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ABSTRACT

Background: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy characterized by abundant
granulocytic myeloid-derived suppressor cells (G-MDSC = CD45"/Lin /CD33"/CD11b"/CD15"), which infiltrate tu-
mors and suppress anti-tumor immunity. We have previously demonstrated in a murine model of PDAC that zoledronic
acid (ZA) depletes G-MDSC resulting in decreased tumor growth and improved survival. We report here the results of a
phase 1 clinical trial (NCT00892242) using ZA as neo-adjuvant, perioperative therapy in patients with non-metastatic,
resectable pancreatic adenocarcinoma. Methods: Eligible PDAC patients received ZA (4 mg) IV 2 weeks prior to sur-
gery. Patients then received 2 additional doses of ZA 4 weeks apart. Blood and bone marrow were obtained from pa-
tients prior to treatment with ZA and 3 months after surgery for analysis of G-MDSC by flow cytometry. Results:
Twenty-three patients received pre-operative ZA with at least 6 months of follow-up. Only 15 PDAC patients had non-
metastatic PDAC, which was amenable to resection. ZA was well tolerated, and all adverse events were grade 1 or 2.
The most common adverse events were fatigue, abdominal pain/discomfort, anorexia, and arthralgia. Of resected PDAC
patients treated with ZA, 1- and 2-year overall survival (OS) was 85.7% and 33.3%, respectively, with a median OS of
18 months. This group had a 1- and 2-year progression-free survival (PFS) of 26.9% and 8.9%, respectively, with a me-
dian PFS of 12 months. The prevalence of G-MDSC was unchanged in the blood and bone marrow of PDAC patients
pre- and post-treatment with ZA. Conclusion: ZA is safe and well tolerated as neo-adjuvant, peri-operative therapy in
PDAC patients. In this small study, we did not observe a difference in OS or PFS compared to historical controls. Also,
there was no difference in the prevalence of G-MDSC in the blood and bone marrow of PDAC patients pre- and post-
treatment with ZA.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly ag-
gressive malignancy and the fourth leading cause of
cancer death in the United States [1]. The prognosis of
these patients is dismal with a 5-year overall survival less
than 5% and a median survival of 6 months [1]. Even
with complete surgical resection, recurrence is common
and a majority of patients recur with distant metastasis.
Patients who are able to undergo resection for early stage
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PDAC have a 5-year survival of up to 25%, with a me-
dian survival of 11 to 20 months [2,3]. Patients who de-
velop recurrence usually present between 9 to 12 months
after resection [4]. There is a clear need for novel thera-
pies, as little progress has been made in the last several
decades.

PDAC is characterized by a dense stroma with abun-
dant immune cells, of which, myeloid-derived suppressor
cells (MDSC) are predominant [5]. MDSC are a hetero-
geneous group of myeloid cells which suppress anti-tu-
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mor immunity and contribute to therapeutic resistance [6].
Therapies that ignore the stroma are likely to be ineffec-
tive in PDAC. We have previously described granulo-
cytic-MDSC (G-MDSC) in human (CD45"/Lin /CD33"/
CD11b"/CD15") and murine (CD45"/CD11b"/Gr1™/Ly6G")
PDAC, and demonstrated their immunosuppressive and
tumor-promoting properties [7]. These cells arise from
the bone marrow in a process driven by the tumor. De-
pletion of MDSC in murine models has been associated
with improved host immune responses resulting in de-
creased tumor growth, improved survival, and increased
efficacy of vaccine therapy [8-10].

Zoledronic acid is a potent aminobisphosphonate ty-
pically used in the treatment/prevention of osteoporosis
and pathologic fractures. ZA inhibits farnesyl-pyrophos-
phate-transferase which, in addition to its inhibitory ef-
fect on osteoclasts, has been shown to prevent tumor-
mediated myelopoiesis associated with the generation of
MDSC [10]. Although the mechanism of action in tumor
bearing animals appears to involve blockade of hemato-
poiesis, hematological toxicities of the drug on normal
bone marrow are generally not observed [11]. We have
previously demonstrated that ZA depletes G-MDSC in a
murine model of PDAC resulting in enhanced anti-tumor
immunity, decreased tumor growth, and improved sur-
vival [7]. This encouraging preclinical data was the im-
petus for the current application of ZA in this clinical
study.

