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Abstract Currently, pancreatic ductal adenocarcinoma (PDAC)
remains a highly lethal disease despite advances inmultimodality
therapy. Themajority of patients with PDACpresent with locally
advanced or metastatic disease, and additional therapies or treat-
ment paradigms are needed to improve progression-free survival
and overall survival. Alternate therapies, such as a nanoparticle
albumin-bound form of paclitaxel, epidermal growth factor re-
ceptor (EGFR) inhibitors, vascular endothelial growth factor
(VEGF) inhibitors, and poly(ADP-ribose) polymerase
(PARP)1/2 inhibitors have been investigated for potential syner-
gy with systemic agents in PDAC. Here, we review the current
status of radiotherapy combined with systemic therapies for
pancreatic cancer, with a focus on these targeted agents, novel
immunotherapies, and discussion of the Abscopal effect.
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Current systemic and targeted therapies
with or without radiation therapy

Chemotherapeutic agents

The majority of patients with pancreatic ductal adenocarcino-
ma (PDAC) present with either metastatic (40–50 %) or
locally advanced (30–40 %) disease. Initial sites of metastases
include the liver, peritoneum, and lung. Whereas important
progress has been made in understanding the biology of
PDAC, these findings have translated into only incremental
gains in terms of clinical outcome. Treatment efficacy is
primarily limited by drug resistance often in combination with
significant treatment-related toxicity. Herein, we review cur-
rent systemic and targeted agents for pancreatic cancer and
then focus on novel agents and immunotherapies with specific
discussion on interactions with radiation.

Historically, 5-flourouracil (5-FU)-based regimens repre-
sented the backbone treatment for PDAC with objective re-
sponse rates andmedian overall survival rates of up to 9% and
6 months, respectively [1], until gemcitabine was validated in
a landmark study by Burris et al. [2]. Treatment with
gemcitabine led to a statistically significant improvement in
clinical benefit response (CBR) and median overall survival
(5.7 vs. 4.4 months, P=0.0025) when compared to bolus 5-
FU in patients with advanced PDAC. Although gemcitabine
became the standard single-agent chemotherapeutic agent of
choice for patients with advanced disease, the improvement
has been modest. For example, the final results of the adjuvant
trials, Radiation Therapy Oncology Group (RTOG) 9704 (5-
FU, radiation with gemcitabine or 5-FU) and ESPAC-3 (5-FU
or gemcitabine for 6 months), failed to show a significant
difference between chemotherapeutic regimens [3, 4]. In a
phase III study, Cunningham et al. [5] compared gemcitabine
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with or without capecitabine in patients with advanced PDAC.
The addition of capecitabine significantly improved objective
response rate (19.1 vs. 12.4 %; P=0.034) and progression-
free survival [hazard ratio (HR)=0.78; 95 % confidence inter-
val (CI), 0.66 to 0.93; P=0.004]. However, there was only a
trend toward improved overall survival (OS) (HR=0.86; 95%
CI, 0.72 to 1.02; P=0.08) compared with gemcitabine alone.
These modest results have spurred the investigation of com-
bination chemotherapies and novel therapeutic approaches.

One such approach is a nanoparticle albumin-bound form of
paclitaxel (nab-paclitaxel; Abraxane). Abraxane was recently
combined with gemcitabine in a phase I/II trial for patients with
metastatic disease. Von Hoff et al. [6] reported excellent out-
comes with a median OS of 12 months, objective response rate
of 48 %, and PFS of 7.9 months. Results of the phase III
MPACT trial comparing gemcitabine and Abraxane to
gemcitabine alone were recently presented at GI ASCO 2013
and showed that the median overall survival was 8.5 months for
the combination arm compared to 6.7 for gemcitabine alone
(HR=0.72; P=0.000015). Additionally, the time to treatment
failure was prolonged significantly with this combination from
3.5 to 5.1 months (HR=0.70; P <0.0001). Positive results were
also seen in the randomized phase III trial by Conroy et al. [7]
who compared 5-fluorouracil, folic acid, irinotecan, and
oxaliplatin (FOLFIRINOX) to single-agent gemcitabine in pa-
tients with metastatic PDAC. In addition to excluding patients
with locally advanced, nonmetastatic disease, stringent inclu-
sion criteria included no evidence of hyperbilirubinemia and
good performance status [Eastern Cooperative OncologyGroup
(ECOG), PS≤1]. FOLFIRINOX led to an improvement in
median OS (11.1 vs. 6.8 months; HR=0.57, P <0.001), objec-
tive response rate (31.6 vs. 9.4 %, P <0.001), and progression-
free survival (6.4 vs. 3.3 months; HR=0.47, P <0.001). How-
ever, toxicities associated with the FOLFIRINOX regimenwere
not insignificant. Rates of grade 3 and 4 neutropenia (45.7 vs.
21 %, P <0.001) and febrile neutropenia (5.4 vs. 1.2 %,
P=0.03) were more frequent in the combination arm and
required the use of granulocyte colony-stimulating factor (G-
CSF) in 42.5 versus 5.3 % (P <0.001). Also, the incidence of
grade 3 and 4 thrombocytopenia, diarrhea, and sensory
neuropathy was significantly greater in the FOLFIRINOX
group. The treatment-associated mortality was, however, low
with only one toxic death reported in each arm. Despite these
toxicities, patient reported that the quality of life was im-
proved in the FOLFIRINOX arm when compared to
gemcitabine alone. The trial included primarily body/tail le-
sions; thus, it is unclear if this regimen will be as efficacious in
the head of pancreas tumors. Nevertheless, FOLFIRINOX is
now considered the standard of care for metastatic pancreatic
cancer, and it is being evaluated in the borderline (Alliance
A021101), unresectable (RTOG 1102), and adjuvant settings.
Extrapolation of these multiagent regimens to the
nonmetastatic setting has prompted some to examine the

