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INTRODUCTION: Selective internal radiation therapy (SIRT) and sorafenib are used for patients with liver metastases from uveal
melanoma. We conducted a phase | study to determine the optimal timing of administration of sorafenib in combination with
radioembolisation.

METHODS: Patients received radioembolisation plus sorafenib initiated 14, 11, or 3 days after or 7 days before radioembolisation.
The primary endpoint was safety. Secondary endpoints included efficacy and evaluation of circulating angiogenic factors. Sorafenib
plasma levels were quantified retrospectively.

RESULTS: Ten patients received radioembolisation plus sorafenib. The most common grade 2-4 adverse events included rash,
abdominal pain, fatigue and lymphocytopenia. Best response was partial response (30%) and stable disease (70%). Median
progression-free and overall survival were 6.2 (4.8-not reached) and 11.7 months (9.4-not reached), respectively. Circulating
angiogenic factors showed transient elevation at Day 10 post-SIRT when sorafenib was started 11-14 days after SIRT, but not when
sorafenib was started before or just after SIRT. Most steady-state sorafenib plasma concentrations were in the upper percentiles
relative to reference curves for single-agent sorafenib.

CONCLUSIONS: SIRT plus sorafenib was feasible, but appeared more toxic than sorafenib alone, presumably due to altered
pharmacokinetics. Sorafenib may hinder the angiogenic response when initiated before or shortly after SIRT.

CLINICAL TRIAL REGISTRATION: Registry: ClinicalTrials.gov, NCT01893099.

Phase | trial testing optimal timing of sorafenib with SIRT for patients with MUM.
Most common DLTs were grade 3/4 rash (60%) and grade 3 lymphopenia (60%).
Best response per RECIST was partial response in 30% and stable disease in 70%.
Initiation of sorafenib before or soon after SIRT blunted the angiogenic response.
Sorafenib plasma levels were higher vs historical data for single-agent sorafenib.
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INTRODUCTION

Uveal melanoma is the most common primary intraocular
malignancy in adults and accounts for 3-5% of melanomas
[1, 2]. Approximately 30-50% of patients ultimately develop
metastases, with liver involvement in >90% of cases [3-6]. Liver
metastases are an important cause of morbidity and mortality,
leading to poor overall survival (OS) of <9 months in historical
series [7].

The only approved systemic treatment for metastatic uveal
melanoma (MUM) is tebentafusp, a bispecific T-cell engager that
prolongs OS in patients with the HLA-A*02:01 genotype [1, 8].
Unlike cutaneous melanomas, most uveal melanomas are
characterised by low tumour mutational burden and alterations
in GNAQ/GNATT1 [9]. Limited efficacy has been observed in MUM
with established therapies for cutaneous melanoma, including
BRAF/MEK inhibitors, immune checkpoint inhibitors, and che-
motherapy [9]. Angiogenesis is involved in the pathophysiology of
MUM and the development of liver metastases, especially those
with a nodular growth pattern [10, 11].

Both angiogenesis and aberrant mitogen-activated protein
kinase (MAPK) signalling are targeted by sorafenib, a small-
molecule, multikinase inhibitor of VEGFRs, PDGFR-f3, FLT3, c-KIT,
CRAF and BRAF [12]. In a phase Il trial in MUM, sorafenib provided
disease control in 31% of patients at 24 weeks [13]. Sunitinib,
another multitarget tyrosine kinase and angiogenesis inhibitor,
also showed clinical benefit in patients with MUM [14].

Given the prevalence and clinical significance of liver metas-
tases, patients with predominantly hepatic involvement often
undergo liver-directed therapies, including surgery, ablative
treatment, selective internal radiation therapy (SIRT; radioembo-
lisation), chemoembolisation, immunoembolisation or intra-
arterial hepatic chemotherapy [15, 16]. In a systematic review of
retrospective and prospective studies in 268 patients, SIRT using
9Y-microspheres achieved a disease control rate of 67.5%, with a
median PFS of 5.5 months and median OS of 12.3 months [17].

