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Abstract

Purpose—To evaluate the safety, efficacy and biomarkers of short-course proton beam radiation 

and capecitabine, followed by pancreaticoduodenectomy in a phase 1/2 study in pancreatic ductal 

adenocarcinoma (PDAC) patients.

Methods and Materials—Patients with radiographically resectable, biopsy-proven PDAC were 

treated with neoadjuvant short-course (2-week) proton-based radiation with capecitabine, followed 

by surgery and adjuvant gemcitabine. The primary objective was to demonstrate a rate of toxicity 
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grade ≥3 of <20%. Exploratory biomarker studies were performed using surgical specimen tissues 

and peripheral blood.

Results—The phase 2 dose was established at 5 daily doses of 5 GyE. Fifty patients were 

enrolled, of whom 35 patients were treated in the phase 2 portion. There were no grade 4 or 5 

toxicities, and only 2 of 35 patients (4.1%) experienced a grade 3 toxicity event (chest wall pain 

grade 1, colitis grade 1). Of 48 patients eligible for analysis, 37 underwent 

pancreaticoduodenectomy. Thirty of 37 (81%) had positive nodes. Locoregional failure occurred 

in 6 of 37 resected patients (16.2%), and distant recurrence occurred in 35 of 48 patients (72.9%). 

With median follow-up of 38 months, the median progression-free survival for the entire group 

was 10 months, and overall survival was 17 months. Biomarker studies showed significant 

associations between worse survival outcomes and the KRAS point mutation change from glycine 

to aspartic acid at position 12, stromal CXCR7 expression, and circulating biomarkers CEA, 

CA19-9, and HGF (all, P<.05).

Conclusions—This study met the primary endpoint by showing a rate of 4.1% grade 3 toxicity 

for neoadjuvant short-course proton-based chemoradiation. Treatment was associated with 

favorable local control. In exploratory analyses, KRASG12D status and high CXCR7 expression 

and circulating CEA, CA19-9, and HGF levels were associated with poor survival.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease that afflicts ~42,000 patients 

per year in the United States (1). The available treatments for PDAC have limited efficacy. 

Even at early stages, only surgical resection affords the potential for cure. However, resected 

PDAC has high rates of local and distant failure, which remains incurable (2–6). Adjuvant 

cytotoxic therapies have shown only modest impact on cure rates (7–9), and the role of 

molecularly targeted agents in perioperative setting remains unknown.

Although the high distant metastatic rate renders a survival benefit with radiation that is 

difficult to demonstrate, controlling local disease with radiation could alleviate morbidity 

that adversely affects quality of life. Perioperative radiation therapy can delay systemic 

therapy or surgery, particularly when delivered preoperatively. Given the high metastatic 

propensity of even localized PDAC, shorter courses of radiation would be highly desirable. 

In rectal cancer, short-course (1-week) radiation therapy (5 Gy × 5 fractions) followed by 

early surgery is an effective way of decreasing pelvic recurrence (10–14). More conformal 

radiation techniques, such as intensity modulated radiation therapy (IMRT) or proton beam 

therapy, may allow for delivery of efficacious doses in a shortened schedule. In preclinical 

evaluations, we demonstrated that proton beam therapy was associated with less radiation 

dose to adjacent organs than IMRT (15). We have previously reported the feasibility of a 

proton-based 1-week neoadjuvant chemoradiation schedule followed by early surgery in the 

phase 1 portion of this trial (16). However, safety and tolerability concerns remain with the 

use of this approach. In addition, improvements in therapy for this extremely aggressive 

malignancy will likely require identification and targeting of specific molecular pathways 

that facilitate metastatic progression. Here, we report safety and efficacy data from the phase 

1/2 study. We also report the results of exploratory correlative studies in tissue and blood 

circulation.
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Methods and Materials

Patients

Patients with resectable PDAC were prospectively enrolled in a National Cancer Institute-

sponsored clinical trial approved by the institutional review board (NCT00438256). 

