no differences in protein level
were found for the other main ligand of the receptor tyrosine kinase
TIE2, ANG-2. This partially seems to be discordant to the literature. In a

responders. Even though pathways induced by VEGFR-2 and MET, the
respective receptors for VEGFA and HGF, are associated with tumor
growth and metastasis in HCC [28,29], we did not find a correlation of
any of these three proteins with inferior outcome in our small cohort.
Possibly the type of irradiation also determines the change in proteins,
as increased angiogenic factors such as VEGFR-2 have been shown in
low dose, but not high dose radiation schemes [30,31].

Closely related to VEGF, the PDGF family with its subform PDGF
subunit B is known to promote liver fibrosis and HCC [32]. In HCC
patients, tissue expression of PDGF subunit B in concert with VEGFR-3 is
associated with short OS in HCC patients [33]. A main pathway trig-
gered by PDGF subunit B is the PI3K/Akt/Stat-3 pathway [34,35].
Interestingly, Stat-3 was shown to be associated with tumorigenesis
following local ablation of liver malignancies and to serve as a possible
target for drug inhibition [36,37]. Moreover, PDGFR has been proven to
be a key target of receptor kinase inhibitors such as Sorafenib or Suni-
tinib [38,39].

Despite successful tumor

integration in current guidelines,
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Fig. 4. Kaplan-Meier curves displaying time to systemic progression (TTSP) for patients according to the respective median protein Fold change (FC) 48 h post-
therapy compared to baseline for pooled analysis. Patients with a fold change ratio (FC) of >1.3 or >1.5 in >1 out of 9 proliferation/angiogenesis markers
demonstrated significantly shorter time to systemic progression (TTSP) than all patients not fulfilling this criterion (p = 0.0365, a; p = 0.0142, b, respectively).
Furthermore, all patients with a FC of >1.3 or >1.5 in >3 out of 9 proliferation/angiogenesis markers demonstrated significantly shorter TTSP than all patients not

fulfilling this criterion (p = 0.0415, c¢; p = 0.0193, d, respectively).

recurrence after local tumor ablation in HCC represents a major draw-
back in clinical practice. Our group has already shown secondary un-
wanted effects of HDR-BT by means of increased protumorigenic micro-
RNA 21 which could serve as an additional tool to identify patients who
are prone to progression [12]. Nevertheless, increases in growth factors
have been found to be associated with outcome and contributing to
tumorigenesis following radiofrequency ablation, whereas a single
biomarker alone failed to sufficiently predict outcome in a small cohort
[11]. However, we established various models of pooled panel analyses
of proliferation and angiogenesis markers rendering promising associ-
ation with TTSP that may qualify to predict clinical outcome.

The limited cohort size of 24 patients requires further confirmatory
investigation with a larger study cohort. It must be acknowledged that
the proposed biomarker set did not prove valuable for pre-therapeutic
prediction parameter given its lack of capacity to differentiate be-
tween responders and non-responders. Even though it would have been
desirable to have a powerful tool for predicting outcome even before
therapy, we observed prognostic value of protein alterations only
considering post-HDR-BT protein measurements to indicate patients at
risk.

To date, it is unknown as to whether the described protein changes
are dependent on the primary tumor or mainly are produced by heat-
stressed or recruited cells within the reactive periablational margins.
Information on protein changes in other tumor entities such as metas-
tasized colorectal carcinoma after HDR-BT would indicate whether
these biomarkers could be more generally applied. Additional time
points of analysis after local ablation may be required to obtain a more
comprehensive picture. Molecules after local ablation have character-
istic dynamics in terms of induction and expression. Also, the charac-
teristic profile of plasma protein dynamics varies among the proteins
themselves. Presumably, each protein requires individualized study to
identify peak plasma levels over time. Therefore, subsequent investi-
gation of additional time points after HDR-BT is needed. Furthermore,
our findings are based on plasma analysis only and may not reflect
changes in the tumor microenvironment. Characterization of the tumor

microenvironment is important for the understanding of locally induced
effects and pathways, especially in terms of cellular origins. Finally,
although the proteins investigated in this study have been linked to
tumor growth distant from the ablation site, additional investigation of
downstream analysis combined with the understanding of the cellular
source of the described proteins will help to better understand the po-
tential of the proposed biomarkers.

Conclusion

Our findings demonstrate unwanted systemic effects of proliferation
and angiogenesis after HDR-BT of HCC and their association with pa-
tient outcome by the means of increasing EGF and ANG-1.
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