A rationale for combining SIRT with sorafenib lies in the role of
MAPK activation and angiogenesis in radiotherapy resistance.
Additionally, the potential for vascular normalisation under
antiangiogenic therapy may enhance radiosensitivity and improve
local SIRT delivery [18-20]. Sorafenib has demonstrated a radio-
sensitising effect in preclinical models of various tumours,
including melanoma, which was schedule-dependent [21-23].
No interventional trial has yet evaluated SIRT combined with
sorafenib in patients with MUM, and the optimal schedule of
administration is unknown.

This phase | trial was conducted to evaluate the safety and
tolerability of different schedules of SIRT with “°Y-microspheres
plus sorafenib in patients with MUM and liver metastases. We also
assessed circulating angiogenic factors and the pharmacokinetics
of sorafenib when combined with SIRT.

METHODS

Trial design

This was a four-cohort, single-centre, non-randomised, single-arm, phase |
trial of SIRT plus sorafenib (ClinicalTrials.gov, NCT01893099). Sorafenib was
initiated 14 days after SIRT (Cohort 1), 11 days after SIRT (Cohort 2), 3 days
after SIRT (Cohort 3), and 7 days before SIRT (Cohort 4) (Supplementary
Fig. 1). The design was based on a traditional 3+ 3’ dose escalation
scheme, with a planned enrolment of 3-6 patients per cohort. Among the
first three patients per cohort, the third was enrolled once the first two had
completed the dose-limiting toxicity (DLT) evaluation period. If fewer than
two DLTs were observed in the first three patients, three more patients
could be included in the cohort.

The trial was conducted in accordance with the Declaration of Helsinki,
local regulations, and the International Council for Harmonisation’s Good
Clinical Practice guidelines. The protocol was approved by the institutional
ethics committee, and all patients provided written informed consent.

Patients

Eligible adults (>18 years) with histologically confirmed uveal melanoma
and measurable liver metastases based on RECIST v1.1 were included if
they had an Eastern Cooperative Oncology Group performance status 0-1,
life expectancy =12 weeks, and adequate hepatic, renal, and bone marrow
function. Concomitant extrahepatic metastases were permitted if not
imminently life-threatening. Exclusion criteria included history of cardiac
disease, uncontrolled hypertension, HIV infection, chronic hepatitis B or C,
organ allograft, active serious infections, symptomatic brain or meningeal
metastases, evidence or history of bleeding diathesis and renal dialysis.
Prior antiangiogenic therapy was not allowed, and prior chemotherapy,
immunotherapy, or major surgery had to be completed >4 weeks before
starting study treatment.

Treatment

All patients received SIRT (°°Y-loaded resin microspheres; SIR—Spheres®;
Sirtex Medical, Sydney, Australia) plus sorafenib (Nexavar’; Bayer
Healthcare Pharmaceuticals, Berlin, Germany). Before SIRT, patients
underwent hepatic and visceral angiography, with  °™Tc-
macroaggregated albumin (MAA) whole-body scintigraphy and liver-
centred single-photon emission computed tomography with computed
tomography (SPECT/CT) for dosimetry planning and assessment of lung
shunt fraction. Coil embolisation was performed before SIRT to prevent
gastrointestinal leak. SIRT was delivered in a single session on Day 1 to one
or both liver lobes via a femoral arterial approach using a catheter guided
into the hepatic arteries. SIRT activity was calculated from body surface
area or the partition model based on 99MTc_MAA SPECT/CT, and was
optimised to deliver >100 Gy absorbed dose to the tumour and <20 Gy to
normal perfused liver [24]. Post-SIRT dosimetry was computed using *°Y
PET. Sorafenib 400 mg was administered twice daily (BID), orally, until
disease progression or intolerance.

