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Abstract

Purpose: Sorafenib, an oral inhibitor of B-raf, VEGFR2, and PDGFR2-beta, acts against pancreatic cancer in preclinical
models. Due to the radio-sensitization activity of both sorafenib and gemcitabine, we designed a multicenter, phase | trial to
evaluate the safety profile and the recommended dose of this combination used with concomitant radiation therapy.

Methods: Patients with biopsy-proven, unresectable pancreatic adenocarcinoma (based on vascular invasion detected by
computed tomography) were treated with gemcitabine (300 mg/m2 i.v. weekly x5 weeks) concurrently with radiation
therapy (45 Gy in 25 fractions) and sorafenib (escalated doses in a 3+3 design, from 200 to 800 mg/day). Radiation portals
included the primary tumor but not the regional lymph nodes. Patients with planning target volumes (PTV) over 500 cc
were excluded. Cases not progressing during chemoradiation were allowed to continue with sorafenib until disease
progression.

Results: Twelve patients were included. Three patients received 200 mg/day, 6 received 400 mg/day, and 3 received
800 mg/day; PTVs ranged from 105 to 500 cc. No dose-limiting toxicities occurred. The most common grade 2 toxicities
were fatigue, neutropenia, nausea, and raised serum transaminases. Treatment was discontinued in one patient because of
a reversible posterior leukoencephalopathy. There were no treatment-related deaths.

Conclusion: The addition of sorafenib to concurrent gemcitabine and radiation therapy showed a favorable safety profile in
unresectable pancreatic adenocarcinoma. A dose of 800 mg/day is recommended for phase Il evaluation.
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recurrence of tumors after treatment for early disease. Treatment
of patients with locally advanced disease is palliative; with current
therapies, the median overall survival ranges only from 9 to 10
months [1]. Management options include systemic chemotherapy
alone and combined forms of treatment with chemoradiation and
chemotherapy. A series of randomized trials conducted over the

Introduction

Pancreatic cancer ranks sixth among cancer-related deaths in
Europe. The overall 5-year survival rate is <5%. Less than 20% of
patients present with localized, potentially curable tumors,
amenable to surgical resection. Approximately 30% of patients

with pancreatic cancer receive a diagnosis of advanced locore-
gional disease, and an additional 30% of patients will have local
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past two decades established that chemoradiation therapy is an
effective, although more toxic, approach in these patients [2].
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Figure 1. Flowchart of the study. Positron emission tomography-Computed tomography images show pathological uptake (SUVmax=9.44) in a
4-cm pancreatic mass at baseline (A). There is no evidence of metabolic activity in the follow-up study (B), being considered as a complete response

by EORTC criteria (PERCIST criteria).
doi:10.1371/journal.pone.0082209.g001

Gemcitabine has been considered for many years the standard
therapy for metastatic pancreatic cancer. Recently Folfirinox
schedule, has replace gemcitabine as first-line therapy in fit
(ECOG PS 0-1) metastatic pancreatic cancer patients [3].
Gemcitabine remains a standard drug for locally unresectable
pancreatic cancer in combination with radiotherapy. Previous
phase I and II studies determined that gemcitabine could be safely
combined with radiotherapy directed to the gross disease without
inclusion of clinically negative lymph node-bearing areas.
Response rates of 20% have been reported [4-5]

Sorafenib is an oral inhibitor of B-raf, vascular endothelial
receptor 2 (VEGFR2), and PDGFR2-beta that has shown activity
against pancreatic cancer using in vivo animal models [6].
Preclinical studies using pancreatic cancer cells have found that
gemcitabine is a marked radiation sensitizer, even at noncytotoxic
concentrations [7], and that the addition of sorafenib to
radiotherapy could enhance tumor growth delay [8]. These
findings suggest that the combination of all three agents,
gemcitabine, sorafenib, and radiotherapy, could result in im-
proved control of both local and distant sites. The present Phase I
study was performed to evaluate the safety profile and to
determine the recommended dose of sorafenib in combination
with gemcitabine and concomitant radiation therapy.