potential role of concurrent and/or sequential radiotherapy
with FOLFIRINOX or gemcitabine/Abraxane.

Targeting epidermal growth factor receptor

Alternate therapies, such as targeted agents, have also been
investigated to assess potential synergy with systemic agents
in PDAC. Epidermal growth factors and their corresponding
receptors [epidermal growth factor receptor (EGFR)] have been
identified as drivers of tumor proliferation and metastatic pro-
gression. Correspondingly, the majority of pancreatic tumors
have been shown to overexpress EGFR [8]. Based on this
rationale, inhibitors of EGFR have been investigated in PDAC.
Erlotinib, a small molecule inhibitor of the EGFR, led to im-
proved outcomes when combined with gemcitabine. In a ran-
domized, phase III double-blind study, Moore et al. [9] reported
that overall survival was significantly prolonged with the addi-
tion of erlotinib to gemcitabinewith aHR of 0.82 (95%CI, 0.69
to 0.99; P=0.038, median 6.24 vs. 5.91 months). One-year
survival was also greater with erlotinib plus gemcitabine (23
vs. 17 %; P=0.023), as was progression-free survival (HR of
0.77; 95%CI, 0.64 to 0.92;P=0.004) [9]. Although this benefit
seems incremental, it is interesting to note that for the subset of
patients who developed erlotinib-related skin toxicity grade of
≥2 (36%), median survival was more than 5months longer than
patients without skin toxicity (10.5 vs. 5.3 months, P<0.001).
Despite these results, acceptance of erlotinib with gemcitabine
as a standard of care option for advanced PDAC has been slow.
On the other hand, a combination of erlotinib with chemoradi-
ationmay exploit possible complementary effects between these
modalities. Preclinical data indicates that one mechanism by
which tumor cells can become resistant to the apoptotic and
antiproliferative effects of radiation therapy is through paracrine
activation of EGFR by transforming growth factor alpha
(TGF-α), which is released after radiation exposure. EGFR
inhibition has been demonstrated to block the anti-apoptotic
effects of TGF-α shedding, thereby restoring the apoptotic
response of tumor cells to radiation. These preclinical findings,
along with the positive phase III trial of gemcitabine and
erlotinib in the metastatic setting, provided a strong rationale
to test erlotinib combined with chemoradiation. A phase
II trial evaluating the safety and efficacy of concurrent
capecitabine and radiation with erlotinib followed by
gemcitabine and erlotinib maintenance therapy in patients with
resected PDACwas recently reported [10]. A total of 48 patients
with resected PDAC were treated with adjuvant erlotinib
(100 mg daily) and capecitabine (800 mg/m2 twice daily Mon-
day–Friday) concurrentlywith intensity-modulated radiotherapy
(50.4 Gy in 28 fractions) followed by 4 cycles of gemcitabine
(1,000 mg/m2 on days 1, 8, and 15 every 28 days) and erlotinib
(100 mg daily). Eighty-five percent had nodal involvement, and
17 % had positive resection margins. Median relapse-free sur-
vival (RFS) was 15.6 months (95 %CI, 13.4–17.9), and median
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survival was 24.4 months (95 % CI, 18.9–29.7). Similar to the
study by Moore et al. [9], the development of dermatitis con-
ferred improved RFS (HR=0.27; P=0.009). During chemora-
diation and maintenance chemotherapy, rates of grade 3/4 tox-
icity were 31/2 % and 35/8 %, respectively. Bao et al. [11]
reported on a similar study where patients received gemcitabine
and erlotinib for 6 months without radiation. Themedian overall
survival was similar (approximately 24 months); however, the
local recurrence rate was significantly higher without radiation,
despite the fact that all patients had negative margins at the time
of enrollment. The local control benefit with the addition of
radiation and improved RFS in patients who develop dermatitis
suggests that erlotinib may also benefit select patients in the
adjuvant setting. The cooperative RTOG 0848 study will further
evaluate whether the addition of erlotinib to gemcitabine con-
fers a survival benefit in patients receiving chemotherapy alone
or with adjuvant chemoradiation.