Assessments

Clinical assessments were performed at baseline, weekly until Day 30, and
monthly thereafter. '®F-fluorodeoxyglucose (FDG)-PET/CT was conducted
at baseline, at week 8, and then every 12 weeks until progression. The
response was assessed according to RECIST and PERCIST [25, 26]. Adverse
events (AEs) were evaluated according to the National Cancer Institute
Common Terminology Criteria for Adverse Events Version 4.0 (May 2009).
DLTs were defined as any grade 3/4 AEs occurring within the first 30 days
after SIRT, except for procedure-related pain and grade 3 alanine
aminotransferase or aspartate aminotransferase elevation.

Sorafenib plasma levels were quantified using a validated high-
performance liquid chromatography-tandem mass spectrometry method
[27], with lower limits of quantification and detection of 10 and 1 ng/mL,
respectively.

Translational research

Plasma cytokines measurements were done in duplicate at the Center for
Integrative Genomics, Faculty of Biology and Medicine, University of
Lausanne, using commercially available kit from Sigma Aldrich Human
angiopoietin (RAB0015-1KT), Merck Millipore Thrombospondin1 Human
Sepsis Immune Response (HSP3MAG-63K), Human Angiogenesis Panel 2,
SsVEGFR1, sVEGFR2, Angiostatin, Thrombospondin-2 (HANG2MAG-12K-04),
Biorad - Bioplex Pro Human Cancerl: FGF-basic (171BC502M), sTIE-2
(171BC514M), PDGF-AB BB (171BC511M), Pro Human Cancer2:
Angiopoietin-2 (171BC601M),VEGF-A (171BC616M). Eleven angiogenic
factors were evaluated in plasma samples collected at baseline and on
Days 2, 3, 7, 10, 14, 17, 24, 31, and 60. These were categorised as
proangiogenic (FGF-basic, VEGF-A, PDGF-AB/BB, angiopoetin-2), antiangio-
genic (angiostatin, thrombospondin [TSP]-1/2), and other factors (angio-
poetin-1, soluble VEGF receptor [sVEGFR]1/2 and soluble TIE-2).

Statistics
The primary endpoint was safety. Secondary endpoints included PFS and
OS, analysed by Kaplan-Meier methods using the R library ‘survival’
(https://doi.org/10.1002/sim.956). Safety and efficacy outcomes were
summarised descriptively without formal hypothesis testing. Associations
between steady state (ss) sorafenib plasma concentrations and safety and
efficacy were retrospectively evaluated.

Given limited cohort size and similarity of results between cohorts,
Cohorts 1 and 2 were analysed together as the ‘delayed sorafenib
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introduction cohorts’ (DIC), and Cohorts 3 and 4 as the ‘early sorafenib
introduction cohorts’ (EIC) for selected endpoints. This approach allowed
us to better assess differences according to variations in sorafenib
administration schedules. Angiogenic factors were analysed individually
or grouped as proangiogenic, antiangiogenic, or other factors. To cluster
time-series data, we first utilised the dynamic time warping algorithm
implemented in the R package ‘TSdist’ (https://doi.org/10.32614/RJ-2016-
058), which measures the similarity between two temporal sequences by
calculating the distances between different time-series. These computed
distances were then clustered using the average hierarchical clustering
algorithm.

RESULTS

Patients and treatment

Of 11 patients screened between 2013 and 2016, one was
excluded due to hepatic arterial anatomy inappropriate for SIRT.
Ten patients were enrolled, with three patients each in Cohorts 1
and 3, and two patients each in Cohorts 2 and 4. The sample size
reflects the premature closure of all cohorts due to DLTs.

Patient characteristics are detailed in Table 1. The median time
to metastases was 25 months (range 3-133). The extent of liver
involvement was <25% in all patients and two patients had
unilobar disease. Three patients (30.0%) had minimal extrahepatic
disease. Prior treatments included adjuvant fotemustine and
percutaneous ablation of three liver metastases, each in one
patient (10.0%).