Patients and Methods

The protocol for this trial and supporting CONSORT checklist
are available as supporting information in Checklist S1 (Annex 1)
and Protocol S1 (Annex 2)

Patients with histologically or cytologically proven diagnosis of
pancreatic adenocarcinoma were included in the study if they
presented a locally advanced disease (judged unresectable by
radiological criteria: invasion of celiac trunk or superior mesenteric
artery or both), or metastatic disease (with local symptoms
amenable for local radiotherapy), or unresectable local relapse
(after initial surgery but with no adjuvant therapy). Other inclusion
criteria were age >18 years, written informed consent, measurable
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disease (RECIST criteria), ECOG performance status =1,
adequate bone marrow, liver, and renal functions (neutrophil
count =1.5x109/L, platelets =100x109/L, hemoglobin =9 g/
dl, serum bilirubin <1.5X upper limit of normality (ULN), ALT
and AST =25xXULN or =5xULN in case of liver tumor
involvement or metastases, amylase and lipase <1.5xULN, serum
creatinine =1.5xXULN), creatinine clearance =45 ml/min, INR =
1.5, and APTT and TTP =1.5xULN), and appropriate
contraception methods. Main exclusion criteria were prior
chemotherapy or radiotherapy, pancreatic surgery in the last 30
days, planned target volume (PTV) for radiotherapy >500 cc, life
expectancy <12 weeks, treatment with full dose anticoagulants,
unstable cardiopathy or arterial hypertension, HIV+ serology, or
active viral hepatitis.

Pretreatment evaluation comprised symptom assessment, phys-
ical examination, hematology, serum biochemistry, CA 19.9 levels,
coagulation tests, EKG, tumor measurements by means of
multidetector or spiral computed tomography (CT) scans,
endoscopic ultrasound (EUS), and other symptom-guided explo-
rations when needed. Positron emission tomography (PET)-CT
was done before and after treatment in one of the four Institutions.
PET Response Criteria in Solid Tumors (PERCIST) was used to
evaluate these cases [9]. The planned treatment duration was 5
weeks, and consisted of: a) gemcitabine 300 mg/m2 by 30-minute
intravenous infusion on day +1 every week for 5 doses; b)
concurrent radiotherapy to a total dose of 45 Gy (1.8 Gy/fraction,
5 times a week for 5 weeks) by means of a linear accelerator,
without concomitant boost, and with energies of at least 6 MV
with isocentric technique. Radiation portals included the tumor
site plus a maximum 2-cm margin and a PTV =500 ¢cm3 defined
by CT; and c) escalated doses of sorafenib from 200 mg/day to
400 mg twice a day continuously (200 mg tablets). Sorafenib was
temporally discontinued when radiotherapy was delayed for more
than 3 days. Maintenance with sorafenib was allowed in the
absence of tumor progression after chemoradiation.

Dose escalation was performed according to a 3+3 design with
three levels: I) 200 mg/day; II) 200 mg twice a day; and III)
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Table 1. Patient Characteristics.

n %
Age (y)
Median 59
Range 39-69
Sex
Female 7 58
ECOG performance status
0 1 8
1 11 92
Tumor location
Head 4 33
Body 6 50
Tail 2 17
Stage
Locally advanced 10
Metastatic 2
CA19.9 (U/ml)
Median 809
Range (7-3561)
Weight loss
>10% 2 17
CT arterial invasion
Celiac trunk 2 17
Hepatic artery 2 17
Mesenteric artery 6 50
CT venous invasion
Portal vein 4 33
Superior mesenteric vein 8 67
USE arterial invasion
Celiac trunk 1 8
Hepatic artery 0 0
Mesenteric artery 1 8
USE venous invasion
Portal vein 5 42
Superior mesenteric vein 6 50
ECOG: Eastern Cooperative Group.
CT: Computed tomography.
EUS: Endoscopic ultrasound.
doi:10.1371/journal.pone.0082209.t001

400 mg twice a day. Toxicity was reported according to the
National Cancer Institute Common Toxicity Criteria, version 3.0.
Patients were monitored weekly, including hematology, serum
chemistries, and toxicity assessment. Dose reductions and treat-
ment modifications were planned according to specific adverse
events. Tumor evaluation by means of C'T' scans was performed 2
weeks after the end of treatment (week 7). After treatment, patients
were evaluated every 2 months until disease progression.