Based on similar rationale, Philip et al. [12] investigated the
addition of cetuximab, the monoclonal antibody to EGFR, to
gemcitabine versus gemcitabine alone in patients with ad-
vanced PDAC. No significant difference was seen between
the two arms of the study with respect to the median survival
time (6.3 months for the gemcitabine plus cetuximab arm vs.
5.9 months for the gemcitabine alone arm; hazard ratio=1.06;
95 % CI, 0.91 to 1.23; P=0.23, one sided). Objective re-
sponses and progression-free survival were also similar in both
arms of the study. Although time to treatment failure was
longer in patients on gemcitabine plus cetuximab (P=0.006),
the difference in length of treatment was only 2 weeks longer
in the combination arm. Other than clinical toxicities such as
skin rash, attempts to correlate the expression of molecular
targets (e.g., EGFR) to clinical outcome in hopes of prospec-
tively identifying the subset of patients who may respond have
been unsuccessful [13]. For example, expression of EGFR did
not correlate to outcome in either study investigating the use of
EGFR-targeted inhibitors. In a multicenter phase II study by
Crane et al. [14], advanced PDAC patients were treated locally
with 2 months of induction cetuximab, gemcitabine, and
oxaliplatin, followed by concurrent capecitabine, cetuximab,
and 50.4 Gy in 28 fractions to the gross tumor volume plus
margin (without elective nodal irradiation). This was followed
by maintenance gemcitabine and cetuximab therapy [14]. Me-
dian overall survival was an impressive 19.2 months (95% CI,
14.2 to 24.2 months), and 1-, 2-, and 4-year actuarial overall
survival rates were 66, 25, and 11 %, respectively. Grade 2/3
gastrointestinal toxicities were 32/10 %, respectively. In this
study, Smad4 /Dpc4 mutational analysis was performed on
pretreatment fine-needle aspiration samples and found to be
correlated with patterns of recurrence. Interestingly, Dpc4-
mutant samples were more likely to recur distantly, whereas
Dpc4 wild-type patients tended to recur locally (P=0.016).
The role of Smad4/Dpc4 as a predictor of recurrence will be
further explored in RTOG 1201, a trial evaluating dose-escalated

radiation therapy in patients with locally advanced pancreatic
cancer [15]. Although the use of cetuximab and erlotinib have
had limited benefit in the metastatic setting, these results suggest
that the use of EGFR inhibitors sequentially or in combination
with chemoradiation has shown promising outcomes with ac-
ceptable toxicity, thereby warranting further evaluation.

Targeting vascular endothelial growth factor

Antiangiogenic targets have also theoretically held great prom-
ise in the treatment of PDAC. Unfortunately, clinical results to
date have been quite disappointing. A single-arm phase II
study by Kindler et al. [16] investigated the addition of the
vascular endothelial growth factor (VEGF) monoclonal anti-
body, bevacizumab (10mg/kg), to gemcitabine in patients with
advanced pancreatic cancer. Of the 52 patients enrolled, 21 %
had a partial response, while 46 % had stable disease. Median
overall survival was 8.8 months. Whereas outcomes were
somewhat improved relative to historic controls, a large pro-
portion of enrolled patients had excellent performance status
(ECOG 0 and 1), which potentially influenced clinical out-
comes and perhaps is also not a representative of the general
PDAC population. As a follow-up to the results of this some-
what promising study, the CALGB conducted a phase III
placebo-controlled trial with patients (n =535) randomized to
receive gemcitabine with or without bevacizumab [17]. Unfor-
tunately, results did not corroborate previous studies with
median overall survival rates of 5.8 and 5.9 months for the
experimental and control arms, respectively. Similar results
were seen with the small molecule tyrosine kinase inhibitor
of VEGF receptor (VEGFR)-1, VEGFR-2, and VEGFR-3,
axitinib. Whereas results from a randomized phase II trial of
gemcitabine with or without axitinib in advanced PDAC pa-
tients favored the combination arm (median OS of 6.9 vs.
5.6 months, respectively [18]), the subsequent phase III study
was halted after interim analysis showed no benefit in survival.

