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Abstract

Background Novel techniques in radiation oncology have
significantly improved the therapeutic window in locally
advanced pancreatic cancer LAPC. In about one third of the
patients, chemoradiation can lead to secondary resectability,
contributing to an increase in outcome. Dose-escalation
approaches using stereotactic body radiotherapy (SBRT)
or advanced treatments such as intensity-modulated radio-
therapy (IMRT) can exploit the biological benefits of
hypofractionation, or use “dose painting” approaches to
target defined subvolumes. Prognostic subgroups of patients
have been identified, based on molecular markers such as
CA 19-9, nutritional factors, diabetes or immunological
properties of tumor and normal tissue.

Purpose The aim of the present manuscript is to summarize
data on downsizing for locally advanced pancreatic cancer
(LAPC) and to elucidate the role of individualized radio-
therapy (iRT).

Conclusion Future concepts focus on iRT based on prognos-
tic factors leading to a true personalized treatment.
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Introduction

Locally advanced pancreatic cancer (LAPC) remains a chal-
lenging clinical situation: On the one hand, the patient pre-
sents with non-metastasized disease which points in the direc-
tion of long-term survivorship, but also demands for effective
local treatment. On the other hand, the most effective thera-
peutic intervention leading to “cure” is not reasonably possi-
ble, which is complete surgical resection. Only about 15-20 %
of all patients diagnosed with pancreatic cancer can be cate-
gorized as resectable [1, 2]. It is known that oncological com-
plete resection is the strongest prognostic factor; however, due
to the locally advanced growth pattern, blood vessels and
nerves are encompassed by the tumor limiting resectability
in the majority of cases. Thus, strategies to increase the rate
of complete resection are an important leverage to significant-
ly improve outcome.

There are several strategies: Firstly, a local tumor (without
distant spread) requires local treatment intensification. For
that, radiation therapy (RT) is the ideal means in terms of dose
escalation. This requires modern highly precise techniques,
which have been developed over the last years. Novel imaging
identifying gross tumor volumes (GTV) as well as normal
tissue, and characterizing tissue subregions which are more
aggressive than others, such as hypoxic regions are helpful.
Improvements in MR-Imaging as well as PET methods will
have to be evaluated for this means. Secondly, it is necessary
to identify prognostic factors determining outcome in these
patients. Molecular markers or other tissue parameters of the
tumor itself or the surrounding microenvironment, immuno-
logical properties of tumor and normal tissue, tumor markers,
or other patient-specific characteristics will help stratify pa-
tients in the future for dose-escalation strategies, de-escalation
protocols, combination approaches with systemic treatments,
as well as immunologic regimens leading to a truly
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personalized oncological treatment including an individual-
ized RT (iRT) concept.

Technical development in radiation oncology: image
guidance and dose escalation

In the past, RT was 3D-based on CT imaging. 3D-conformal
RT lead to visualization of dose to target volumes and normal
tissue, which was a significant improvement compared to pri-
or 2D-RT. However, the conformity of 3D-RT may be limited
especially in cases of complex anatomy, thus, although older
studies but at that time advanced studies used these tech-
niques, doses to normal tissue limited dose escalation to the
tumor: For 3D-treatment planning of photon radiotherapy, tar-
get volume definition as well as definition of organs at risk
(OAR) is performed on each slice of the 3D-data cube; beam
angles for radiotherapy are chosen to reach a high conformity
around the target volume and to spare normal tissue. Usually,
3-5 beams are used for treatment. Generally, for LAPC, the
GTV is treated encompassed by a clinical target volume
(CTV) including typical regions of tumor cell spread as well
as lymphatics.

The advent of stereotactic radiotherapy (SRT) significantly
improved precision; it was initially developed by the neuro-
surgeon Lars Leksell in Sweden for radiosurgery of brain tu-
mors [3—8]. The benefit of SRT is the highly precise delivery
of RT with a steep dose gradient toward normal tissue; thus,
high local doses can be applied within a single fraction con-
cept, or as fractionated regimens to exploit the benefit of frac-
tionation in terms of side effect reduction, especially in the
brain and skull base region. SRT was then transferred into
the extracranial regions (stereotactic body radiotherapy,
SBRT), and is today well established for lung and liver tumors
[9—11]. There, also hypofractionated regimens have been eval-
uated; this means higher single doses are applied and the total
number of treatment days can be reduced: Such short courses
of RT, commonly using 3-8 fractions have certain biological
benefits: Fractionated courses of RT to a tumor and surround-
ing tissue at risk use the repair capacity of normal tissue be-
tween fractions to reduce the risk of side effects. For small
lesions, higher single doses can be applied, and although there
is much controversy about the dose—response relationship, it
has been shown that the proportion of cells killed appears to
increase at least exponentially with dose, accompanied by a
destruction of vascular endothelium. Thus, high single doses
can be more effective than fractionated treatment. However,
the limitation is they should only be applied to smaller treat-
ment volumes to avoid side effects to normal tissue.