All patients received SIRT and sorafenib. The median activity of
SIRT administered was 1.4 GBq (range, 1.0-2.8). SIRT administra-
tion was bilobar in six patients (60.0%) and unilobar in four
patients (40.0%). Among the patients with unilobar administration,
one patient had unilateral lobe involvement, and two had minor
tumor infiltration in the untreated lobe. The fourth patient had
bilobar involvement, but treatment of the less-involved left lobe
was postponed bg/ 8 months due to pain during the initial
procedure. Post °°Y SIRT dosimetry showed a median (range)
estimated absorbed dose of 149.4 Gy (47.3-356) and 40.3 Gy
(25.8-49) for tumour and non-tumour perfused liver tissue,
respectively. The median duration of sorafenib treatment was
71 days (range, 11-780). Sorafenib was discontinued due to AEs in
six patients (60.0%) and disease progression in four patients
(40.0%).

Safety

DLTs were reported in all patients with no apparent difference
between cohorts. The most frequent clinical DLT was rash, which
was reported in six patients (60.0%) (grade 3, five patients [50.0%];
grade 4, one patient [10.0%]). The most common laboratory DLT
was lymphocyte count decreased, also reported in six patients
(60.0%, all grade 3). Although rash was easily managed with dose
interruption or reduction, and the lymphocyte count decreases
were not considered clinically relevant, these DLTs prevented
cohort expansion.

Across the entire study period, the most common grade 2-4
AEs were abdominal pain (nine patients; 90.0%), rash (six patients;
60.0%), fatigue (five patients; 50.0%), and weight loss (four
patients; 40.0%). The most frequent laboratory abnormalities were
lymphocyte count decreased (six patients; 60.0%) and gamma-
glutamyl transferase increased (four patients; 40.0%). Table 2
shows the total number of grade 2-4 AE episodes reported during
the entire study period.

Early SIRT-related toxicity included transient procedure-
associated abdominal pain in six patients (60.0%). Delayed
toxicities causing pain and considered likely related to SIRT
included two episodes of gastric ulcers and one of duodenitis,
where microspheres were found in subsequent biopsies.

The sorafenib dose was reduced in six patients (60.0%), all due
to AEs occurring during the DLT evaluation period. Six patients
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Table 1. Patient characteristics
Characteristic SIRT plus sorafenib
(n=10)
Median age, years (range) 60 (30-89)
Sex, n (%)
Female 6 (60.0)
Male 4 (40.0)
ECOG PS, n (%)
0 8 (80.0)
1 2 (20.0)
Median time from initial diagnosis to 25 (3-133)
metastatic spread, months (range)
Location of metastases, n (%)
Liver only 7 (70.0)
Liver and extrahepatic 3 (30.0)
Extent of liver involvement?
Unilobar 2 (20.0)
Bilobar 8 (80.0)
<25% 10 (100.0)
>25 0
LDH level, n (%)?
Normal 8 (80.0)
Elevated 1(10.0)
Prior treatment, n (%)
None 8 (80.0)
Chemotherapyb 1 (10.0)
Percutaneous ablation© 1 (10.0)

ECOG PS Eastern Cooperative Oncology Group performance status, LDH
lactate dehydrogenase, SIRT selective internal radiation therapy.

2LDH level was not available for one patient. PConsisting of adjuvant
fotemustine. “Administered to liver metastases.

9dAll patients had total liver involvement of < 25%.

(60.0%) discontinued sorafenib due to skin toxicity (four patients;
40.0%), fatigue and anorexia (one patient; 10.0%), and epigastric
pain (one patient; 10.0%). No treatment-related deaths occurred.