Immunotherapy has made large strides in the treatment
of human malignancy and will undoubtedly continue to
do so. Strategies, such as anti-PD1 and anti-CTLA-4 the-
rapies, are showing promise in cancer, with evidence of
enhanced anti-tumor immunity and improvement in pa-
tient survival [12,13]. We present here the results of a
Phase I clinical trial (NCT00892242) using ZA as neo-
adjuvant, peri-operative therapy in PDAC patients with non-
metastatic, resectable tumors. We sought to primarily es-
tablish the safety of ZA in this patient population, while
also evaluating the effects of ZA on 1) overall survival
(0OS), 2) progression-free survival (PFS), and 3) the pre-
valence G-MDSC in the blood and bone marrow.

2. Materials and Methods
2.1. Study Design

This was a phasel study to determine safety and feasibil-
ity of perioperative ZA in patients with resectable PDAC
(Figure 1). This study was approved by the Institutional
Review Board and Human Research Protection Organi-
zation at our institution. All patients provided informed,
written consent and were treated and Barnes-Jewish Hos-
pital/Washington University Medical Center. Biopsypro-
ven PDAC patients with tumors that appeared amenable
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to surgical resection based on pre-operative imaging were
eligible for this study. Patients underwent blood draw
and bone marrow biopsy at baseline and then received 4
mg IV of Zoledronic Acid (Zometa, Novartis) 2 weeks
+/— 7 days prior to surgery. Patients were then taken to
the operating room with the intent to remove their tumor
(pancreatectomy). Patients who underwent pancreatectomy
received 2 additional 4 mg IV doses of ZA at g4 week
intervals (total of 3 doses). Three months after surgery,
patients underwent an additional blood draw and bone
marrow biopsy. The primary endpoint of the study was to
evaluate the safety of neoadjuvant, perioperative ZA in
PDAC patients. Secondary endpoints were: 1) overall sur-
vival; 2) progression-free survival; and 3) the prevalence
G-MDSC in the blood and bone marrow pre- and post-
treatment with ZA.

2.2. Patients

Patients with newly diagnosed, histologically or cyto-
logically confirmed diagnosis of resectable pancreatic ade-
nocarcinoma who were candidates for surgical treatment
were eligible for this study. The eligibility criteria were
defined as follows: measurable or evaluable disease de-
fined by RECIST criteria; >18 years old; Karnofsky Per-
formance Status (KPS) > 70; life expectancy > 12 weeks;
adequate bone marrow functions defined as an absolute
neutrophil count > 1500/mm’, platelet count > 100,000/
mm’ and hemoglobin > 10 g/dL; adequate renal function
defined as serum creatinine < 1.3 mg/dL or creatinine
clearance > 90 mg/min/1.73 m” with a serum creatinine >
1.3 mg/dl; adequate hepatic function defined as total bili-
rubin < 1.5% the institutional upper limit normal value
(ULN) after relieving biliary obstruction and aspartate
aminotransferase (AST) < 2x the ULN. The following
patients were excluded from the study: pregnant patients,
patients with prior or current autoimmune disease, HIV+
patients, patients receiving other investigational drugs,
patient treated with a bisphosphonate within the previ-
ous 6 month, patient with current active dental problems.
A prospectively maintained database of all patients un-
dergoing pancreaticoduodenectomy for PDAC at Bar-
nes-Jewish Hospital from 1997 to 2012 was used to
estimate survival of historical controls for survival com-
parison.

Blood and Bone Marrow| Blood and Bone Marrow
Biopsy Obtained Biopsy Obtained

BlEnm]]g(c)nt: | sl 2 Doses of Adjuvant
iopsy Proven, ntravenous Rescction Zoledronic Acid hemotherapy a
Resectable | [7) | Doscof  [[) |2 Weeks After| L. g4 wesks (Toial | | Prescribed by
Pancreatic Zoledronic Acid| Infusion) of 3 Doses) Medical
|Adenocarcinoma Oncologist

Figure 1. Flow diagram depicts the design of the clinical
trial.
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2.3. Safety Assessment

Adverse events were monitored continuously during treat-
ment. Toxicity was characterized according to the Na-
tional Cancer Institute Common Terminology Criteria for
Adverse Events version 3.0 (CTCAE). Follow up on sub-
ject well-being was performed by telephone on the first
or second day after infusion. Subjects maintained a study
diary for two weeks post infusion to note any symptoms
related to ZA infusion.

