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Abstract

 Background and purpose—This single institution phase I trial determined the maximum 

tolerated dose (MTD) of concurrent vorinostat and capecitabine with radiation in non-metastatic 

pancreatic cancer.

 Material and methods—Twenty-one patients received escalating doses of vorinostat (100–

400 mg daily) during radiation. Capecitabine was given 1000 mg q12 on the days of radiation. 

Radiation consisted of 30 Gy in 10 fractions. Vorinostat dose escalation followed the standard 3 

+ 3 design. No dose escalation beyond 400 mg vorinostat was planned. Diffusion-weighted (DW)-

MRI pre- and post-treatment was used to evaluate in vivo tumor cellularity.

 Results—The MTD of vorinostat was 400 mg. Dose limiting toxicities occurred in one patient 

each at dose levels 100 mg, 300 mg, and 400 mg: 2 gastrointestinal toxicities and one 
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thrombocytopenia. The most common adverse events were lymphopenia (76%) and nausea (14%). 

The apparent diffusion coefficient (ADC) increased in most tumors. Nineteen (90%) patients had 

stable disease, and two (10%) had progressive disease at time of surgery. Eleven patients 

underwent surgical exploration with four R0 resections and one R1 resection. Median overall 

survival was 1.1 years (95% confidence interval 0.78–1.35).

 Conclusions—The combination of vorinostat 400 mg daily M–F and capecitabine 1000 mg 

q12 M–F with radiation (30 Gy in 10 fractions) was well tolerated with encouraging median 

overall survival.

Keywords

HDAC inhibitor; Magnetic resonance imaging; Neoadjuvant therapy

The only potentially curative therapy for patients with localized pancreatic cancer is 

complete surgical resection. Even in patients undergoing surgical resection, the median 

survival is less than 24 months [1]. Although the addition of adjuvant chemotherapy 

improves survival over surgery alone, the 5 year survival remains 21% [2,3], highlighting the 

need for better therapies for this disease.

The high rates of margin positivity as well as progression of disease shortly after surgery has 

led to an interest in neoadjuvant chemoradiation [4]. When combining radiation and 

systemic therapy, one can either dose escalate radiation or intensify chemotherapy using 

novel agents while reducing the side effects of radiation by limiting volumes and dose. A 

phase II trial of gemcitabine 1000 mg/m2 days 1 and 8 of each 21 day cycle and 36 Gy in 2.4 

Gy per fraction found that despite the decrease in both dose and volumes of radiation, there 

was no increase in local–regional failures [5]. This suggests that intensifying chemotherapy 

using novel agents while reducing radiation dose and volume may be an effective treatment 

strategy. In a large retrospective study from a prospectively collected database, short-course 

radiation consisting of 30 Gy in 10 fractions was equivalent in terms of survival and less 

toxic when compared to standard-course radiation of 50.4 Gy in 28 fractions. The authors 

concluded that short course radiation maximizes survival, has equivalent local control and 

minimizes toxicity [6]

Vorinostat is a histone deacetylase (HDAC) inhibitor that is FDA-approved for the treatment 

of advanced primary cutaneous T cell lymphoma [7,8]. HDACs catalyze the removal of 

acetyl groups from the lysine residues of proteins, including histones and transcription 

factors. The exact mechanism by which HDAC inhibition leads to radiosensitization is not 

known but may in part be due to the prevention of the DNA damage repair process. HDAC 

inhibitors prevent DNA double-strand break (DSB) repair, as demonstrated by prolonged 

expression of phosphorylated H2AX (γH2AX), a marker for DNA DSBs, following 

radiation [9]. [3]. Preclinical studies suggest the importance of having high HDAC inhibitor 

levels both before and after the tumor cells are irradiated, as the cells attempt to repair the 

radiation-induced DNA damage [10]. In a phase I study of Vorinostat combined with 

radiation to the pelvis (30 Gy in 10 fractions over 2 weeks), the maximum-tolerated dose of 

vorinostat was determined to be 300 mg per day [11].
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In pancreatic cancer, fluoropyrimidines are commonly used as radiation sensitizers. 