Response and survival

Best responses per RECIST were partial response in three
patients (30.0%; one each in Cohorts 1-3) and stable disease
in seven patients (70.0%; Suppl. Table 1). Two patients were
not evaluable per PERCIST due to absence of FDG uptake by
liver metastases. Among the remaining eight patients, the
best response was a complete metabolic response in one
patient (12.5%; Cohort 1; Suppl. Figure 2) and partial metabolic
response in three patients (37.5%; one each in Cohorts 1-3)
for a metabolic response rate of 50.0%. Stable metabolic
disease was reported in four patients (50.0%; Suppl. Table 1).
Among the patients with a metabolic response, two had
partial response and two had stable disease according to RECIST
criteria.

The first sites of progression were hepatic-only in five patients
(50.0%), hepatic plus extrahepatic in four patients (40.0%; bone in
three patients, lung in one patient), and extrahepatic-only in one
patient (10.0%; lymph node).

Median (95% confidence interval [Cl]) PFS was 6.2 months
(4.8-not reached [nr]) in the overall population, 8.2 months (5.9-nr)
in the EIC (n = 5), and 5.3 months (4.8-nr) in the DIC (n = 5) (Fig. 1A).
Median OS (95% Cl) was 11.7 months (9.4-nr), 20 months (11.0-nr),
and 10.8 months (7.9-nr), respectively (Fig. 1B).
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Table 2.

Class

Skin

Total number of grade 2-4 AE episodes reported during the entire study period in all patients

Gastrointestinal

General symptoms

Cardiovascular

Other

Laboratory

AE

Rash
Hyperkeratosis
HFSR

Nausea
Vomiting
Gastric ulcer
Cholecystitis
Diarrhoea
Colitis
Constipation
Duodenitis
Dyspepsia
Abdominal pain
Fatigue
Weight loss
Dehydration
Fever

Erectile dysfunction

Alopecia

Anorexia

Arterial hypertension

TE events
Dyspnoea

Laryngeal inflammation

Mucosal infection
Dysaesthesia

Lymphocyte decrease

Hypokalaemia

ASAT/ALAT increase

GGT increase
Hyperglycaemia

Number of events

Grade 2

O O O = O = = = = = =2 NN = = = O U 1 § = = = O wWN - O O O —= O

Grade 3 Grade 4

- A = O 1 O O O O O O O O OO N O = >bhh O OO =" == =2 N = = 0O u
©O O O - O O O OO O 0O O o o o o o o oo oo oo oo oo o =

0

AE adverse event, ALAT alanine aminotransferase, ASAT aspartate aminotransferase, GGT gamma-glutamyl transferase, HFSR hand-foot skin reaction,
TE thromboembolic event.

a
100 A Cohort
EIC
75 DIC
S
o 50
s
[on
25
0 -
T T T T
0 0.5 1 1.5
Time (years)
Number at risk
EIC 5 3 1 1
DIC 5 1 0 0

b
100 Cohort
EIC
<
P 50 -
o
25
0 4
T T T T
0 4 6 8
Time (years)
Number at risk
EIC 5 2 1 0
DIC 5 1 0 0

Fig. 1 Kaplan-Meier curves of PFS and OS in the EIC and DIC cohorts. a PFS; b OS. PFS progression-free survival, OS overall survival, EIC early
sorafenib introduction cohort, DIC delayed sorafenib introduction cohort.
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Il Antiangiogenic
Proangiogenic
Other receptor
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baseline 10 24 60 baseline10 24 60 baseline 10 24 60

Time before baseline (days)

T
baseline 10 24
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Fig. 2 The angiogenic response seen after SIRT is blunted when sorafenib is introduced early. Log, fold-change in plasma levels of
antiangiogenic, proangiogenic and other factors in the DIC (a) and EIC (b). DIC delayed sorafenib introduction cohort, EIC early sorafenib

introduction cohort, SIRT selective internal radiation therapy.