Inclusion criteria included biopsy-proven adenocarcinoma of the pancreatic head or neck 

amenable to surgical resection with a pancreaticoduodenectomy; Eastern Cooperate 

Oncology Group 0/1 performance status; a pancreatic protocol computed tomography (CT) 

scan that, in the judgment of the surgeon and the multidisciplinary team, showed a 

resectable tumor; and no evidence of metastatic disease based on CT of the chest, abdomen, 

and pelvis and diagnostic laparoscopy (including cytology). Exclusion criteria included 

ampullary, biliary, or duodenal cancer, as well as distal tumors of the body or tail of the 

pancreas; prior therapy for PDAC, any invasive cancer in the last 5 years requiring radiation 

or chemotherapy, prior radiation therapy to the upper abdomen, and history of 

dihydropyrimidine dehydrogenase deficiency. Laboratory evaluations included biomarker 

CA19-9 and CEA levels, electrolytes, complete blood counts, and liver and renal function 

tests. Patients were required to have absolute neutrophil count (ANC) ≥1500 cells/mm3, a 

platelet count of >100,000 cells/mm3, aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) at ≤2.5 × upper limit of normal (ULN); total bilirubin at ≤2.5 × 

ULN, if patient had recent biliary stenting, or ≥1.5 × ULN, if no biliary stenting was done; 

serum creatinine within normal range (0.6–1.5 mg/dL) with a creatinine clearance ≥30 mL/

min.

Treatment

Radiation therapy—Gross tumor volume was contoured with the pancreatic protocol CT 

available. Clinical target volume was defined as gross tumor volume with a 1-cm margin, 

respecting anatomical boundaries such as stomach and transverse colon, as well as elective 

nodal coverage including the celiac, portahepatis, superior mesenteric artery and vein, and 

para-aortic (through the level of the third portion of the duodenum) groups. A planning 

target expansion was customized using the motion information from the 4-dimensional CT 

and estimated set-up variation (see Supplementary Material and Table S1) (16).

Treatments were delivered using 240-MeV protons generated from a cyclotron. Proton beam 

therapy was delivered using 3D passively scattered protons. Most commonly, 3 fields were 

used, with 2 fields being treated per day.

Chemotherapy—Capecitabine (1650 mg/m2 divided twice daily) was given Monday to 

Friday for 2 weeks for each dose level.

Supportive treatment—After dose level 1, patients were counseled to use ondansetron, 8 

mg orally, 30 to 60 minutes prior to therapy. Additionally, patient therapy was initiated with 

a proton pump inhibitor if the patient was not already taking one.

Surgery—Patients in dose levels 1 to 3 underwent surgery 3 to 6 weeks following the 

completion of chemotherapy. In dose level 3 and 4, as well as the phase 2, surgery could be 

Hong et al. Page 3

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2016 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



performed as early 1 week after completion of chemotherapy. Repeat CT staging was 

mandated only if the patient was scheduled for surgery ≥3 weeks after chemotherapy.

Postoperative chemotherapy

We recommended that patients receive gemcitabine chemotherapy for 6 months starting 4 to 

10 weeks after surgery.

Follow-up—Patients had follow-up visits every 3 months, with CT scans every 6 months, 

for a planned follow-up of 5 years. Any other evaluations that were prompted by symptoms, 

laboratory evaluation, or at the treating physician’s discretion were also used to score events. 

Oligometastatic disease at first relapse was defined as ≤3 lesions in 1 organ.

Pathological evaluation

Pathology specimens were processed and scored per standard institutional practice, 

including margin status (pancreatic transection, biliary, uncinate, and retroperitoneal), and 

nodal status (total assessed, total positive).

Biomarker analyses

Genotyping—Mutational analysis was performed using SNaPshot (Applied Biosystems, 

Woburn, MA) for resected patients, using a multiplexed DNA sequencing platform (17).