Capecitabine, an oral fluoropyrimidine, in combination with radiation therapy, has been 

shown to have similar efficacy to 5-fluorouracil in the treatment of locally advanced 

pancreatic cancer [12]. In addition to being a radiosensitizer, vorinostat synergizes with 

fluoropyrimidines through up-regulation of thymidine phosphorylase [13]. A phase I study 

of vorinostat and capecitabine in patients with solid tumors demonstrated that the 

combination was well-tolerated [14]. The recommended phase II dose was determined to be 

vorinostat 300 mg daily × 2 weeks and capecitabine 1000 mg twice daily × 2 weeks q21 

days.

Given the in vitro as well as in vivo data on the role of vorinostat as both a radiosensitizer as 

well as its synergistic activity with fluoropyrimidines, we postulated that it could be 

combined based on phase I data that showed its safety when combined with radiation alone 

and with fluoropyrimidines alone. This single institution phase I study (NCT00983268) was 

conducted to determine the maximum tolerated dose of vorinostat with concurrent 

capecitabine (1000 mg twice daily) and radiation to a total dose of 30 Gy in 10 fractions. 

This was followed with two additional weeks of vorinostat alone. Secondary objectives 

included assessing toxicities, response rate, HDAC activity in peripheral blood mononuclear 

cells, and changes in the tumor apparent diffusion coefficient (ADC), as measured by 

diffusion weighted magnetic resonance imaging (DW-MRI) before and during the course of 

therapy. Given that the desmoplastic reaction seen in pancreatic cancer can make evaluation 

of the primary tumor challenging, DW-MRI was used to estimate changes in vivo tumor 

cellularity during the course of therapy [15–18]. Serial changes in the ADC measured pre- 

and post-treatment have been used successfully to predict treatment response in cancers of 

the breast [19]. Pilot studies have suggested that pretreatment DW-MRI can be used to 

predict response to chemoradiation in pancreatic cancer [20]

When investigating the addition of novel agents in cancer treatment, it is useful to be able to 

measure successful drug activity. Because histone acetylation is a direct downstream 

consequence of HDAC inhibition, we postulated that the activity of HDAC inhibition could 

be measured using peripheral blood lymphocytes as surrogate biomarkers for acetylation. 

Weekly blood samples were collected and analyzed for posttranslational modification of 

histone H3 lysine residues. We hypothesized that lysine acetylation would increase with 

therapy and that this could be used as a biomarker of drug efficacy.

 Materials and methods

 Patient eligibility

Eligible patients had histologically confirmed non-metastatic pancreatic cancer and were 

treatment naïve. Resectability was determined by a surgical oncologist using the Intergroup 

definition of borderline resectable pancreatic cancer[21]. Patients had to be ⩾18 years old, 

be able to provide written informed consent, have an Eastern Cooperative Oncology Group 

performance status of 0–2, and have adequate hematologic, renal and hepatic function, 

normal magnesium levels. Ineligibility criteria included prior radiation to any area within the 

planned radiation field, history of hypersensitivity to fluoropyrimidines or HDACs, 

Dihydropyrimidine dehydrogenase deficiency, any significant uncontrolled medical 
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conditions, coumadin, pregnancy or breast feeding. The study was conducted in accordance 

with the principles of the Declaration of Helsinki and in accordance with the International 

Conference on Harmonization Guideline for Good Clinical Practice.

 Dosage and drug administration

Vorinostat was supplied in 100 mg gelatin capsules (Merck & Co.). Subjects were instructed 

to swallow it whole with food. Patients kept a pill diary and returned the unused drug or 

empty bottle to confirm compliance with therapy. Vorinostat was administered at the 

assigned dose level (range 100–400 mg) daily on the days of radiation and then daily M–F 

for two weeks after completion of radiation. Capecitabine 1000 mg q12 was administered on 

the days of radiation.

Radiation was given 30 Gy in 10 fractions over 2 weeks using linear accelerators with 

photon beams of 10 MV or higher energy. There were no planned interruptions ⩾3 days. 