Several groups have evaluated SBRT protocols for pancre-
atic cancer; it became increasingly possible since elective ir-
radiation of lymph nodes has moved out of focus, and treat-
ment volumes thus got smaller. The main advantage in the
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case of pancreatic cancer, however, is the shortened treatment
time, not postponing full-dose chemotherapy. The majority of
series are retrospective analyses; however, at least seven pro-
spective trials of SBRT in pancreatic cancer exist [12]. Frac-
tionation ranges from radiosurgery with single doses between
15 Gy and 25 Gy; and hypofractionated regimens range from
three to six fractions. The largest series is by Chang et al. on 77
patients treated with single doses of 25 Gy with 6 and
12 months survival from SBRT of 56 and 21 % [13]. A
follow-up study combined single fraction SBRT with chemo-
therapy, with a median survival of 11.8 months and only one
patient with Grade 2 or higher gastrointestinal toxicity (duo-
denal ulcer; [14]). The largest group of fractionated SBRT
included five fractions, with median survival 16.4 months ver-
sus 15 months with and without surgical resection [15]. In
general, early toxicity was limited in most studies; however,
substantial rates of long-term gastrointestinal side effects were
observed [12]. Therefore, at the moment, although data is
promising, SBRT can be considered an experimental treat-
ment as is recommended within clinical trials only.

With intensity-modulated radiotherapy (IMRT), addition-
ally, intensity modulation is added within each radiation field;
thus, even with complex-shaped anatomy, dose conformity
can be increased [16]. This can be used not only to modulate
the dose away from healthy organs, i.e., intestines, kidneys,
but also to escalate the dose in terms of an integrated boost to
defined regions, i.e., macroscopic tumor, PET-positive re-
gions, hypoxic regions, etc. Due to the improved dose distri-
butions, side effects may be reduced: Retrospective data com-
paring 3D- and IMRT-treatments with comparable dosing reg-
imens, however, did not show a significant reduction of side
effects [16]. An extensive review by Brunner and colleagues
could reveal that the majority of side effects (i.e., nausea/
vomiting, diarrhea, and late GI toxicity) are tentatively lower
with IMRT, but without improvement of clinical outcome
[17].

However, IMRT can be used for “dose painting” increasing
the dose to defined subregions, such as hypoxic areas, or areas
ofthe GTV when possible. These concepts are currently being
explored within prospective trials.

Clinical data of neoadjuvant chemoradiation

In the past, chemotherapy alone was administered, using sub-
stances such as gemcitabine (GEM) or 5-FU. Still to date, no
randomized controlled trial has confirmed the real benefit of
neoadjuvant chemoradiation in LAPC. Mostly, GEM is ap-
plied in combination with RT at weekly doses of 300 mg/>
due to the fear of severe side effects when combining full-dose
GEM with RT [18-30].