Immunohistochemistry—Surgical specimens were available from the 38 patients who 

underwent surgical resection or exploration. Five-micrometer-thick sections were cut from 

formalin-fixed, paraffin-embedded blocks for staining with Masson tri-chrome (to assess 

fibrosis) or antibodies against SMAD4 (Abcam), HGF (Abcam), cMET (Abcam), SDF1α 

(Bio-Vision), CXCR4 (R&D Systems, Minneapolis, MN), CXCR7 (Abcam), CD31 (Dako), 

α-SMA (Sigma), and CD68 (Thermo Scientific). Semiquantitative and quantitative analyses 

for biomarker expression or tumor-associated macrophage number (estimated by positive 

staining area ratio) was carried out specifically for the intratumoral and stromal (tumor 

periphery) compartments, and performed by 2 experienced gastrointestinal pathologists. 

Because, CXCR4 can be expressed either in the cell cytoplasm or the plasma membrane, 

analysis was performed separately for cytoplasmic and membranous CXCR4 expression. 

Quantification of tumor blood vessels was separated for immature (non-α-SMA+ pericyte-

covered) versus more mature (α-SMA+ pericyte-covered) vessels.

Cellular and molecular blood biomarkers—Peripheral blood was obtained from 12 

consecutive patients prior to neoadjuvant chemoradiation and prior to surgery (after 

neoadjuvant chemoradiation) in the phase 2 portion, after obtaining institutional review 

board approval and informed consent. Plasma analysis was carried out for circulating 

VEGF, PlGF, sVEGFR1, bFGF, IL-1β, IL-6, IL-8, and TNF-α by using multiplex enzyme-

linked immunosorbent assay plates (Meso-Scale Discovery, Rockville, MD), and sVEGFR2, 

HGF, SDF1α, and s-cMET (from R&D Systems). Every sample was run in duplicate. Blood 

progenitor cells (CD34+CD133+CD45+) and CD14+ monocytes (CD14+CD45+) were 

enumerated in fresh samples using an LSR-II flow cytometer (BD Biosciences, Franklin 
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Lakes, NJ), as described (18). Biomarker levels measured using quantitative scales were log-

transformed, and changes were calculated as on-study-to-baseline value ratios.

Statistical analyses

The phase 1 design, a gradual shortening from 10 fractions in 2 weeks through progressively 

shorter 5-fraction schedules, has been previously described (16) (Supplementary Table S1). 

The objective of the phase 2 component was to demonstrate that the highest dose of 

accelerated chemoradiation tested in phase 1 was associated with an acceptable toxicity 

profile (<20% overall rate of grade ≥3 adverse events). Overall survival (OS) and 

progression-free survival (PFS) as well as the time to locoregional failure were secondary 

endpoints calculated starting from the first day of chemoradiation (see Supplementary 

Material). Changes in circulating biomarkers were quantified as ratios and tested with the 1-

sample exact Wilcoxon test. The association of OS and PFS with tissue and blood 

biomarkers was assessed using Cox regression to estimate the hazard ratio and to compare 

groups by test score. Analysis of biomarkers was of an exploratory nature; therefore, we did 

not adjust P values for multiple comparisons. All P values are based on 2-sided hypothesis 

tests.

Results

Patient characteristics

Fifty of 57 patients screened were enrolled in the study (7 were excluded due to metastatic 

disease found at screening laparoscopy) (Table 1, Fig. 1A). Based on phase 1 data, dose 

level 4 (5 fractions of 5 Gy-equivalents, or 5 × 5 GyE in 1 week) was selected for the phase 

2 component because it showed no DLTs (16).

Tolerability

All 35 patients in the phase 2 component completed chemoradiation treatment. Two patients 

experienced grade 3 toxicity events of colitis and chest wall pain during the preoperative 

treatment. There were no grade ≥4 toxicities (Table 2).