The objective of the study were to assess the safety profile and
determine the maximum tolerated dose (MTD), the recommended
dose (RD), and the dose-limiting toxicities (DLTs) of sorafenib in
combination with gemcitabine and concomitant radiotherapy. If 1
of the 3 patients of the cohort presented DLT, 3 other patients
were evaluated at that level. The MTD was defined in a cohort of
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3 patients if =2 patients presented DLT or in an expanded cohort
of 6 patients if =3 patients presented DLT. The MTD was
projected to be the RD. The DLT was considered as any grade 3
to 4 hematological or nonhematological toxicity producing a stop
in radiation therapy for a period of more than 2 weeks, or any
treatment-related death. A secondary objective was to explore the
overall response (complete + partial) rate by RECIST criteria.
The study was conducted in accordance with the ethical
principles of the Declaration of Helsinki and the International
Conference on Harmonization of Good Clinical Practice. The
protocol was approved by the Reference Ethics Committee
(Hospital Clinic Ethics Committee) and the Spanish Medicines
Agency (AEMPS). All participating patients provided signed

informed consent before enrolment.

Results

Twelve patients with unresectable, locally advanced (10) or
metastatic (2) pancreatic adenocarcinoma were included between
12/07 and 09/09 (Fig. 1). Median patient age was 59 years, 7 were
females, and ECOG performance status was 1 in 11 cases. Main
patient characteristics are shown in Table 1. Three patients
received 200 mg/day, 6 received 400 mg/day, and 3 received
800 mg/day. Radiation PTVs ranged from 105 to 500 cc. The
most common grade 2 toxicities were fatigue (4 cases), neutropenia
(3), nausea (5), and raised serum transaminases (4) (Table 2).
Treatment was discontinued in one patient at dose level II because
of a reversible grade 4 posterior leukoencephalopathy, and was
considered a DL'T. Three other patients entered level II without
additional toxicities. There were no other grade 4 toxicities or
hospital admissions and no treatment-related deaths. Grade 3
toxicities were fatigue (1) and thrombocytopenia (1), both cases at
dose level III, and the recommended dose was continuous
sorafenib 800 mg (400 mg twice a day) in combination with
gemcitabine (300 mg/m?2) weekly x5 weeks and radiation therapy
(45 Gy in 5 weeks).

Eleven patients completed the planned treatment protocol. All
patients were evaluable for response. Two partial responses and 7
disease stabilizations were achieved, for an overall response rate of
16.6% and a disease-control rate of 75%. A PET-CT evaluation
was done in 5 cases. Following EORTC criteria, 3/5 patients
presented CR and 2/5 presented PR. (See Table 3.) Represen-
tative cases with CR are shown in Figure 1 and 2. Only two
patients underwent surgical resection, one of whom was deemed
unresectable at laparotomy. The other patient achieved a partial
response by RECIST criteria and underwent a Whipple proce-
dure, but died postoperatively due to anastomotic leak complica-
tions. Residual disease was found in the pathological specimen.

After a median follow-up of 24 months (range, 15-36), 10
patients have progressed (2 locally, 4 in the liver, 3 in the
peritoneum, and 1 in the liver and peritoneum) and 11 have died
(including one of upper gastrointestinal bleeding, that occurred 3
months after chemo-radiotherapy treatment, in the absence of
tumor progression). Median progression-free and overall survival
were 4.4 (95% CI 3.4-5.4) and 10 months (95% CI 5.7-14.3),
respectively.

Discussion

The goals of this phase I trial were to provide an initial safety
evaluation of sorafenib added to gemcitabine and radiation in
patients with unresectable pancreatic cancer and preliminary
assessment of efficacy. Globally the schedule shows a good
compliance (11/12 completed the planned therapy with gemcita-
bine; 91%), with only one case of grade IV toxicity and no toxic-
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Table 2. Hematological and nonhematological toxicities.
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<
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Toxicity Level | (n=3) Level Il (n=6) Level Il (n=3).
doi:10.1371/journal.pone.0082209.t002

related death. We could not rule out that the astringent
radiotherapy PTV volume (<500 cc) selected in our study would
probably minimize toxicity. Although DLT was not achieved, we
did not plan to escalate up to 800 mg/day, because this is the
sorafenib dose approved in advanced settings in hepatocellular
carcinoma and renal carcinoma.