Several groups have applied chemoradiation with accept-
able toxicity and convincing outcome. Older data obtained by
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the GITSG study established the role for RT and chemothera-
py with bolus 5-FU, comparing split-course RT (40 Gy total
dose) with chemotherapy to radiation (60 Gy total dose) to-
gether with chemotherapy or RT alone: Median survival was
prolonged from 22.9 to 42.2 weeks [7]. Following trials fo-
cused on the optimization of 5-FU application, and most
newer study concepts have moved away from of split-course
RT. GEM was integrated as a radiation sensitizer in pancreatic
cancer [8—12], and several studies have shown that GEM and
RT lead to comparable results than 5-FU and RT [13, 14].
Several other combination study designs have been per-
formed: For example, a trial evaluating the clinical outcome
after RT, GEM, and cisplatinum in patients with locally ad-
vanced pancreatic adenocarcinoma could show acceptable
toxicity; however, no benefit compared to other single-agent
chemotherapeutic schedules could be determined [15]. With
respect to preoperative chemoradiation, a retrospective analy-
sis performed by the MD Anderson Cancer Center revealed
that in even in resectable patients, preoperative RT is not dis-
advantageous, and since postoperative recovery often extends
the time until (about 25 % of all patients) adjuvant treatment
can be initiated [16]. Additional arguments for neoadjuvant
radiochemotherapy before any surgical resection are the in-
crease in complete oncological resections due to tumor shrink-
age, selection of patients with more stable disease for surgery,
treatment of micrometastases, and treatment of tissue not
modified by surgery and potentially more sensitive to chemo-
therapy and RT [16—18]. The MD Anderson group published
amedian survival of 21 months, with 31 % of all patients with
no evidence of disease, in 132 patients treated with preopera-
tive chemoradiation followed by surgical resection [19]. Sev-
eral meta-analyses and reviews have been conducted regard-
ing this topic. Gillen et al. extensively reviewed the literature
and included 111 studies for evaluation, of which 104 includ-
ed RT in the neoadjuvant concept. The data show clearly that
approximately one third of patients show clinical and radio-
graphic response, compared to 5-15 % after chemotherapy
only [1]: For LAPC, around 33.2 % of all patients convert to
resectable patients after neoadjuvant chemoradiation. An anal-
ysis of 215 patients showed that secondary resection was pos-
sible in a high percentage of all patients, and overall survival
was increased significantly in these operated patients from a
median of 11.9 months to a maximum of 22.1 months follow-
ing complete removal of the tumor. This fact underlines the
high importance of oncologically complete margin-free inter-
ventions which is the strongest prognostic factor [19]. The
study by Sho et al. focussed on 184 consecutive patients treat-
ed with surgery for pancreatic cancer, of which 85 had re-
ceived neoadjuvant chemoradiation with a GEM-based regi-
men. Compared to most other studies, however with full-
dose GEM 1,000 mg/m? per week [31]. Neoadjuvant
chemoradition lead to favorable pathological responses com-
pared to the surgery-only group; however, the benefit in terms

of survival was significant in primarily resectable tumors, but
not in borderline-resectable tumors. The improved outcome
after neoadjuvant chemoradiation may also be due to the re-
sponse in lymphatics: Roland et al. reported that reduced
lymph node ratios are seen after neoadjuvant chemoradiation
compared to up-front surgery; although this was shown in a
group of resectable patients, this potentially also holds true for
primarily irresectable patients undergoing secondary resection
[32].

Novel substances such as nanoparticle albumin-bound
(nab)-paclitaxel (Abraxane, Celgene, Summit, NJ) have been
developed: nab-paclitaxel is a microtubule inhibitor, as is
paxlitaxel. It has shown promising efficacy first in patients
with metastasized pancreatic cancer [26, 33—39]. Thus inte-
gration into a neoadjuvant concept (with or without additional
chemoradiation) will be a promising treatment approach and is
currently being investigated.

To date, within treatment recommendations for locally ad-
vanced pancreatic cancer without distant metastases, chemo-
radiation or RT alone can be found; in the US-treatment guide-
lines chemoradiation is tightly anchored whereas in the Euro-
pean guidelines the recommendation for neoadjuvant chemo-
radiation is not as clear and recommended within clinical
protocols.

Until now, data from directly randomized trials are still
lacking. Currently, the CONKO-007 trial is recruiting: This
randomized trial examines the effectiveness of chemoradio-
therapy compared to chemotherapy alone after induction che-
motherapy with three cycles of GEM or six cycles of
FOLFIRINOX (Folinic acis, 5-FU, Irinotecan, Oxalopatin)
in patients with locally advanced, non-resectable, and non-
metastatic pancreatic cancer. This trial takes into account the
data from GEM-base chemoradiation, as well as the emerging
data from FOLFIRINOX in different clinical stages of pancre-
atic cancer [26, 40—46].

Prognostic factors determining outcome

The search for real prognostic factors in pancreatic cancer is
actively ongoing in several fields including lifestyle factors,
pathological features of the tumor and of the surrounding
micormilieu, as well as molecular determinants and immuno-
logic characteristics.