Surgical outcomes

No patient had surgery delayed due to toxicity. Eleven of 50 patients (22%) did not undergo 

resection: 1 patient (2%) was ineligible due to a preoperative diagnosis of distal 

cholangiocarcinoma, 2 patients (4%) due to meta-static progression, and 8 patients (16%) 

due to unresectable disease at exploration. One of the patients with unresectable disease 

received intraoperative radiation therapy to a dose of 15 Gy. Another patient went off study 

after completing chemoradiation but subsequently underwent resection 104 days after the 

last dose of capecitabine. Median operative time in resected patients was 5:55 hours (range, 

3:50–9:28 hours). Median postoperative length of hospital stay was 7 days (range, 5–47 

days). Postoperative mortality and morbidity evaluation at 30 days showed no deaths or 

pancreatic or any other anastomotic leakage. One resected patient was deemed ineligible for 

outcome analysis due to a final pathologic diagnosis of autoimmune pancreatitis and no 

evidence of cancer. Thirty-one of 37 eligible resected patients (84%) received postoperative 

gemcitabine therapy.
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Pathological findings

In the 37 eligible resected patients, median pathologic tumor size was 2.9 cm (range, 1.3–4.8 

cm). Thirty of 37 patients (81%) had positive nodes, and 6 of 37 patients (16%) had positive 

margins (Table 3).

Survival outcomes

For all 48 eligible patients (excluding the 2 patients with final diagnosis of 

cholangiocarcinoma and autoimmune pancreatitis, respectively), the median PFS was 10.4 

months (95% confidence interval [CI]: 7.5–17.1 months), and median OS was 17.3 months 

(95% CI: 11.2–29.5 months) (Fig. 1 C and D). Median follow-up for analysis was 38 months 

among the 12 patients still alive. The OS rate at 2 years was 42% (95% CI: 28%–55%). For 

the 37 eligible resected patients, median PFS was 14.5 months (95% CI: 10.2–21.8 months), 

and median OS was 27.0 months (95% CI: 16.2–32.3 months). Only 6 of 37 eligible 

resected patients (16%) experienced locoregional recurrence or progression: 1 patient had an 

isolated local recurrence 16 weeks before progressing to lung metastatic disease, and 5 of 6 

patients with locoregional failure had synchronous metastatic disease (Fig. 1B). Thirty-five 

of 48 patients (73%) developed distant metastases. Initial sites of metastatic failure are listed 

in Table 3.

Tissue biomarker studies

In the 38 available PDAC surgical specimens, we detected a mutation in the KRAS gene in 

31 specimens (82%) and in the TP53 gene in 4 specimens (11%). Both mutations were 

present in 3 of 38 patients (8%). The most frequent KRAS mutation type was KRASG12D (14 

of 38 [37%]), whereas other types were found in lower frequencies (KRASG12V in 10 of 38 

[26%]; KRASG12R in 5 of 38 [13%]; KRASG12S in 1 of 38 [3%]; and KRASQ61H in 1 of 38 

[3%]). SMAD4 expression was detectable in 12 of 32 patients (38%).

The chemokine SDF1α and its receptors, CXCR4 and CXCR7, were all relatively highly 

expressed throughout the PDAC tissues but showed differential levels of expression in the 

tumoral versus the stromal compartments (Table 4). SDF1α and CXCR7 expression 

predominated intra-tumorally, whereas CXCR4 expression (both cytoplasmic and 

membranous) was more dominant in stromal cells. In contrast, vascular density was 

comparable between the 2 compartments, and approximately half of the vessels in these 

compartments were covered by pericytes. CD68+ macrophage infiltration was more 

predominant inside the tumor (P=.0029). Tumor-associated fibrosis was pronounced (a 

median score of 2.3 on a scale of 0–3). Finally, HGF was diffusely detectable in PDAC 

tissue samples, whereas its receptor, cMET, was expressed in PDAC cells (Supplementary 

Material Fig. S1).