The prescription point was designated at the intersection of the multiple beams. Gross tumor 

volume is defined as the primary tumor plus any involved regional nodes which are ⩾1 cm. 

The clinical target volume was the GTV plus the celiac artery and superior mesenteric artery 

with a 1 cm expansion radially and 2 cm cranial caudal. The planning target volume was the 

CTV plus 0.5 cm in all directions. No boost was planned. Radiotherapy utilized 3D 

conformal CT-based planning. The uniformity requirement was ±5% of the total dose at the 

prescription point within the planning target volume. To avoid the reported variation in 

investigator-defined contours [22], all volumes were placed by a single GI radiation 

oncologist (BC) following review with a GI radiologist.

Patients deemed unresectable at post-treatment imaging were given the option of continuing 

on study at systemic doses of vorinostat 300 mg daily × 2 weeks and capecitabine 1000 mg 

q12 × 2 weeks q21 days or coming off study.

 Dose escalation design

This study utilized a standard 3 + 3 dose escalation design with vorinostat being escalated. 

The study schema is illustrated in Fig. 1. Capecitabine and radiation doses were constant at 

all dose levels. The doses of vorinostat studied were 100 mg, 200 mg, 300 mg, and 400 mg. 

There were no plans to dose escalate above 400 mg. If the 400 mg dose was tolerated, that 

would be considered the MTD and the recommended phase II dose. Intra-patient dose 

escalation was not allowed.

Dose-limiting toxicities (DLTs) were defined as any grade 3 or higher non-hematologic 

adverse event with the exception of alopecia, fatigue, and anorexia, grade 3 or higher nausea 

and/or vomiting that persists ⩾48 h despite optimal medical management, grade 4 

neutropenia lasting for ⩾7 days in duration, grade ⩾3 febrile neutropenia; any grade 4 

thrombocytopenia; any grade 5 hematologic toxicity, any study-related toxicity that required 

a hold of chemotherapy and/or radiation of >14 days, or inability to deliver >75% of planned 

chemotherapy and/or radiation therapy in the two-week period. DLTs for MTD 

determination were assessed during chemoradiation and for two weeks following completion 

of study drug.
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 Pretreatment and follow-up studies

Pretreatment physical examination, medical history, vital signs, performance status 

evaluation, complete blood count (CBC) with differential and platelets, comprehensive 

metabolic panel, CA-19-9 and pregnancy test (for women with child bearing potential) were 

required within two weeks of starting treatment. Electrocardiogram (EKG) and tumor 

evaluation with CT scan or MRI were required within 30 days of start of therapy.

During chemoradiation therapy up through the time of surgery, each patient was seen weekly 

by an attending physician for toxicity assessment which included weekly CBC with 

differential and platelets, comprehensive metabolic panel, and history and physical 

examination.

Peripheral blood mononuclear cells (PBMCs) were collected prior to start of therapy, and 

then weekly while taking study drug, and on the day of surgery. If the patient did not have 

surgery, the final PBMC was collected 6–8 weeks after the last dose of radiation.

DW-MRI was obtained prior to the start of therapy and one week ±2 days after start of 

chemoradiation. Although initially a mandatory component of the study, it was later made 

optional when several patients were unable to enroll in the study due to contraindications to 

MRI.

Patients undergoing surgical resection were followed every 3 months for progression and/or 

survival. Adjuvant chemotherapy was left to the discretion of the treating medical 

oncologist. Patients who did not undergo surgical resection and elected to continue on 

capecitabine and vorinostat were seen every three weeks with CBC, comprehensive 

metabolic panel and CA-19–9. Disease evaluation was obtained at the beginning of each 3-

week cycle. If the patient opted to discontinue the study drugs they were followed for 

progression and/or survival every 3 months.