Angiogenic factors

In the DIC, most angiogenic factors showed a biphasic pattern,
with a 46% increase from baseline at Day 10 after SIRT across all
factors (log, fold-change [log,FC] 0.55; p = 0.045), followed by a
decrease to baseline 7-10 days after sorafenib introduction (Day
24: —16%, log,FC 0.24, p = 0.25; Day 60: 2%, log,FC 0.03, p=1)
(Fig. 2A). PDGF-AB/BB and TSP-1 showed the most pronounced
changes, with increases of 4.0-fold (log,FC 2.0; p =0.33) and 5.3-
fold (log,FC 2.4; p = 0.3), respectively, at Day 10. Unlike most other
factors, TSP-2 increased soon after SIRT and remained elevated,
while angiostatin remained unchanged (Fig. 3A).

Compared with the DIC, the angiogenic response after SIRT in
the EIC appeared blunted, with no biphasic pattern or increase in
angiogenic factors observed (Fig. 2B). Angiogenic factors showed
a small decrease of 15% at Day 10 (log,FC —0.23, p =0.33) and
39% at Day 24 (log,FC —0.71; p = 0.032) across all factors. The two
factors most affected were PDGF-AB/BB and TSP-1, which
decreased at Day 10 (PDGF-AB/BB: log,FC —0.38; p = 0.45; TSP-1:
log,FC —0.36; p=0.4) and Day 24 (PDGF-AB/BB: log,FC —1.65;
p=0.01; TSP-1: log,FC —1.78; p=0.009). Of note, one value for
both factors was affected by a preanalytical or transcription error
at Day 30. As in the DIC, TSP-2 increased soon after SIRT and
remained elevated (Fig. 3B).

Based on clustering analysis, within each cohort, the proangio-
genic factors FGF-basic, VEGF-A, and angiopoietin-2 showed a
similar response profile, whereas the response of antiangiogenic
factors diverged. In both cohorts, close clustering of TSP-1 and
PDGF-AB/BB was observed, supporting their direct interaction,
whereas TSP-2 was separated from the other factors (Supplemen-
tary Fig. 3).

Sorafenib plasma levels

Given that sorafenib is metabolised by the liver and that SIRT can
cause transient liver function impairment, we explored whether an
increase in sorafenib plasma concentrations post-SIRT could
account for the high rate of DLTs and skin toxicity. Of 41 plasma
samples collected during the DLT evaluation period, eight were
not collected at steady-state (achieved after 7 days at a constant
sorafenib dose) and were excluded from analyses, although the
concentrations for the eight samples were within the range of
steady-state level observed for the respective patient.

In the 33 remaining steady-state plasma samples (median per
patient, 2.5; range, 1-8), the median sorafenib concentration was
6963 ng/mL (range, 2517-19'829). Most values were in the upper
range of, or higher than, pharmacokinetic curves for sorafenib
reported in the literature. Specifically, >50% of patients had
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concentrations above the 75" percentile, as reported by Jain et al.
(Fig. 4) [28], and 20% above the SOk percentile, as reported by
Inaba et al. [29]. Although sorafenib concentrations showed
considerable inter-individual and inter-cohort variation, no statis-
tically significant difference was observed between the DIC and
EIC. Patients in Cohort 4, who initiated sorafenib 7 days before
SIRT, had values in the range of the reference literature, with a
median of 4741 ng/mL (range, 2517-7744). In contrast, patients
who initiated sorafenib after SIRT had higher values, with median
(range) concentrations of 9907 ng/mL (3508-19,829) overall,
8315ng/mL  (4307-12,859) in Cohort 1, 5720ng/mL
(4208-11,311) in Cohort 2, and 11,485 ng/mL (3508-19,829) in
Cohort 3.

Geometric mean steady-state concentrations were significantly
higher in patients with hand-foot skin reaction versus those
without hand-foot skin reaction (HFSR; all grade 1; p=0.017;
Fig. 5), but were not associated with other AEs (DLTs, or grade >2
rash or dermatologic events) (Supplementary Fig. 4), or PFS (data
not shown). In this small cohort, we did not detect any hepatic
toxicity attributable to either SIRT or sorafenib.