Novel agents, immunotherapy, and checkpoint blockade

Poly(ADP-ribose) polymerase-1/2 inhibition

Targeted inhibition of DNA repair proteins is another mecha-
nism to further exploit the synergy between chemotherapeutic
agents, such as gemcitabine and 5-FU, with radiation in
PDAC. Inhibitors of the poly(ADP-ribose) polymerase
(PARP)1/2 have shown excellent antitumor activity when
used with other cytotoxic therapies, and targeting tumor cells
with preexisting defects in double-strand DNA repair (BRCA
mutant) may allow preferential killing of such tumor cells.
The potential to exploit both of these strategies exists in
PDAC. To date, however, the majority of data investigating
PARP inhibition is in vitro and preclinical with a number of
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early phase clinical studies currently underway. Rajan et al.
[19] reported a phase I study of olaparib with cisplatin and
gemcitabine in patients with solid tumors. One of three pa-
tients with PDAC in this cohort had a PR following treatment,
and he also interestingly harbored a BRCA2 mutation [19].
A phase II multi-institutional study is currently investigating
gemcitabine and cisplatin with or without veliparib in patients
with PDAC and a known BRCA/PALB2 mutation
(NCT01585805). Our in vitro investigations with veliparib
have shown it to be a potent sensitizer of radiation and
gemcitabine in the treatment of MiaPaCa-2 pancreatic tumors
with dose enhancement factors of up to 2.4 and minimal
cytotoxicity when cells were treated with veliparib alone (Tuli
et al., in preparation). In vivo, treatment with a single dose of
veliparib, radiation, or veliparib and radiation led to a signif-
icant tumor growth inhibition of 8, 30, and 39 days, respec-
tively; survival at 30 days for these groups was 65, 70, and
100 %, while at 60 days, it was 0, 0, and 40 %, respectively.
Furthermore, radiation-induced apoptosis was significantly
enhanced by veliparib, suggesting a synergistic mechanism
of interference with DNA repair. In vitro PAR levels correlated
with levels of tumor apoptosis, suggesting its potential as a
predictive clinical biomarker [20].We have translated this prom-
ising data into a phase I study for patients with locally advanced
PDAC investigating the maximum tolerated dose, safety, and
toxicity of veliparib with full-dose gemcitabine and intensity-
modulated radiotherapy. As evidenced by many of the negative
randomized trials already discussed, it is critical that the preclin-
ical evaluation of a new therapeutic strategy utilizes models that
closely resemble contemporary clinical scenarios, so that high-
yield early phase clinical trials can be designed. This is partic-
ularly important for radiotherapy studies in PDAC where inten-
sification of local therapy has the potential to improve not only
local control but also survival. Unfortunately, radiation tech-
niques applied to small animals are archaic, often single beam,
and nonuniform, bearing little resemblance to the way patients
are treated. In order to bridge this translational gap, our group
has developed a novel preclinical pancreatic cancer research
model using bioluminescence image-guided conformal irradia-
tion of orthotopic xenograft tumors using the small animal
radiation research platform (SARRP) [21]. This allows accurate
three-dimensional targeting of tumors and sparing of surround-
ing normal tissues, thereby facilitating high-throughput investi-
gation of novel molecular targeting agents with radiosensitizing
potential [22, 23]. As new targeted therapies are developed, it is
imperative that preclinical platforms determine the optimal reg-
imen prior to clinical implementation.

Immunotherapeutic strategies

Immunotherapy aims to provide the ideal cancer therapy
through systemic, highly specific, and nontoxic antitumor
activity. However, until very recently, most immunotherapy

approaches have not proven to be very potent. Methods which
enhance the induction and potency of the immune response
are needed in order to continue the progress of immunother-
apy in the clinic.

Development of an immune response is a complex and
highly regulated process which involves interaction of multi-
ple different cell types (Fig. 1). In a simplified example, an
antigen-presenting cell (APC) such as a macrophage or den-
dritic cell (DC) captures an antigen which it then presents via
MHC on the cell surface [24]. The APC then migrates back to
a lymph node where it interacts with cluster of differentiation
(CD)4 T helper cells. The T cell receptor binds to the antigen
presented onMHC, and in the presence of proper co-stimulation,
a T cell or B cell is then signaled to propagate an immune
response resulting in the development of cytotoxic effector T
cells or specific antibodies, respectively. There are classically two
signals which are needed in order to induce a specific immune
response: signal 1 is the antigen, and signal 2 is the co-
stimulatory surface molecule. Professional APCs including
DCs are the most potent antigen-presenting cells capable of
inducing immune responses due to their high-antigen presenta-
tion capacity and high expression of co-stimulatory molecules
and ability to secrete significant levels of co-stimulatory cyto-
kines. The presence of these co-stimulatory molecules cannot be
understated, as DCs, which do not express co-stimulatory mol-
ecules, can cause T cell anergy and can actively suppress the
development of a specific immune response.