There are no previous published clinical data of the combina-
tion of sorafenib, radiotherapy and gemcitabine in pancreatic
ductal adenocarcinoma (PDAC). Preclinical data of sorafenib
combined with radiotherapy suggests that sequential treatment,
instead of a concurrent strategy, would be the optimal approach
[10]. In hepatocellular carcinoma (HCC) however stereotactic
body radiation therapy (SBRT) concomitant with sorafenib
200 mg po was the maximally tolerate dose in high irradiated
liver volume (30-60%), due to thrombocytopenia, bowel bled and
bowel obstruction [11]. In metastatic pancreas a phase I study
shows the feasibility of a combination of capecitabine, oxaliplatina
and sorafenib 200 mg BID [12]. Unfortunately recently, a double-
blind randomized phase III trial failed to demonstrate any benefit
for gemcitabine/sorafenib over gemcitabine/placebo [13].

There are two potential targets for sorafenib efficacy. BRAF is
one of the targets, but we know now that in PDAC there is a
plethora of intrinsic mechanisms of resistance to BRAF/MEK
inhibitors. Theoretically KRAS mutant tumors (90% of patients)
would be sensitive to RAF-MEK inhibitors. Unfortunately,
additional partially KRAS-independent pathways such as PISK
[14] and STAT-3 [15] and KRAS-dependent pathways such as
RAL [16-17] and RACI [18] can contribute to intrinsic sorafenib
and BRAF-MEK inhibitors resistance.

The other target for sorafenib is VEGFR2. Unfortunately, two
large randomized trials with more potent agents against VEGFR2
failed to improve results compared to gemcitabine alone in
advanced PDAC [19-20]. Nonetheless, our clinical data, although
preliminary, shows activity in terms of response rate by RECIST
criteria (16%) and especially by PERCIST criteria (100%) and
local control (75%) that seems at least comparable to gemcitabine
and radiotherapy alone [21] or gemcitabine-bevacizumab and
radiotherapy [22]. In locally advanced PDAC clinical trials, PET-
CT probably could reflect local efficacy more accurately than CT.
Sorafenib also inhibits STAT-3 and enhances TRAIL-mediated
apoptosis in human pancreatic cell lines [23]. We could not rule

Table 3. Correlation between positron emission tomography-computed tomography and computed tomography.

CA19.9 Response
PTV CA19.9 (post-tt)  Basal Post-tt  Responseby Basal TC Post-tt rate PFS Site of
Case Level (cm3) (basal)lU/ml U/ml PET-TC PET-TC PET-CT (mm) TC (mm) (RECIST 1.0) (months) progression
1 | 105 533 200 9.44 0 CR 32 25 SD 4 Liver
2 | 234 190 108 27 1.8 PR 35 40 SD 10 Local failure
3 Il 214 7 11 3.71 2.14 PR 50 39 SD 4 Peritoneum
4 Il 333 563 980 4.59 0 CR 38 24 PR 2 Liver
5 1] 309 556 733 441 0 CR 60 60 SD 5 Peritoneum
Abbreviations:
PTV: Planning target volumes.
Post-tt: Post treatment.
PET: Positron emission tomography.
CT: Computed tomography.
PFS: Progression-free survival.
doi:10.1371/journal.pone.0082209.t003
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Figure 2. Positron emission tomography-Computed tomography images show pathological uptake (SUVmax=4.59) in a
20x38 mm mass in the pancreatic body at baseline (A). There is no evidence of metabolic activity in the follow-up study (B), considered

a complete response by EORTC criteria (PERCIST criteria).
doi:10.1371/journal.pone.0082209.g002

out that the association of sorafenib to gemcitabine can increase
radiotherapy-induced apoptosis.

A limitation of our study is that systemic therapy probably was
insufficient. In fact, most of our patients progressed systemically. It
probably would be more valuable to introduce active schedules up
front (FOLFIRINOX or gemcitabine-nab-paclitaxel) [24] for 3
months, in order to select the patients who will benefit from local
therapies.