In this exploratory analysis, mean sorafenib plasma steady-state
levels were not correlated with the absolute level or change in
levels of angiogenic factors in the DIC or EIC, even for factors
presumably affected by sorafenib, like PDGF-AB/BB and VEGF-A
(data not shown).

DISCUSSION
To our knowledge, we report the first trial of SIRT plus sorafenib in
patients with MUM and liver metastases. Administration of this
combination was generally feasible, although we observed high
rates of DLTs and grade 3/4 AEs, and 60.0% of patients had AEs
leading to sorafenib discontinuation. Toxicity was more frequent
and severe than reported with SIRT or sorafenib alone in recent
studies in MUM [13, 171. In a prior trial of sorafenib alone, 34.4%
patients had grade 3/4 AEs and 41.4% required dose modification.
The toxicity in the present study aligns with the distinct safety
profiles of the respective modalities, and the significant increase in
grade 3/4 AEs observed with SIRT plus sorafenib, compared with
sorafenib alone, in a randomized trial in hepatocellular carcinoma
(HCCQ) [30]. The most common grade 3/4 AEs were abdominal pain
related to SIRT, along with rash, fatigue and lymphocyte count
decrease, which are known AEs of sorafenib [31, 32], but seemed
more severe in this setting.

The study provides preliminary evidence for the efficacy of SIRT
plus sorafenib, with a response rate of 30.0% by RECIST and 50.0%
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Fig.3 Changes in plasma levels by individual angiogenic factors at various timepoints. Log, fold-change in plasma levels in the DIC (a) and
EIC (b). DIC delayed sorafenib introduction cohort, EIC early sorafenib introduction cohort, SIRT selective internal radiation therapy.

by PERCIST. The disease control rate was 100% at the first
evaluation at 2 months and 60.0% at the second evaluation at
5 months, which compares favourably with reports for SIRT or
sorafenib alone in MUM [13, 17]. PFS was similar to that observed
with first-line SIRT alone [17, 18], and appeared greater than that
obtained with sorafenib monotherapy in prior study that reported
a 24-week PFS rate of 31.2% [13].

We observed a median sorafenib plasma level of 6963 ng/mL
(range, 2517-19,829). Although not statistically significant,
patients who initiated sorafenib after SIRT had higher values than
those starting before SIRT. Although no therapeutic window has
been defined for sorafenib, >50% of patients had sorafenib
plasma levels above the 75™ percentile and 20% above the 90"
percentile compared with existing population pharmacokinetic
curves for 400 mg BID [28, 29], suggesting a modification of
sorafenib pharmacokinetics by SIRT. As sorafenib is partially

metabolised by the liver (notably by CYP3A4 and glucuronidation
by UGT1A9 and UGT1A1 [33]), transient effects of radioembolisa-
tion on liver function may explain the higher levels of sorafenib
observed within the 30 days post-SIRT. In the SORAMIC trial,
sorafenib (200 mg BID for one week followed by 400 mg BID) was
initiated three days after SIRT for patients with HCC with preserved
liver function (Child-Pugh <7). Blood samples were drawn after a
median of 25 weeks, and the mean trough level (Cyougn) Of
sorafenib was 3217 ng/mL [34].