Fortunately for the host, one of the defining features of the
immune system is central and peripheral self-tolerance. Cen-
tral self-tolerance is initiated during development in part by
selecting out T cells in the thymus which bind strongly to self-
antigens. If these self-reactive T cells were released into the
periphery, they would cause severe autoimmune disease
which could be life threatening to the host. Unfortunately,
cancer is a disease of autologous cells, and while exogenous
factors such as carcinogens, mutagens, and viruses can cause
cancer cells to express novel or foreign antigens, the host has
already set up a significant self-tolerance to cancer cells,
which is difficult to overcome, and could limit the potency
of any immune response that is developed. Multiple tumor
antigens have been identified in pancreatic cancer, including
mucin MUC1, GA733 glycoproteins, ras peptide, EGFR,
carcinoembryonic antigen (CEA), and mesothelin [25, 26].
Methods to break tolerance to these tumor antigens will be
critical to unlocking the potential of immunotherapy for pan-
creatic cancer.

Peripheral tolerance must also be overcome in order to
generate a robust immune response to tumor antigens. Multi-
ple mechanisms serve to maintain peripheral tolerance, in-
cluding inhibitory cytokines, inhibitory cell surface mole-
cules, and regulatory cell populations which function to damp-
en or block immune responses. T regulatory cells (Tregs) are
one of the most powerful regulatory cell populations which
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can proliferate and traffic to peripheral sites to inhibit immune
responses (Fig. 2). Strategies to inhibit or deplete Tregs are

critical to the success of antitumor immunotherapy in the clinic
[27, 28]. One interesting clinically feasible strategy uses low-

Fig. 1 Model of whole-cell vaccination. After injection of the tumor
vaccine, the irradiated tumor cells express tumor antigens and GMCSF.
The dendritic cells take up the antigen and migrate to the draining lymph
node where they activate antigen-specific CD4+ and CD8+ T cells. The

activated CD8+ T cells are then able to migrate to the tumor microenvi-
ronment and mediate tumor lysis. T regulatory cells in the tumor micro-
environment lead to CD8+ T cell suppression

Fig. 2 High and low avidity tumor-specific T cell activation, trafficking, and suppression
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dose cyclophosphamide which has been shown to suppress
Tregs and allow more effective induction of antitumor immune
responses [29]. The presence of these powerful suppressor
populations highlights the need for combinatorial immunother-
apy strategies which stimulate an immune response while si-
multaneously blocking Tregs or immune checkpoints.

Interferon alpha

Multiple agents and techniques have been used clinically to
attempt to promote anticancer immune responses against
PDAC. One of the best studied agents is interferon alpha
(IFN-α), which is a pleiotropic cytokine with multiple func-
tions including enhancing antiviral and antitumoral responses.
IFN-α has been shown to enhance the differentiation and
function of DCs and macrophages, promotes CD8+ memory
responses, and also enhances the activity of natural killer (NK)
cells [30–33]. Additionally, IFN-αmodulates the activity of the
proteosome to produce more immunogenic antigens and simul-
taneously upregulates MHC class I expression, resulting in an
increased immunogenic antigen expression on the cell surface
[34]. In the proper context, IFN-α can also be pro-apoptotic,
resulting in radiosensitization as well as chemosensitization
[35–37].