In general, it is known that body weight and weight loss
associated with disease are associated with a reduced overall
outcome. This has been shown also in patients with pancreatic
cancer; however, to date, no large-scale randomized prospec-
tive data with active nutritional intervention exist [18, 47].
However, in spite of the strenuous treatment, it has been
shown that nutritional status and appetite/weigth loss can im-
prove over the 67 week treatment course [18, 48]. If this is
not the case, patients are associated with a reduced outcome.
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In general, weight loss as a main factor of cachexia is linked to
poorer response to any treatment as well as decreased survival
[49]. Body composition is linked to a variety of factors despite
the tumor disease itself, such as diabetes/insulin resistance or
anemia [50, 51]. A study by Di Sebastiano evaluated 50 pa-
tients with pancreatic cancer with focus on weight loss, dia-
betes, anemia including evaluation of CT-scans. The study
revealed a strong correlation between diabetes and anemia,
with both factors being linked to accelerated loss of muscle
tissue and visceral adipose tissue (VAT;[51]). Clinical bio-
markers are necessary to personalize nutritional supplementa-
tion and aggravate diabetic medication to prevent accelerated
muscle and adipose tissue regression.

Besides life style and nutritional hallmarks, tumor markers
are in focus for /RT concepts: The well established tumor
marker CA-19-9 has been shown in several studies to strongly
correlate with outcome, and is the most widely used tumors
marker: Higher levels are associated with a reduced response
to chemoradiation in terms of secondary resectability com-
pared to lower pre-treatment levels [18]. In several studies
the impact of CA 19-9 was demonstrated: A level of 180 U/
ml of CA 19-9 was identified as a cutoff level predicting
outcome. Patients with levels below are associated with a
higher outcome than patients with higher levels [52]. The
prognostic value is underlined by the fact that several clinical
trials include CA 19-9 levels and response kinetics of CA 19—
9 as secondary endpoints within the trials, e.g., RTOG 9704
[53-55]. Also for the currently recruiting CONKO-007 trial
on neoadjuvant chemoradiation CA 19-9 levels are part of the
inclusion criteria.

Only recently, Carbohydrate antigen 72—-4 (CA 72-4)
could be identified as a prognostic factor in patients with
LAPC treated with chemoradiotherapy; CA 72—4 is a human
tumor-associated glycoprotein which is a a tumor marker for
diagnosing and predicting outcome in gastric and ovarian can-
cers [56]. The group from Johns Hopkins evaluated pancreatic
tumor tissue specimens and could show that tumoral loss in
ATM (ataxia teleangiectasia-mutated gene) together with nor-
mal levels of TP53 are associated with significantly reduced
survival [57]; moreover, tumoral loss of ATM is more frequent
in familial pancreatic cancer than in sporadic. However, no
data to date is available to identify a distinct radiosensitivity
of radioresistance of such cell subtypes.

Besides tumor markers, other candidate molecules as bio-
markers include SMAD-4, stromal secreted protein acidic and
rich in cysteine (SPARC) or hENT-1 (human equilibrative
nucleoside transporter 1), all of which have shown some impact
on outcome in different clinical situations of pancreatic cancer
[58-68]. Often however, data is controversial between centers,
as has been shown for interferon alpha/beta receptors [69—72].

Newer data elucidates the connection between stem cells
and outcome in pancreatic cancer: Mizukami and colleagues
evaluated the tumor tissue of patients treated with neoadjuvant
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chemoradiation and showed that CD 133 and ALDH1 expres-
sions are prognostic factors for survival, with higher expres-
sion correlating with reduced outcome [73]. Again, in con-
trast, other groups have reported controversial data on the
relevance of ALDHI1 in pancreatic cancer [74, 75]. Subgroup
analysis have shown that CD44 and ALDH-1 positive cells
may be hallmarked by a specific resistance to chemoradiation
[73].

Novel RT concepts

Novel RT concept include methods of safe dose escalation in
combination with improved imaging as well as personalized
appraoches based on molecular or other patient-specific
parameters.

Novel beam qualities, such as particle therapy, may offer
treatments optimization. There, is must be differentiated
between proton and higher-LET RT such as carbon ion beams.
For protons, the biological efficacy can be considered compa-
rable to photons, with a relative biological efficacy (RBE) of
about 1.1 [76]. Particles are characterized by a so called
inverted dose profile, with a low energy deposition within
the entry channel of the beam, and a high local dose depostion
within the Bragg Peak. These facts lead to an altered dose
distribution pattern, reducing areas of low and intermediate
dose to normal tissue. This reduction of integral dose is hy-
pothesized to reduce long-term side effects, which is
predominanlty important in young patients (such as children)
and long-term survivors.

To date clinical evidence is not yet available to support
such hypotheses. On the other hand, particle beams are sensi-
tive to any motion, such as gastrointestinal organ movement,
changes in air- and liquid filled cavities, as well as volume
changes during treatment [77—80]. Such interactions can lead
to so called interplay effects, distorting the “planned” dose
distribution. Currently, several research groups are working
on improving motion management for clinical application.