In conclusion, the recommended phase II dose for sorafenib in
combination with RDT 45 Gy with PTV <500 cc plus weekly
300 mg/m2 gemcitabine, is 400 mg orally BID. In light of the
results of the SCALOP trial, a combination with capecitabine plus
sorafenib plus radiotherapy could be tested [25]. The addition of
nab-paclitaxel to gemcitabine plus radiotherapy, in borderline and
locally advanced PDAC is under discussion in the GEMCAD
Group.

References

1. Huguet F, André¢ T, Hammel P, Artru P, Balosso J, et al. (2007) Impact of
chemoradiotherapy after disease control with chemotherapy in locally advanced
pancreatic adenocarcinoma in GERCOR phase IT and III studies. J Clin Oncol
25: 326-331.

2. Sultana A, Smith CT, Cunningham D, Starling N, Neoptolemos JP, et al (2007)
Meta-analyses of chemotherapy for locally advanced and metastatic pancreatic
cancer. J Clin Oncol 25: 2607-2615.

3. Conroy T, Desseigne F, Ychou M, Bouché O, Guimbau R, et al. (2011) Groupe
Tumeurs Digestives of Unicancer; PRODIGE Intergroup. FOLFIRINOX
versus gemcitabine for metastatic pancreatic cancer. N Engl ] Med. 364:1817—
25

4. Wolff RA, Evans DB, Gravel DM, Lenzi R, Pisters PWT, et al (2001) Phase I
trial of gemcitabine combined with radiation for the treatment of locally
advanced pancreatic adenocarcinoma. Clin Cancer Res 7: 2246-2253.

5. McGinn CJ, Zalupski MM, Shureiqgi I, Robertson JM, Eckhauser FE, et al.
(2001) Phase I trial of radiation dose escalation with concurrent weekly full-dose
gemcitabine in patients with advanced pancreatic cancer. J Clin Oncol 19:
4202-4208.

6. Ulivi P, Arienti C, Amadori D, Fabbri F, Carloni S, et al. (2009) Role of RAF/
MEK/ERK pathway, p-STAT-3 and Mcl-1 in sorafenib activity in human
pancreatic cancer cell lines. J Cell Physiol 220: 214-221.

PLOS ONE | www.plosone.org

Supporting Information

Checklist S1 TREND Statement Checklist (transparent
reporting of trials).

(PDF)

Protocol S1 A phase I-II multicenter, non-randomised
clinical trial on the safety and efficacy of the combina-
tion of sorafenib (bay 43-9006), gemcitabine nd radia-
tion therapy concomitantly in the treatment of patients
with locally advanced adenocarcinoma of the pancreas.

(PDF)

Author Contributions

Wrote the manuscript: JM CC JA. Study conception and design: JM CC
JA MM JF. Acquisition of data: JM JA CG-M MM MLP JF ESS JRA DF
CC. Analysis and interpretation of data: JM JA CG-M MM MLP JF ESS
JRA DF CC.

7. Lawrence TS, Chang EY, Hahn TM, Hertel LW, Shewach DS (1996)
Radiosensitization of pancreatic cancer cells by 20,20-difluoro-20-deoxycytidine.
Int J Radiat Oncol Biol Phys 34: 867-872.

8. Senan S, Smit EF (2007) Design of clinical trials of radiation combined with
antiangiogenic therapy. The Oncologist 12: 465-477.

9. Wahl RL, Jacene H, Kasamon Y, Lodge MA (2009) From RECIST to
PERCIST: Evolving Considerations for PET response criteria in solid tumors.
J Nucl Med. 50 Suppl 1:1225-50S

10. Plastaras JP, Kim SH, Liu YY, Dicker DT, Dorsey JF, et al. (2007) Cell cycle
dependent and schedule-dependent antitumor effects of sorafenib combined
with radiation. Cancer Res. 67:9443-54.