Given these potentially beneficial properties, IFN-α was
studied in combination with chemoradiation for PDAC. A
phase III randomized controlled trial (CapRI) compared 5-
FU/folic acid (FA) to 5-FU, cisplatin, IFN-α (3 million units
three times a week), and radiation therapy (50.4 Gy in 28
fractions) in patients with resected PDAC [38]. In 2010,
results from 110 patients with a minimum of 2 years of
follow-up were presented [39]. Median survival of patients
treated with 5-FU/FAwas 28.5 months (95 % CI, 19.5, 38.6)
versus 32.1 months (95 % CI, 22.8, 42.2) for patients treated
with chemoradioimmunotherapy (CRI). The survival curves
clearly separated, although did not reach a statistical signifi-
cance. Interestingly, analysis of patients who responded to
IFN-α with decreased T regulatory cells and increased NK
cell-mediated cytotoxicity had significantly longer survival.
Grade 3 or 4 toxicity was increased in the CRI group as
compared to 5-FU/FA, although there was no reported differ-
ence in quality of life. Thus, this trial demonstrated a higher
median overall survival with CRI, which was especially pro-
nounced in the subset of patients who appeared to respond to
IFN-α. Of note, dose reduction was required in these patients,
and prior studies from different groups reported significant
gastrointestinal toxicities [39]. Due to these side effects, a
phase II de-escalation trial (CapRI-2) was opened in 2009
[40] with the goal of maintaining clinical efficacy through
the immunostimulatory properties of IFN-α, while limiting
toxicity by omitting cisplatin or radiotherapy in separate de-
escalation arms. The results of this study should provide an
interesting insight into the effects of IFN-α immunotherapy

with or without cisplatin chemotherapy or radiotherapy for
resected PDAC.

Whole cell and dendritic cell vaccines

One of the main goals of cell based immunotherapy is to
induce an effective antitumor response using the vaccinated
cells as an antigenic and immunostimulatory source. One of
the theoretical advantages to cell-based vaccines is the half-
life of the cells and their ability to induce a multifaceted and
robust immune response via cell–cell interactions with T cell
and B cells. However, the widespread implementation of this
approach has been hampered by logistical challenges, cost,
and limited clinical efficacy. Recent efforts have focused on
enhancing the potency of whole-cell and DC vaccines with the
goal of increasing the magnitude and duration of the induced
antitumor T cell responses. Interestingly, granulocyte–macro-
phage (GM) CSF is commonly used in conjunction with cell
vaccines in attempt to boost the response using cytokine co-
stimulation.

Results from a large single-institution phase II trial of a
GM-CSF transfected allogeneic cell-based tumor vaccine for
PDAC in combination with chemoradiation were recently
reported by Lutz et al. [41]. Sixty patients with resected
PDAC received immunotherapy consisting of 5×108 lethally
irradiated GM-CSF-secreting allogeneic whole-cell tumor cell
lines distributed among three lymph node regions. The first
immunotherapy treatment was administered 8 to 10 weeks
after resection, and patients then went on to receive adjuvant
chemoradiation with 5-FU. Patients subsequently received up
to a total of five whole-cell immunotherapy treatments after
completion of chemoradiation. Median disease-free survival
was 17.3 months (95 % CI, 14.6–22.8) with median survival
of 24.8 months (95 % CI, 21.2–31.6), which correlates well
when compared with historical outcomes for resected pancre-
atic cancer. This whole-cell vaccine was safe and well toler-
ated with no observed local or systemic dose-limiting toxic-
ities. Interestingly, induction of mesothelin-specific CD8+ T
cells in HLA-A1+ and HLA-A2+ patients correlated with
disease-free survival. This finding suggests that patients who
responded to the immunotherapy with specific immune re-
sponses had improved outcomes. Further techniques to im-
prove the potency and response rate of whole-cell immuno-
therapy are needed to improve the clinical efficacy of this new
modality for treating PDAC. Interestingly, it was found that
following standard chemoradiation (tumor bed and regional
lymph nodes), it took several months to years for certain cell
counts to reach pre-treatment levels. Another study showed
that adjuvant CRT can cause lymphopenia which can have a
negative effect on survival [42]. Based on this rationale,
integration of focused stereotactic body radiation therapy
(SBRT) to the tumor bed and vascular margin alone may result
in less immunosuppression and potentially better outcomes
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[43, 44]. Furthermore, since SBRT can be ablative, it can
potentially enhance immune responses and release additional
tumor-specific antigens by ablating any residual microscopic
disease. This approach is currently being evaluated in con-
junction with FOLFIRINOX in an adjuvant pancreatic cancer
phase I study at Johns Hopkins (NCT01595321).

Retrospective data from Japan in a series of 16 patients
treated with DCs and lymphokine-activated killer lympho-
cytes (LAKs) as a second line therapy has been reported
[45]. In this review of 16 patients with refractory pancreatic
cancer, 11 patients received immunotherapy combined with
chemotherapy, and 6 patients received immunotherapy
alone. Patients received either combined DC vaccination
intravenously or intraperitoneally or injection of LAK.
The DCs were primed with antigenic lysates from necrotic
tumor cells or with peptides from CEA or MUC1. Patients
received two 30×106 mature DCs loaded with necrotic
tumor cells or peptides every 2 or 3 weeks. They reported
a mean survival of 9.7 months and median survival of
9 months, which appeared to favor those patients who
received DC vaccination over LAK vaccination. Whole-
cell and DC immunotherapy in combination with chemo-
therapy and/or radiation deserves further investigation in
patients with locally advanced PDAC, as it is well tolerated
and likely provides a benefit for the subset of patients with
an induced immune response.