Elevations in sorafenib plasma concentrations may have exacer-
bated toxicity in the present study. In the literature, grade 3 toxicity
has been correlated with sorafenib Ciough > 7700 + 3600 ng/mL
[35], and sorafenib plasma levels of >5780 ng/mL and >4780 ng/mL
predicted grade 2 HFSR and hypertension, respectively [33].
Correlation between sorafenib plasma levels and HFSR was also
shown by Inaba et al. [29]. In our study, most AEs occurred within
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8 weeks of treatment initiation, with six patients with grade >1 rash,
six patients with grade 1 HFSR, and one patient with grade 3 HFSR.
We observed a higher sorafenib plasma level in patients with HFSR
compared with patients without this AE (p =0.017). No patients
with a geometric mean of <4100 ng/mL had HFSR events (Fig. 5). No
significant difference was seen for other skin toxicities, probably
due to the small sample size. Given our findings and the observed
safety profile, initiation of sorafenib at a reduced dose of 200 mg BID
and therapeutic drug monitoring are potential strategies to
optimise sorafenib tolerability in this setting.

Angiogenesis is a complex process that is crucial for tumour
growth and metastasis, and is regulated by a balance of pro- and
antiangiogenic factors secreted by cancer cells and the tumour
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microenvironment [36]. Local ablative therapies such as SIRT can
induce tumour hypoxia, which in turn increases the synthesis
and release of proangiogenic factors, and thus angiogenesis. We
observed an increase in plasma levels of most proangiogenic
factors during the first two weeks post-SIRT in the DIC, which
was reversed by the initiation of sorafenib on Days 11 or 14.
PDGF-AB/BB and TSP-1 were among the most affected factors,
while VEGF-A, FGF-basic and angiopoietin-2 were less affected.
Interestingly, TSP-2 had a distinct response profile, increasing
soon after SIRT and remaining elevated. This pattern is
consistent with TSP-2 synthesis by both endothelial and stromal
cells, such as fibroblasts [37]. Angiostatin, which is generated by
proteolysis of plasminogen, was not affected by SIRT in
our study.

An angiogenic response after SIRT has been reported in other
malignancies [38-40]. In a trial in 22 patients with HCC or
colorectal cancer (CRC) and liver metastasis treated with SIRT,
without sorafenib, plasma level increases from baseline of >50%
were observed for VEGF, PDGF, angiopoietin-2, and TSP-1 in most
patients [38]. Another study reported increases in VEGF, hepato-
cyte growth factor (HGF) and angiopoietin-2 soon after SIRT in 42
patients with CRC and liver metastases [39]. Finally, increased
levels of VEGF (36%), PDGF (24%), angiopoietin-2 (36%) and HGF
(26%) were observed two weeks after SIRT in a study of patients
with HCC [40]. These trials also negatively correlated increases in
angiogenic factors after SIRT with treatment response [39] and
prognosis [40].

Sorafenib appeared to inhibit the initial angiogenic response in
the DIC once started on Days 11 or 14, and largely abolished the
response when initiated before or shortly after SIRT in the EIC. In a
randomised study in HCC, similar results were observed, with
decreased levels of angiopoietin-2 and PDGF, without significant
effects on VEGF [40]. We observed the strongest effect of
sorafenib on PDGF-AB/BB and TSP-1, which are key mediators of
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vascular smooth muscle cell proliferation and migration. The close
association of these two factors in our clustering analysis is
consistent with a report showing their tight and specific binding
[41]. Given the poor prognostic significance of SIRT-associated
increases in VEGF, PDGF-BB and angiopoetin-2 [38, 39], the
potential role for antiangiogenic drugs in combination with SIRT
to improve outcomes warrants further evaluation.

Study limitations include the lack of SIRT-only control group,
small sample size and high inter-individual variability in angio-
genic factors. Furthermore, the relevance of differences in plasma
levels of angiogenic factors for tumour vascularisation has yet to
be determined in the context of SIRT.

CONCLUSIONS

SIRT plus sorafenib is feasible for patients with MUM and liver
metastases but appeared more toxic than sorafenib alone,
presumably due to altered pharmacokinetics. Antiangiogenic
drugs hold promise for attenuating the angiogenic response
and hence enhancing SIRT efficacy, particularly when initiated
before or shortly after SIRT.

DATA AVAILABILITY
The datasets generated during the current study are available from the correspond-
ing author on reasonable request.
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