 HDAC activity assay

Cells were sonicated in RIPA buffer + PIC. Cell lysate was run on SDS–PAGE at 200V for 

45–60 min and then transferred onto membrane. Membrane was blocked overnight at 4 °C 

in 5% milk plus 0.1% PBS-T. Membrane was then rinsed with PBS-T. Pan H3 (1:500 in 1% 

milk plus PBS-T, Millipore 05–928) was added to one membrane and incubated for two 

hours at room temperature. K9K14 antibody (1:1000 in 1% milk plus PBS-T, Millipore 

06-599) was added to the other membrane and incubated for 2 h at room temperature. 

Membranes were washed for 5 min × 3 with PBS-T. RB800 antibody (1:3000 in 1% milk 

plus PBS-T, Odyssey, 926-32211) was added for one hour at room temperature. Membranes 

were washed for 5 min × 3 with PBS-T and developed on Odyssey.

 DW-MRI

DW-MRI was obtained prior to the start of therapy and one week ±2 days after start of 

chemoradiation. MRI examinations were performed on a Philips 3T Achieva MR scanner 

with a 16-channel torso coil (Philips Healthcare, Best, The Netherlands). DW-MRIs were 

acquired with a single-shot spin echo (SE) echo planar imaging (EPI) sequence in three 

orthogonal diffusion encoding directions (x, y, and z). For 5 patients, TR = “shortest” (range 
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= 4693–7357 ms), TE = “shortest” (46.7 ms), Δ= 22.6 ms, δ= 9.7 ms, and 8 signal 

acquisitions were acquired. For 8 patients, TR = 1650 ms, TE = 57 ms, Δ= 28.1 ms, δ = 18.2 

ms, and 4 signal acquisitions were acquired. ADC maps were calculated from the b = 50 and 

500 s/mm2 images. The ADC maps were calculated from the diffusion weighted data (b = 0 

and 500 s/mm2). Regions of interest (ROI) were drawn by a region growing algorithm 

(RGA) on T1-weighted anatomical images with multiple slices combined to create a volume 

of interest (VOI) which was then mapped to the ADC space to calculate the mean ADC for 

each volume.

 Statistical methods

Due to the nature of the study, descriptive statistics were used to summarize the 

demographics, adverse events, and response. A Kaplan–Meier curve was used to estimate 

survival.

 Results

 Study population

Twenty-one patients were accrued in one of four dose cohorts between November 2009 and 

December 2012. The study population included 1 resectable patient, 12 borderline resectable 

patients, and 8 unresectable patients. Ages ranged from 44 to 82, with a median age of 67.

 Safety

All 21 patients were included in the safety evaluation. Table 1 lists all of the adverse events 

assessed to be at least possibly related to study therapy. The most common study related ⩾3 

grade adverse events were lymphopenia (76%) and nausea (14%).

One DLT occurred at dose levels 1 (100 mg), 3 (300 mg) and 4 (400 mg). These dose levels 

were expanded with an additional three patients in each cohort and no further DLTs were 

observed. Two DLTs were gastrointestinal (nausea and vomiting, diarrhea, dehydration) and 

one was thrombocytopenia.

Vorinostat 400 mg daily was determined to be the maximum tolerated dose with the study 

regimen of twice daily capecitabine (1000 mg) on the days of radiation.

 Response

Table 2 lists the outcomes of the study subjects. Response was assessed by RECIST criteria 

[23]. Nineteen (90%) patients had stable disease, and two (10%) had progressive disease at 

the time of tumor re-evaluation. Ten of the twelve original borderline resectable patients 

underwent surgical exploration. Of these 10 patients, four underwent resection with three 

having R0 resections and one had an R1 resection. Of the six remaining patients, four were 

noted to be locally unresectable at surgery and an additional two were deemed unresectable 

secondary to the finding of metastatic disease at the time of surgery. Four of the original 

twelve (33%) borderline resectable patients ultimately underwent an R0 resection. None of 

the patients deemed initially to be unresectable patients were converted to resectable status.
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One subject underwent exploratory surgery after chemoradiation therapy and was noted to 

have left renal vein involvement and resection was not pursued given the extent of disease. 

He opted to go onto continuation therapy with capecitabine and vorinostat. Interestingly, 

after six cycles of capecitabine and vorinostat, he was deemed potentially resectable. 