2.4, Efficacy Assessment

All patients who received at least 1 does of ZA were fol-
lowed up for survival. Patients followed up with a physi-
cian 1, 3, and 6 months after surgery and routine labs
were obtained at each visit. Although tumor response
was not the primary endpoint of this trial, subjects were
monitored for recurrence during the event monitoring
period, as clinically indicated. Measurable disease was
assessed by the Response Evaluation Criteria in Solid
Tumor (RECIST) 1.1.

2.5. Flow Cytometry on Blood and Bone Marrow
Cells

Peripheral blood samples and bone marrow aspirates
(iliac crest) were collected from patients at baseline and 1
month following the last dose of ZA (3 months after sur-
gery) in vacuum tubes containing lithium heparin (BD
Biosciences; San Jose, CA). Cells were isolated by Fi-
coll-density centrifugation ((Ficol/Lite LymphoH, At-
lanta Biologicals) and frozen in dimethyl sulfoxide
(DMSO) with 10% fetal bovine serum (FBS) at —80°C.
When both pre and post treatment blood samples were
collected, PBMC and Bone marrow mononuclear cells
were thawed using CTL wash (Cellular Technology Ltd,
Shaker Heights, OH) and washed. Cells were then Fc
blocked (TruStain FeX™, Biolegend), stained, and
fixed in according to manufacturers’ protocol. Antibodies
used included CD45 (AF700; Biolegend, HI30), CDI11b
(AF488; Biolegend, ICRF44), CD33 (PE; Biolegend,
WMS53), CD14 (APC/Cy7; Biolegend, M5E2), CDI15
(Pacific Blue; Biolegend, W6D3), and HLA-DR (PE/Cy7;
Biolegend, L.243). Analysis was immediately performed
on a LSR II flow cytometer (BD Biosciences; San Jose,
CA). All results were analyzed using Flow Jo software
(Tree Star Inc., Ashland, OR).

2.6. Statistical Analysis

All data was analyzed using GraphPad Prizm 5.01 soft-
ware. Survival was estimated from the time of surgical
resection using the Kaplan-Meier method. Survival was
compared between 2 groups using the log-rank (Man-
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tel-Cox) test. The prevalence in the blood and bone mar-
row of PDAC patients pre- and post-treatment with ZA
were compared using paired t-tests. P < 0.05 was consid-
ered as statistically significant in all comparisons made.

3. Results
3.1. Patient Data

Twenty-three patients were enrolled in the trial, received
at least one pre-operative dose of zoledronic acid (ZA),
and had at least 6 months of follow-up after the first dose.
These patients were taken to the operating room where
seven (30.4%) were found to have metastatic disease or
locally advanced disease that precluded tumor resection.
The remaining sixteen patients underwent successful
pancreaticoduodenectomy (PD). One patient was discov-
ered postoperatively to have benign disease upon pa-
thology and was therefore excluded from the trial, leav-
ing 15 patients with resected PDAC for analysis (Table
1). The median age of this group was 67 years (range 51 -
81 years) and the majority (73.3%) was male. Ten of
fifteen (66.7%) patients required portal vein or superior
mesenteric vein reconstruction at the time of surgery. All
resected patients, coincidentally, had T3/N1/MO disease
(Stage 2B), and the median tumor size was 2.9 cm (range
1.2 - 5.5 cm). All tumors were moderately (8/15, 53.3%)
or poorly (7/15, 46.7%) differentiated, and seven (46.7%)

Table 1. Patient demographic and pathologic data.

Variable No.
Age
Median Years (Range) 67 (51 - 81)
Sex
Male (%) 11(73.3%)
Female (%) 4 (26.7%)
Tumor Size
Median cm (Range) 29(1.2-5.5)
Histologic Grade
Moderate (%) 8 (53.3%)
Poor (%) 7 (46.7%)
Vein Resection
Performed (%) 10 (66.7%)
Not Performed (%) 5(33.3%)
Resection Margin
Negative (%) 8 (53.3%)
Positive (%) 7 (46.7%)

All patients had T3 N1 MO disease (Stage 2B).
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had microscopically positive margins. Of resected pa-
tients, twelve (80.0%) completed the ZA dosing regimen
as designed; one patient (6.7%) received only a single
pre-operative dose and two patients (13.3%) received one
pre-operative and one post-operative dose. Post-ZA che-
motherapy regimens are indicated in Table 2.