Cytotoxic T lymphocyte antigen 4 and PD1 antibodies

Immunostimulatory antibodies, such as those against cytotox-
ic T lymphocyte antigen 4 (CTLA-4) (ipilimumab), hold great
promise in a wide variety of tumor types (Fig. 3). Given the
potentially lethal effects of autoimmune cytotoxic T lympho-
cytes, there are powerful negative regulatory mechanisms
which serve to dampen or shut down T cell responses. Both
CTLA-4 and CD28 are present on the T cell surface, and both
can bind co-stimulatory molecules B7-1 and B7-2 on APCs.
However, while CD28 transmits a positive activating signal to
T cells, binding of CTLA-4 transmits a powerful inhibitory
signal to T cells which can block T cell activation. Indeed, one
of the most powerful negative regulatorymolecules on the cell
surface of T cells is CTLA-4 [46]. Similarly, the PD1 receptor
is an additional negative regulator present on the Tcell surface
[47]. Antibodies which function to block binding and subse-
quent downstream signaling of these negative regulators can
result in unbridled T cell activation (inhibiting an inhibitor
resulting in activation) and can even break self-tolerance,
resulting in autoimmune reactions.

Results from a phase II trial of single-agent ipilimumab
(anti-CTLA-4) for locally advanced or metastatic PDAC were
reported in 2010 [48]. In this single-arm single-institution
phase 2 trial, 27 patients with advanced pancreatic cancer
received ipilimumab intravenously at 3.0mg/kg every 3weeks

for a total of eight doses. There were no responders by their
criterion, but there was one patient with a late delayed re-
sponse with significant regression of primary disease and
metastatic burden and improvement in performance status.
Whereas these results show that ipilimumab at 3.0 mg/kg/dose
is ineffective for advanced PDAC, further investigation into
combinatorial therapies, which provide appropriate tumor
antigen with ipilimumab, is deserved, as are efforts to identify
potential responders to such therapies.

The abscopal effect

Cytotoxic therapies, such as radiation, are known to inhibit the
immune system. However, recent provocative evidence sug-
gests that focused radiation can, in fact, stimulate an antitumor
immune response. An abscopal effect is such a response
outside the field of radiation treatment. This phenomenon
was originally coined by Dr. R.H. Mole in 1953 as an effect
of radiation away from the primary target or, in other words,
an action at a distance [49]. Work by Silvia Formenti and
colleagues from New York University has further character-
ized the abscopal effect [50, 51]. Demaria et al. found that the
growth of a nonirradiated mammary carcinoma was impaired
with the use of Flt3 ligand and radiation to a contralateral flank
tumor [50]. The authors also provided evidence that this effect
was Tcell dependent, as it was not observed in Tcell-deficient
mice. However, other groups have implicated alternate mech-
anisms for the abscopal effect, including the p53 pathway
[52]. Given the nonintuitive nature of this phenomenon, it is
certainly possible that multiple complex mechanisms may be
at play, including those mediated by any combination of
cellular, cytokine, and transcription factors, which themselves
may be dependent on radiation dose and fractionation
schemas.

Nevertheless, radiation is known to induce inflammation,
apoptosis, cell death, and release of tumor antigens [53],
which would create an ideal local environment for induction
of a potent immune response [50, 54–56]. An additional and
possibly more subtle effect of radiation is damage to the
endothelium, increasing permeability, and thus, access for
cells of the immune system into the tumor microenvironment.
Given these local effects, the mechanisms by which focused
radiation can help to stimulate an immune response appear to
be quite clear. Unfortunately, aggressive tumor cells have
powerful mechanisms of suppressing the immune system
including limiting expression of antigens, expression of inhib-
itory cell surface molecules, and secretion of inhibitory cyto-
kines. Furthermore, due to the inherent self-tolerance of the
immune system toward autologous cancer cells, the repertoire
of circulating T cells which can bind avidly to self-tumor
antigens may be limited. Thus, multiple synergistic techniques
or combinatorial therapies would theoretically have a better
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chance of activating the immune system and breaking self-
tolerance to PDAC cells.