Unfortunately, he developed cholangitis, which delayed surgery and at the time of his second 

exploratory surgery, he was noted to have peritoneal metastases and surgery was abandoned.

Although not a primary endpoint, the median overall survival for these patients was 1.1 

years (95% confidence interval 0.78–1.35) which compares favorably with other phase I 

studies of chemoradiation in this patient population.

 Histone modification

Weekly blood samples were collected and analyzed for post-translational modification of 

histone H3 lysine residues. Fig. 2 depicts the results in the first subject, who demonstrated 

the expected increase in acetylation. After five days of radiation and vorinostat, increased 

histone acetylation was detected. When vorinostat was stopped for six days (lane 6), this 

level decreased. Increases in acetylation were seen in six (28.6%) of the subjects, suggesting 

that vorinostat functioned as expected. For patients where this did not occur, the samples 

were not processed immediately. Given the small sample size as well as the lack of change 

in tumor size, changes in histone acetylation in PBMCs could not be correlated with changes 

in tumor size.

 DW-MRI

Thirteen subjects underwent pre- and post-treatment DW-MRI scans. Fig. 3 demonstrates 

the volume used to calculate the mean ADC and illustrates an increase in ADC after one 

week of chemoradiation. Eighty-five percent of the subjects had the expected increase in 

ADC, with 54% showing an increase of at least 10%. Given the small sample size as well as 

the lack of change in tumor volumes, we were unable to correlate ADC changes with the 

observed changes in tumor size at the completion of chemoradiation (Table 3).

 Discussion

Pancreatic cancer is a deadly disease with few people having surgically resectable disease at 

the time of diagnosis. The only up front resectable patient in the study completed the 

protocol therapy and underwent an R0 resection. None of the eight patients with locally 

advanced unresectable disease at diagnosis were converted to resectable. The study accrued 

12 borderline resectable pancreatic cancer patients, and of these 12, ten subsequently went 

on to surgical exploration.

One of the reasons pancreatic cancer is such a difficult cancer to treat is the dense 

desmoplastic stroma, which can interfere with delivery of chemotherapy to the tumor itself. 

This desmoplastic stroma may also be the reason why early changes in ADC seen on DW-

MRI did not correlate with the CT assessment of the tumor post treatment. However, further 

analysis was hampered by the lack of Response Evaluation Criteria in Solid Tumors 

(RECIST) [24] responses seen from the therapy. There are several limitations to our study 

including the lack of voxel-by-voxel correlation between repeated scans. As studies have 
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shown that the pancreas is prone to respiratory motion ([25,26], correction for respiratory 

motion using 4D acquisition would be worthwhile in future studies of serial imaging for 

testing response to radiation.

While there were no partial responses seen, it should be noted that 19 (90%) of the subjects 

had stable disease on therapy. The two patients that progressed included a patient who was 

initially borderline resectable who had 29% shrinkage in the primary tumor but developed a 

new right lobe liver lesion on re-imaging after chemoradiation. The other patient who 

progressed had unresectable disease at diagnosis and had significant growth of her primary 

tumor on re-imaging.

As observed in other phase I studies of vorinostat [27,28], this study showed that histone 

acetylation is rapidly induced and then returns to baseline. Samples that had not been 

immediately processed did not show the expected increase in acetylation. As pancreatic 

tumors rarely show radiologic response, it is not possible to determine whether patients with 

higher degrees of acetylation correlate with increased response.

In conclusion, this phase I study demonstrated that vorinostat 400 mg daily and capecitabine 