Compared to protons, carbon ions offer a higher RBE, which
for pancreatic cancer is between 2 and 5 [81]. Is has been shown
that carbon ion RT may lead to an increased outcome in selected
radioresistant diseases such chordomas and chondrosarcomas,
adenoid cystic carcinomas, or melanomas [31].

In Japan, several clinical trials have been performed to
evaluate proton or carbon ion radiotherapy for pancreatic can-
cer alone or in combination with chemotherapy.

Several proton centers have evaluated proton radiotherapy
for pancreatic cancer: Dose planning comparisons have eluci-
dated to possibility to reduce dose to normal tissue, such as the
intestine, which potentially reduces acute side effects and of-
fers the potential to increase the dose of concomitant chemo-
therapy [82—84]. First data have shown very low rates of gas-
trointestinal toxicity; however, no large series and comparative
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clinical data are currently available [85-87]. The Hyogo Parti-
cle Center performed a study on feasibility and efficacy of
GEM-based chemoradiation with protons in LAPC. Three dos-
ing schemes were used and GEM was applied at a dose of
800 mg/m?/week for 3 weeks. After a median follow-up time
of 12.5 months, six patients (12 %) observed acute hematolog-
ic or GI toxicities, and grade 3 or greater late gastric ulcer and
hemorrhage were seen in 5 patients (10 %). Local progression-
free survival, progression-free survival, and overall survival
rates were 81.7, 64.3, and 76.8 %, respectively [88]. To shorten
treatment times, hypofractionated proton radiotherapy is being
evaluated within clinical trials: A dosing scheme of 5x5 Gy E
has shown only 4.1 % of Grade 3 side effects with favorable
local control; KRAS-status and high CXCR7-expression, cir-
culating CEA, CA 19-9 as well as HGF-levels correlated with
poor outcome [89]. Randomized trials comparing with ad-
vanced photons (IMRT, SBRT, or other) are still lacking.

In Chiba, 22 patients with localized, resectable adenocarci-
noma of the pancreas were treated with preoperative carbon
ion radiotherapy with total doses of 44.8 Gy E to 48 Gy E
(2.8 Gy E or 3.0 Gy E per fraction). Local control rate was
100 %, overall survival was 59 % at 1 year. Patients receiving
surgery demonstrated 86 % overall survival compared to 3 %
without surgery [32]. The following trials applied 30 Gy E to

Fig. 1 Prospective trials for
individualized radiotherapy
concepts for LAPC
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35.2 Gy E in 8 fractions, overall survival at 1 and 5 years in
patients treated with surgical resection after preoperative car-
bon ion radiotherapy was 89 and 51 %, without any local
recurrences [32]. The following trials stepwise increase local
dose 38.4 Gy E to 52.8 Gy E in 12 fractions and weekly
GEM was increased from 400 mg/m* to 1000 m” Acute
hematological toxicity as well as non-hematological side
effects were low without any grade 4 and 5 toxicities. Only
in the 700 mg/m? and 1,000 mg/m*> GEM arm, 3/6 (50 %)
and 8/12 (75 %) developed grade III hematological toxicity.
Local control was comparable for are dosing levels of RT,
survival was higher with increasing GEM doses [32].
However, inspite of these data, carbon ion radiotherapy
must be considered an experimental treatment for pancreatic
cancer and should be performed within clinical trials only.

Conclusion and essential prerequisites for iRT
concepts in LAPC

Future research will focus on highly precise, biologically per-
sonalized iRT concepts (Fig. 1). This requires solid and reli-
able biomarkers.

Neoadjuvant
Chemoradiation for
LAPC

- histopathological characteristics
- molecular markers

- individual radiation sensitivity
-immunological properties

- patient-individual factors such as Karnofski,
Nutritional State etc

v

Individualized
Radiotherapy (iRT)
Concepts for LAPC
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Since patients generally do not undergo surgical interven-

tion prior to treatment, the access to relevant amounts of tumor
tissue can be limited, and most cases are only diagnosed with
Fine Needle Aspirations (FNA) or imaging- and tumor
marker-based only. Adequate tissue for molecular analysis
or novel diagnostics in terms of liquid biopsies are necessary
for such concepts in LAPC. However, the armamentarium of
radiation oncology in terms of physics and biology is ready to
face subgroups of patients with iRT concepts. Certainly, for
some patients, established chemoradiation will remain the best
treatment available, while others require local RT dose esca-
lation, and others demand for systemic intensification or im-
munological interventions.
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