11. Dawson LA, Brade A, Cho C, Kim J, Brierley J, et al. (2012) Phase I study of
sorafenib and SBRT for advanced hepatocellular carcinoma. I J Rad Biol Phys
84: 38

12. LoConte NK, Holen KD, Schelman WR, Mulkerin DL, Deming DA, et al.
(2013) A phase I study of sorafenib, oxaliplatin and 2 days of high dose
capecitabine in advanced pancreatic and biliary tract cancer: a Wisconsin
oncology network study. Invest New Drugs. (4):943-8

13. Gongalves A, Gilabert M, Frangois E, Dahan L, Perrier H, et al. (2012)
BAYPAN study: a double-blind phase III randomized trial comparing
gemcitabine plus sorafenib and gemcitabine plus placebo in patients with
advanced pancreatic cancer. Ann Oncol. (11):2799-805

January 2014 | Volume 9 | Issue 1 | e82209



20.

. Wee S, Jagani Z, Xiang KX, Loo A, Dorsch M, et al. (2009) PI3K pathway

activation mediates resistance to MEK inhibitors in KRAS mutant cancers.
Cancer Res 69: 4286—4293.

. Corcoran RB, Contino G, Deshpande V, Tzatsos A, Conrad C, et al. (2011)

STATS3 plays a critical role in KRAS-induced pancreatic tumorigenesis. Cancer
Res. 71:5020-9.

. Lim K-H, O’Hayer K, Adam SJ, Kendall SD, Campbell PM, et al. (2006)

Divergent roles for RalA and RalB in malignant growth of human pancreatic
carcinoma cells. Cancer Biology 16:2385-2394.

. Martin TD, Samuel JC, Routh ED, Der CJ, Yeh JJ (2011) Activation and

involvement of Ral GTPases in colorectal cancer. Cancer Res 71: 206-215.
Scotti ML, Bamlet WR, Smyrk TC, Fields AP, Murray NR (2010) Protein kinase
Cl is required for pancreatic cancer cell transformed growth and tumorigenesis.
Cancer Res. 70:2064—74.

. Kindler HL, Niedzwiecki D, Hollis D, Sutherland S, Schrag D, et al. (2010)

Gemcitabine plus bevacizumab compared with gemcitabine plus placebo in
patients with advanced pancreatic cancer: phase III trial of the Cancer and
Leukemia Group B (CALGB 80303). J Clin Oncol. 28:3617-22.

Kindler HL, Ioka T, Richel DJ, Bennouna J, Létourneau R, et al. (2011)
Axitinib plus gemcitabine versus placebo plus gemcitabine in patients with

PLOS ONE | www.plosone.org

21.

22.

23.

24.

Sorafenib and Gemcitabine for Pancreatic Cancer

advanced pancreatic adenocarcinoma: a double-blind randomised phase 3
study. Lancet Oncol. 12:256-62.

Loechrer PJ Sr, Feng Y, Cardenes H, Wagner L, Brell JM, et al. (2011)
Gemcitabine Alone Versus Gemcitabine Plus Radiotherapy in Patients With
Locally Advanced Pancreatic Cancer: An Eastern Cooperative Oncology Group
Trial. J Clin Oncol. Oct 3.

Small W Jr, Mulcahy MF, Rademaker A, Bentrem DJ, Benson AB, et al. (2011)
MS Phase II trial of full-dose gemcitabine and bevacizumab in combination with
attenuated three-dimensional conformal radiotherapy in patients with localized
pancreatic cancer.Int J Radiat Oncol Biol Phys. 80:476-82.

Huang S, Sinicrope FA (2010) Sorafenib inhibits STAT3 activation to enhance
TRAIL-mediated apoptosis in human pancreatic cancer cells. Mol Cancer Ther
9: 742-750.

Von Hoff DD, Ervin T, Arena FP, Chiorean G, Infante JR, et al. (2013)
Randomized Phase III Study of Weekly nab-Paclitaxel plus Gemcitabine vs
Gemcitabine Alone in Patients with Metastatic Adenocarcinoma of the Pancreas

(MPACT). ASCO GI [abstract LBA148].

. Mukherjee S, Hurt CN, Bridgewater J, Falk S, Cummins S, et al. (2013)

Gemcitabine-based or capecitabine-based chemoradiotherapy for locally
advanced pancreatic cancer (SCALOP): a multicentre, randomized, phase 2
trial. Lancet Oncol 14: 317-326.

January 2014 | Volume 9 | Issue 1 | e82209