3.2. Safety

Generally, ZA was well tolerated in terms of toxicity.
The majority of adverse events occurring in patients
treated with ZA were consistent with findings commonly
seen in most PDAC patients (Table 3). All adverse
events were grade 1 or 2, and there were no grade 3 or 4
events. The most common toxicity reported was fatigue
(n = 6). Like most patients with PDAC, gastrointestinal
events composed the largest subclass of adverse events
with abdominal pain/discomfort (n = 5), anorexia (n = 4),
diarrhea (n = 2), and elevated liver-function tests (n = 2)
being most common. The most common non-gastrointes-
tinal adverse event was arthralgia (n = 4). No adverse
events required scheduling or dosage adjustments of ZA.

3.3. Clinical Efficacy

Patients undergoing PD had a median overall survival of
18.0 months with 1- and 2-year overall survival of 85.7%
and 33.3%, respectively (Figure 2(a)). Comparatively,
Stage 2B PDAC patients undergoing PD at our institu-
tion over the last 15 years (n = 355) had a median overall

Table 2. Post-zoledronic acid adjuvant therapy.

Treatment Number of Patients
Gemcitabine 4
5-Fluorouracil & Radiation 4
Gemcitabine & Erlotinib 1
Abraxane 1
Unknown 5

Table 3. Adverse events in >5% of patients.

Adverse Events Number of Patients

Fatigue 6 (26.1%)
Abdominal Pain/Discomfort 5(21.7%)
Anorexia 4 (17.4%)
Arthralgia 4 (17.4%)
Elevated LFTs 2 (8.7%)
Diarrhea 2 (8.7%)

Back pain, constipation, cough, dizziness, edema, headache, hypophospha-
temia, neuropathy, pyrexia, and rigors were each reported by one patient.
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Figure 2. (a) Kaplan-Meier survival curves compare overall
survival of patients treated with ZA (Red-dotted) to his-
torical Stage 2B patients (Blue-solid); (b) Kaplan-Meier sur-
vival curve depicts progression-free survival (PFS) of pa-
tients treated with ZA.

survival of 17.7 months with 1- and 2-year survivals of
67.0% and 37.4%, respectively. Therefore, overall sur-
vival in this small cohort of patients treated with ZA was
not significantly different from historical controls (p =
0.9404.) The median progression-free survival (PFS) in
ZA treated patients was 12 months with 1- and 2-year
PFS of 26.9% and 8.9%, respectively (Figure 2(b)). At
the time of this analysis, eleven patients had experienced
recurrence of their cancer; four patients (36.4%) had dis-
tant metastasis, five patients (45.5%) experienced local
recurrence, and in 2 patients (18.2%) the recurrence site
was unknown.

3.4. Effect of ZA on G-MDSC in Blood and Bone
Marrow

We analyzed the blood and bone marrow of the 12
PDAC patients who completed the ZA regimen at base-
line and 3 months after surgery for alterations in the pre-
valence G-MDSC by flow cytometry (CD45"/Lin /CD33"/
CD11b7/CD15"). We detected no statistically significant
difference in the prevalence of G-MDSC in the blood or
bone marrow following treatment with ZA (Figure 3). Fur-
thermore, neither pre- nor post-treatment G-MDSC preva-
lence predicted recurrence or survival in this small cohort
of patients (data not shown).