An intriguing paper by Cao et al. [57] studied the effect of a
sublethal dose of radiation on the efficacy of antitumor adop-
tive T cell transfer in a transgenic model of PDAC. In this
study, the authors used Rip1-Tag2micewhich rapidly develop
lethal pancreatic tumors due to the expression of the SV40
large T antigen (Tag) oncogene under the control of the Rat
insulin promoter (Rip1). The mice then received an adoptive
transfer of Tag2 antigen-specific T cells with or without sub-
lethal radiation with 6 Gy. The authors reported that transfer of
Tag-specific T cells alone did not result in a significant T cell
infiltration into solid tumors and did not affect tumor growth
or survival. However, in combination with 6 Gy of radiation,
there was a significant lymphocyte infiltration into solid tu-
mors which resulted in decreased tumor burden and improved
survival. These important findings highlight the utility of radi-
ation in generating an inflammatory and immunostimulatory
tumor microenvironment, which synergizes with novel immu-
notherapies. Meng et al. [58] found a more robust immuno-
genic cytokine and chemokine profile, including upregulation
of interferon beta, CXCL9, and CXCL-11, with radiation and
veliparib as compared to radiation alone in mouse models of
Her2 overexpressing P1048 pancreatic cancer cells. Moreover,
when these pretreated pancreatic cancer cells were injected into
mice, they induced HER-2-specific interferon gamma-
producing T cells.

Blanquicett et al. [59] analyzed the effects of radiation with
or without capecitabine and celecoxib in a xenograft model of
irradiated and contralaterally shielded pancreatic tumors. Mice
were injected bilaterally with BxPC-3 pancreatic cancer xe-
nografts, and one flank received 10 Gy of radiation (2 Gy ×

five fractions), while the contralateral body and flank were
shielded with lead. Capecitabine and/or celecoxib was admin-
istered and compared to mice treated with radiation alone. As
expected, radiation alone reduced tumor size only in the
irradiated xenografts, while capecitabine alone reduced tumor
size in both the irradiated and nonirradiated tumors. However,
when radiation was combined with capecitabine, there was a
significant additional reduction in tumor size of the
contralaterally shielded nonirradiated tumor when compared
to capecitabine alone. This abscopal effect of radiation on the
contralaterally shielded tumor was increased further when
capecitabine and celecoxib were used in combination. Thus,
these studies demonstrate a clear antitumor effect of radiation
outside of the treated field when combinedwith chemotherapy
and targeted therapies in preclinical models of PDAC. Given
the high percentage of pancreatic cancer patients with meta-
static disease at the time of diagnosis, harnessing and promot-
ing the abscopal effects of radiation is an exciting new area
which could potentially improve clinical outcomes.

Conclusion and future directions

PDAC remains a highly lethal disease despite advances in
multimodality therapy, including surgery and radiation con-
current with aggressive systemic therapy regimens. The de-
velopment of multiagent chemotherapy regimens, such as
FOLFIRINOX, has improved outcomes and helps to control
the rapid progression of this disease. However, additional
strategies are needed to improve survival and mitigate the
dose-limiting toxicities of current treatments. The use of novel
small molecule-targeted agents, such as tyrosine kinase

Fig. 3 a APC–T cell interaction
with CD28 and CTLA-4 on the T
cell surface. B7 binds both CD28
which promotes T cell activation
via immunoreceptor tyrosine-
based activation motif (ITAM)
and CTLA-4 which blocks T cell
activation via immunoreceptor
tyrosine-based inhibitory motif
(ITIM). b In the presence of anti-
CTLA-4 antibody (ipilimumab),
inhibitory signaling byCTLA-4 is
abrogated leading to unbridled T
cell activation. Additional
possible mechanism includes
depletion of Tregs by anti-CTLA-
4. Further investigation is needed
to elucidate the mechanisms by
which anti-CTLA-4 functions to
stimulate immune responses
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inhibitors or PARP inhibitors, in combination with chemo-
therapy and radiation is very promising and is a focus of active
investigation.

Cytotoxic therapies such as chemotherapy and radiation are
thought to suppress the immune system. However, emerging
data now shows that cell death caused by cytotoxic therapies
actually helps promote the development of a specific immune
response. With focused radiotherapy, such as SBRT, the
resulting cell death and inflammation could frame the ideal
environment for antigen presentation and induction of an
enhanced cytotoxic immune response. Furthermore, immuno-
therapy with monoclonal antibodies is gaining recognition as
a useful modality with proven clinical efficacy in multiple
different cancer subtypes. Due to the cytotoxic, inflammatory,
and possible abscopal effects of radiation, it is our belief that
combining these novel agents with strategic use of focused
radiation (tumor plus a small margin) could lead to synergistic
effects and improved clinical outcomes. Identification of the
optimal radiation dose and fractionation schemes to maximize
these effects should also be topics of further investigation.
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