Of the genetic alterations, the presence of KRASG12D, but not any KRAS mutation or SMAD4 

status, was associated with poorer PFS (P=.019) and OS (P=.022) (Fig. 2A, Supplementary 

Material Table S2). Of note, KRASG12D mutation, but not any KRAS mutation, correlated 

with elevated circulating levels of the cytokine TNF-α (area under the curve receiver 

operating curve [AUC ROC] = 0.77 [n=8]; P=.036). SMAD4 status did not correlate with 

PFS or OS (Supplementary Table S2) but showed a tendency to associate with the extent of 
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metastatic disease (Supplementary Material). Finally, we observed a direct association 

between stromal CXCR7 expression and PFS (P=.0073) and OS (P=.0069) (Supplementary 

Table S2).

Circulating biomarker studies

Of the biomarkers measured in peripheral blood prior to surgery (~2 weeks after 

neoadjuvant treatment), the levels of VEGF, SDF1α, and bFGF were decreased and those of 

plasma CAIX and circulating CD14+ monocytes were increased (Supplementary Table S3). 

High circulating levels of HGF, CEA, and CA19-9 at baseline were associated with poor OS 

(P<.05) (Fig. 2B, Supplementary Table S4).

Discussion

The role of radiation therapy in resectable PDAC remains controversial (8, 10, 19). 

Adjuvant chemotherapy alone increases survival compared with surgery alone (8, 9). 

However, local control remains a challenge: pancreaticoduodenectomy is associated with 

positive margins rates of approximately 30% (8, 9, 20). When margins of <1 mm are 

included, most PDAC patients have positive margins (21). Furthermore, approximately 25% 

of patients have lymph node involvement beyond the peripancreatic nodal field in the 

hepatic artery or aortocaval regions in addition to the 60% to 80% risk of peripancreatic 

nodal involvement (9, 22). These factors contribute to high (50%–80%) locoregional failure 

rates (2–6). Radiation therapy may modify this risk as postoperative chemoradiation studies 

have shown locoregional failure rates of only 20% to 30% (20, 23, 24), and preoperative 

chemoradiation trials showed an even lower risk of locoregional recurrence (10%–20%) 

(25–27). However, the substantial rate of local recurrence after postoperative radiation and 

the high rate of metastatic disease, which may exceed 75% (20), likely account for the lack 

of substantial survival benefit with radiation.

Preoperative chemoradiation may improve R0 resection rates and local control (25–27). 

However, a standard course of preoperative chemoradiation takes approximately 6 weeks, 

followed by 6 weeks’ delay to surgery. If a patient takes approximately another 6 weeks to 

recover from surgery, this leads to a delay of more than 4 months in systemic therapy. Short-

course radiation followed by early surgery can potentially eliminate this delay to systemic 

therapy yet maintain efficacious. However, there are a lack of safety data with this approach 

to the upper abdomen, particularly with elective nodal coverage. Because the intent of 

preoperative therapy is to replace the postoperative therapy, we felt elective nodal coverage 

should be added (28). Our study indicates that short-course radiation with proton beam is 

well tolerated and safe. In addition, despite shortened course radiation, this study showed 

favorable local control and R0 resection rates. These results are consistent with those of our 

phase 1 data as well as those of another short-course chemoradiation study that used carbon 

ion radiation therapy (16,29).

One outstanding question is whether 1 week of proton radiation is required, given that 

hypofractionated stereo-tactic body radiation therapy (SBRT) is feasible in PDAC. 

However, one fundamental difference between SBRT and hadron therapies is that the 

clinical tumor volume (CTV) encompassed elective nodal regions (29). In contrast, with 

Hong et al. Page 7

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2016 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SBRT, only grossly identifiable tumor is targeted, leading to substantially smaller fields of 

treatment. Our institution attempted the same dose escalation strategy with the same 

treatment volumes with photons in a separate phase 1 study (30). Ten patients were enrolled 

with a planned phase 1 enrollment of 12 patients. The study was terminated early due to 

intraoperative toxicity. Surgeons observed an increased risk of intraoperative fibrosis in 

patients treated with photons versus those treated with protons (27% vs 63%, respectively), 

resulting in an increase in median operative time of 69 minutes. Although there were no 

significant differences in CTV or planning target volumes between patients treated in the 

proton phase 1 versus those treated in the photon phase 1 study, photon patients had 

substantially higher stomach and small bowel doses. Accordingly, based on this experience, 

we have proceeded to develop our proton-based short-course strategy.