4. Discussion

The purpose of this phase 1 study was to evaluate the
safety and efficacy of peri-operative Zoledronic acid (ZA)
in patients with resectable PDAC. In general, ZA was
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Figure 3. Peripheral blood and bone marrow mononuclear
cells from PDAC patients were collected pre- and post-
treatment with zoledronic acid (ZA) and flow cytometry
was performed to compare changes in the prevalence of
myeloid derived suppressor cells (CD45", Lin-, CD33",
CD11b", CD15". (a) Representative flow cytometry plot
from blood of PDAC patient; (b) Graph depicts G-MDSC
prevalence in the blood pre- and post-treatment; (c) Repre-
sentative flow cytometry plot from bone marrow of PDAC
patient; (d) Graph depicts G-MDSC prevalence in the bone
marrow of PDAC patients pre- and post-treatment with ZA.
Graphs depict means = SEM. p values are by paired t-tests.

well tolerated, and we observed no grade 3 or 4 toxicities
in the 23 patients who received peri-operative treatment.
These findings are consistent with the toxicity profiles
using ZA in other diseases such as osteoporosis and pre-
vention of pathologic fractures [14]. Therefore, we have
established the safety of ZA in the neo-adjuvant, peri-
operative setting in PDAC patients. Future trials can be
designed to further evaluate the appropriate application
of this agent to PDAC in this setting.

This study is remarkable for the relative homogeneity
with regard to the stage and grade of patients’ tumors.
The PDAC patients who underwent PD in our study had
aggressive tumors, which were all T3 N1 (Stage 2B) and
moderately or poorly differentiated. In addition, two-
thirds of patients required portal vein or superior mesen-
teric vein resection; a rate that is roughly three times the
national average [15]. Furthermore, nearly half of these
patients had microscopically positive resection margins,
further indicating the invasive nature of the tumors in this
cohort. We did not observe a difference in overall sur-
vival between the cohort of ZA-treated PDAC patients
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who underwent PD and historical Stage 2B PDAC pa-
tients treated at our institution. In addition to the small
size of the cohort, a lack of standardized adjuvant ther-
apy may have also made it difficult to detect a survival
benefit in these patients compared to historical controls.
Following surgery and ZA infusions, the decision with
regards to administer further chemotherapy and/or radia-
tion was at the discretion of the patient’s medical on-
cologist. This could obviously confound patient outcome
as the standard of care following surgical resection is
currently a subject of debate [16].

Our group has previously demonstrated that treatment
with ZA inhibits the expansion of G-MDSC (CD45",
CDI11b%, Grl") in murine PDAC [7]. A decrease in G-
MDSC at the site of tumor correlated with decreased
tumor growth and improved survival in vivo. In addition,
tumor-infiltrating regulatory T cells were also decreased
while the number of immune effectors cells was increas-
ed. Similar to our preclinical findings with ZA in PDAC,
aminobisphosphonates have been shown to inhibit the
accumulation of MDSC in murine breast cancer by pre-
venting tumor-induced myelopoiesis [10]. This finding
may have important translational applications, as studies
have demonstrated that ZA improves PFS and OS in post-
menopausal breast cancer patients as adjuvant therapy
[17-19]. These trials have sparked much interest in ZA as
a potent immunomodulatory agent in human malignancy.
In addition to its effects on myelopoiesis, ZA has also
been demonstrated to have direct antiproliferative, anti-
metastatic, and proapoptotic effects on human pancreatic
cancer cell lines [20]. We conducted the clinical trial pre-
sented here to investigate the potential role for Zometa in
human PDAC.

In accordance with ZA’s apparent lack of effect on OS
and PFS in this small cohort of PDAC patients, we did
not observe a difference in the prevalence of G-MDSC in
the blood or bone marrow of PDAC patients following
treatment. This would imply that ZA is not depleting
G-MDSC. One explanation for this could be the duration
and dose of ZA administered. Patients were given 4 mg
IV once 2 weeks prior to surgical resection followed by
every four weeks for a total of 3 doses. Studies that have
demonstrated efficacy in breast cancer have treated pa-
tients for as long as 5 years. Additionally, the 4 mg dose
of ZA used in this study may have been insufficient.
Doses of 8 mg have been used safely in patients with ma-
lignant bone metastases and doses as high as 16 mg have
been shown to be safe in humans [11,14]. Perhaps, in-
creasing the dose and/or duration of ZA would improve
efficacy in human PDAC.

In conclusion, this Phase I trial demonstrates that ZA
is safe and well tolerated when administered to PDAC
patients in the neo-adjuvant, peri-operative setting. We
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did not observe a difference in PFS or OS in patients
treated with ZA compared to historical controls. Further
study is needed to better understand the apparent dis-
crepancies between the efficacy of ZA in mice and hu-
mans as this may reveal key differences in translating pre-
clinical immunological studies into clinical trials.
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