1000 mg q12 on the days of radiation (30 Gy in 10 fractions) were well tolerated. Of note, 

although only four subjects opted for continuation of systemic doses of capecitabine and 

vorinostat after they were determined to be unresectable, two of these subjects received six 

cycles of vorinostat and capecitabine, including one who stopped for an attempt at surgical 

resection. Given the small number of patients, it does suggest that this combination has 

activity and may be worth exploring in phase II trials in pancreatic cancer. Newer regimens 

for pancreatic cancer have more efficacy than single agent fluoropyrimidine [29,30] and 

therefore further analysis of vorinostat might best be performed using these newer multi-

agent regimens as the backbone.
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Fig. 1. 
Study schema. Subjects received capecitabine, vorinostat and radiation (30 Gy in 10 

fractions) followed by two additional weeks of vorinostat. Subjects deemed unresectable 

were given the option of continuing capecitabine and vorinostat or coming off study and 

receiving standard of care treatment with their oncologist.
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Fig. 2. 
Vorinostat results in increased lysine acetylation of H3 in PBMCs: Abbreviations: XRT, 

Radiation; C, Capecitabine; V, Vorinostat.
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Fig. 3. 
DW-MRI pre and post start of therapy shows increase in ADC: pre-treatment DW-MRI was 

obtained prior to therapy. Post therapy DW-MRI was obtained after one week of 

chemoradiation. Images were obtained on a 3T MRI.
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Table 1

Treatment related adverse events of any grade. Summary of the incidence of highest grade toxicity deemed 

possibly related to study therapy.

Grade 1
(%)

Grade 2
(%)

Grade 3
(%)

Grade 4
(%)

Gastrointestinal

 Nausea 6 (29) 8 (39) 3 (14) 0 (0)

 Vomiting 8 (39) 4 (19) 1 (5) 0 (0)

 Diarrhea 8 (39) 1 (5) 1 (5) 0 (0)

 Constipation 3 (14) 2 (10) 0 (0) 0 (0)

 Anorexia 4 (19) 3 (14) 0 (0) 0 (0)

 Dysgeusia 2 (10) 3 (14) 0 (0) 0 (0)

 Mucositis 3 (14) 1 (5) 0 (0) 0 (0)

 Heartburn/dyspepsia 1 (5) 3 (14) 0 (0) 0 (0)

 Xerostomia 3 (14) 0 (0) 0 (0) 0 (0)

 Flatulence 0 (0) 1 (5) 0 (0) 0 (0)

 Dehydration 0 (0) 3 (14) 1 (5) 0 (0)

 ALT 4 (19) 1 (5) 0 (0) 0 (0)

 AST 4 (19) 0 (0) 0 (0) 0 (0)

 Alkaline phosphatase 2 (10) 0 (0) 0 (0) 0 (0)

 Hyperbilirubinemia 0 (0) 1 (5) 0 (0) 0 (0)

Constitutional

 Fatigue 7 (33) 9 (43) 1 (5) 0 (0)

 Weight loss 3 (14) 1 (5) 0 (0) 0 (0)

 Dizziness 1 (5) 1 (5) 0 (0) 0 (0)

Hematologic

 Lymphopenia 1 (5) 3 (14) 16 (76) 0 (0)

 Leukopenia 3 (14) 0 (0) 1 (5) 0 (0)

 Anemia 5 (24) 1 (5) 0 (0) 0 (0)

 Thrombocytopenia 8 (39) 0 (0) 0 (0) 0 (0)

 Neutropenia 0 (0) 1 (5) 0 (0) 0 (0)

Metabolic/laboratory

 Hyponatremia 7 (33) 0 (0) 0 (0) 0 (0)

 Hyperglycemia 1 (5) 9 (43) 1 (5) 0 (0)

 Hypokalemia 3 (14) 0 (0) 1 (5) 1 (5)

 Hypomagnesemia 2 (10) 0 (0) 0 (0) 0 (0)

 Proteinuria 0 (0) 1 (5) 0 (0) 0 (0)

Neurologic

 Memory 1 (5) 0 (0) 0 (0) 0 (0)

 Impairment/forgetfulness 0 (0) 1 (5) 0 (0) 0 (0)

 Headache
 Tremor

2 (10) 0 (0) 0 (0) 0 (0)

Dermatologic
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Grade 1
(%)

Grade 2
(%)

Grade 3
(%)

Grade 4
(%)

 Pruritus 0 (0) 1 (5) 0 (0) 0 (0)

 Dry skin 0 (0) 1 (5) 0 (0) 0 (0)
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