We also conducted exploratory correlative studies to evaluate the association between tissue 

and blood circulating biomarkers with survival outcomes after proton-based chemoradiation. 

These studies included analyses of frequently mutated genes in PDACs (KRAS and SMAD4) 

and a panel of biomarkers known to be upregulated after radiation therapy using photons, 

and also known as mediators of tumor invasion and metastasis (SDF1α/CXCR4 or CXCR7) 

(31–34). KRAS codon 12 activating mutations are particularly frequent in PDAC (35). 

Moreover, in transgenic mice, KRASG12D has been shown to drive PDAC formation with 

high penetrance (36–38). Interestingly, we found that only the KRASG12D mutation was 

inversely associated with survival. We also detected a correlation between high levels of 

CXCR7 expression and poor survival. Preclinical studies have linked CXCR7 expression 

with MAPK activation in PDAC (39), and previous clinical studies indicated that CXCR7 is 

associated with tumor grade and inversely associated with tumor size (40). Our data support 

the potential role of this receptor in human PDAC progression though cytotoxic therapies. 

We found that the degree of fibrosis and macrophage infiltration, as well as SDF1α, 

CXCR7, and CXCR4 expression levels, were high after neoadjuvant treatment. Of interest, 

the SDF1α and CXCR7 expression was localized inside the tumor, whereas CXCR4 levels 

and macrophage infiltration were localized predominantly at the tumor periphery in the 

stroma-rich compartment. Analysis of the tumor vasculature showed no differences between 

vessel densities in the 2 compartments and that approximately half of the vessels were 

covered with pericytes (more mature).

Despite improved local control, treatment did not significantly change serum CEA and 

CA19-9 levels. However, both CEA and CA19-9 levels were associated with survival 

outcomes, in line with the modest impact of treatment on systemic disease progression. 

Thus, inhibiting critical pathways driving PDAC progression in combination with neo-

adjuvant chemoradiation may result in more significant survival benefits. We found an 

association between plasma HGF (a prometastatic protein also referred to as “scatter factor”) 

(41) and OS. These data should be considered hypothesis generating, and future studies 

should explore the potential roles of the KRASG12D mutation and HGF/c-MET pathway in 

PDAC resistance to neoadjuvant therapy.
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Conclusions

In conclusion, short-course proton-based chemoradiation is well tolerated and is associated 

with favorable local control in resectable PDAC. In exploratory analyses, KRASG12D status, 

CXCR7 expression in tumor periphery, and plasma HGF level were associated with PFS and 

OS and warrant further exploration in larger studies. We believe that this short course 

regimen, because of its short duration and excellent tolerability, may be useful after 

multiagent neo-adjuvant chemotherapy and will be used in a neoadjuvant study comparing 

gemcitabine/nab-paclitaxel with 5-fluorouracil, irinotecan, and oxaliplatin (FOLFIRINOX) 

followed by short-course proton-based chemoradiation before surgery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

We report toxicity, efficacy, and tissue and circulating biomarker data from a phase 1/2 

study of preoperative short-course chemoradiation with proton beam therapy and 

capecitabine, followed by early surgery for resectable pancreatic ductal adenocarcinoma. 

Treatment was well tolerated and was associated with excellent local control. Exploratory 

studies showed that KRASG12D status and higher tissue levels of CXCR7 expression and 

circulating plasma hepatocyte growth factor (HGF) were associated with worse survival 

after neoadjuvant chemoradiation.
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Fig. 1. 
Phase 2 trial of neoadjuvant accelerated short-course radiation therapy with proton beam and 

capecitabine for resectable pancreatic ductal adenocarcinoma (PDAC). (A) Study design. 

(B–D) Treatment outcomes of 48 eligible patients: locoregional (resected only) (B), 

progression-free survival (C), and overall survival (D).
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Fig. 2. 
Comparison of overall survival according to KRASG12D mutation and elevated baseline 

hepatocyte growth factor (HGF) in PDAC after neoadjuvant chemoradiation.
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Table 1

Patient characteristics (N=50 patients)

Characteristic Value %

Sex

 Female n=23 46%

 Male m = 27 54%

Age (y)

 Median 65

 Range 49–92

CA19-9 at baseline

 Median 136.5

 Range <1–15,151

Tumor size on CT

 Median 2.9 cm

 Range 1.1–4.3

Abbreviation: CT = computed tomography.
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Table 2

Preoperative chemoradiation-related toxicity grade 2 or worse (N=35 phase 2 patients)

Toxicity No. of patients with grade (%) No. of patients with grade 3 (%)

Colitis 0 1 (3%)

Nausea and vomiting 3 (9%) 0

Constipation 1 (3%) 0

Dehydration 1 (3%) 0

Diarrhea, no prior colostomy 1 (3%) 0

Flatulence 1 (3%) 0

Chest wall pain 0 1 (3%)

Abdominal pain 1 (3%) 0

Limb pain 1 (3%) 0

Weight loss 2 (6%) 0
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Table 3

Pathologic response

Primary tumor (N=37 eligible resected patients) Value

RT desmoplasia

 No 26 (70%)

 Yes 11 (30%)

Tumor size

 Median 2.9 cm

 Range 1.3–4.8

Histologic grade

 Moderate differentiation 17 (46%)

 Poor differentiation 20 (54%)

Perineural invasion

 No 5 (14%)

 Yes 32 (86%)

Lymphovascular invasion

 No 19 (51%)

 Yes 18 (49%)

Margin status

 Negative 31 (84%)

 Positive 6 (16%)

Nodal Involvement

 No 7 (19%)

 Yes 30 (81%)

Nodes: total assessed

 Median 18

 Range 6–37

Nodes: number positive (among the 30 patients with nodal involvement)

 Median 2

 Range 1–12

Sites of metastatic failure (n=35 patients with distant progression)

 Liver* 20 (57%)

 Lung* 14 (40%)

 Hilar and mediastinal adenopathy* 1 (3%)

 Supraclavicular area 1 (3%)

 Pleural effusion 1 (3%)

Abbreviation: RT = radiation therapy.

*
Two patients had simultaneous metastatic progression at 2 sites.
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Table 4

Tissue biomarker expression and distribution after neoadjuvant proton therapy and chemotherapy in PDACs

Biomarker Intratumoral Stromal P value

SDF1α (CXCL12) score (n=32) 2.5 ± 1.0 (32) 1.8 ± 0.6 (31) .0001

CXCR4 (cytoplasmic) score 3.0 ± 1.0 (32) 3.5 ± 0.8 (31) .0067

CXCR4 (membranous) score 1.6 ± 0.7 (32) 3.5 ± 0.8 (31) <.0001

CXCR7 score 3.1 ± 1.0 (32) 2.3 ± 0.6 (31) .0004

CD31 + vessel density 8.7 ± 6.6 (32) 9.2 ± 6.5 (31) .45

CD31+/α-SMA + vessel density 7.5 ± 5.6 (32) 8.5 ± 4.5 (31) .21

CD68+ macrophage (area fraction) 0.056 (0.040–0.081) (32) 0.037 (0.029–0.051) (32) .0029

Fibrosis score 2.3 ± 0.7 (32) NA

Abbreviations: NA = not applicable; PDAC = pancreatic ductal adenocarcinoma.

Data are shown as hazard ratios with 95% confidence intervals.

*
P values are from a Wald test in a univariable Cox regression.
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