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Abstract
Background Neoadjuvant therapies (neoTx) have revolutionized the treatment of borderline resectable (BR) and locally ad-
vanced (LA) pancreatic cancer (PCa) by significantly increasing the rate of R0 resections, which remains the only curative
strategy for these patients. However, there is still room for improvement of neoTx in PCa.
Purpose Here, we aimed to critically analyze the benefits of neoTx in LA and BR PCa and its potential use on patients with
resectable PCa. We also explored the feasibility of arterial resection (AR) to increase surgical radicality and the incorporation of
immunotherapy to optimize neoadjuvant approaches in PCa.
Conclusion For early stage, i.e., resectable, PCa, there is not enough scientific evidence for routinely recommending neoTx. For
LA and BR PCa, optimization of neoadjuvant therapy necessitates more sophisticated complex surgical resections, machine
learning and radiomic approaches, integration of immunotherapy due to the high antigen load, standardized histopathological
assessment, and improved multidisciplinary communication.
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Introduction

The introduction of neoTx has led to a remarkable increase in
the rate of surgical resections in PCa patients with LA or BR
tumors, which were initially deemed inoperable at the time of
diagnosis. However, two-thirds of these patients will develop
local recurrences shortly after the operation [1]. In order to

avoid disease relapse, surgeons have struggle to find ways to
maximize R0 resections that still remain the only curative
alternative for long-term survival in PCa. Although the first
attempts of arterial resections (AR) in advanced tumors did
not show the expected success, improved perioperative man-
agement and the integration of neoTx into multimodal therapy
approaches have resulted in significantly reduced periopera-
tive mortality and have proven the safety and feasibility of
these radical approaches. Although neoTx is the standard of
care for BR and LA tumors, its application on upfront resect-
able patients in order to downstage tumors and to increase
surgical radicality is still subject of investigation.
Furthermore, the introduction of immunotherapy to reactivate
the pancreatic tumor microenvironment (TME) specially in
neadjuvant settings constitutes a promising strategy for future
multimodality PCa treatments (Fig. 1) [2, 3].

NeoTx in borderline resectable and locally
advanced PCa

Upfront surgery in BR and LA tumors has not elicited the
expected survival benefit and is associated with high morbid-
ity, low R0 resection rat, and high early-systemic recurrences
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[4]. The introduction of neoadjuvant approaches enabling the
tumor downstaging has led to successful surgical resection in
up to 60% of these patients [5]. However, neoTx not only
decreases tumor size and facilitates surgical resection but also
enables the selection of patients with a favorable tumor biol-
ogy, who will benefit from radical resections [6]. A multicen-
ter phase III randomized controlled trial (RCT) validated the
use of neoTx in BR PCa patients. The initial analysis showed
that neoTx resulted in increased R0 resection rates and
prolonged disease-free survival (DFS) [7]. However, the final
results showed that the neoTx protocol (preoperative
gemcitabine-based chemotherapy combined with 15×
2.4 Gy radiotherapy) did not improve the overall survival
[7]. After neoTx, PCa patients with LA tumors demonstrate
favorable histopathological features with higher R0 resection
rates and decreased frequency of lymph node metastasis and
perineural and lymphatic vessel invasion [8]. These encourag-
ing results have led to an increasing number of neoadjuvantly
treated patients; however, not all of these patients ultimately
undergo surgical exploration. Mellon et al. reported that 46 of
110 patients with BR PCa became unresectable due to local/
distant progression or due to poor performance status that
precluded resection after neoTx [9]. Importantly, therapeutic
response to neoTx is not reliably reflected by the current im-
aging techniques. This highlights the need for multidisciplin-
ary communications between surgeons and oncologists to en-
sure an unbiased selection of patients for surgical exploration
and an optimized patient management in PCa.

Conventional computed tomography (CT), the most com-
monly used imaging modality for the initial determination of

tumor stage and resectability of PCa, has striking limitations
in the evaluation of vessel involvement after neoTx [10]. The
recent introduction of whole-tumor radiomic analysis has
opened a range of possibilities to assess therapy response
and resectability in PCa in a quantitative and non-invasive
manner. A supervised machine learning algorithm from
diffusion-weighted magnetic resonance imaging allowed
overall survival (OS) prediction with a high diagnostic accu-
racy as well as histopathological sub-stratification of PCa pa-
tients [11]. Recent reports also pointed out that the combina-
tion of radiomic features such as reduced tumor stiffness in
endosonographic elastography or reduced intensity on PET-
CT is able to assess therapy response in PCa after neoTx [12].
While still in need of validation studies, the large-scale imple-
mentation of such tools has the potential to revolutionize im-
age interterpretation and individualized patient care [11].

NeoTx in resectable PCa: illusion versus
reality

Although upfront surgery followed by adjuvant chemotherapy
is still the recommendation for resectable PCa, this treatment
fails to discriminate patients with undetected metastatic dis-
semination or aggressive tumor biology that may not benefit
from surgical resection [13]. Furthermore, due to the high
postoperative morbidity associated with pancreatic resections,
up to 30% fail to receive or complete adjuvant chemotherapy
[14]. The success of neoTx in BR/LA tumors has raised the
question whether neoTx can improve prognosis in resectable

Fig. 1 The evolving arms of a
pleiotropic neoadjuvant therapy
(neoTx) for locally advanced
pancreatic cancer (PCa). We en-
vision that the survival benefit
through neoTx in locally ad-
vanced or borderline resectable
PCa can be further improved via
(1) more sophisticated approaches
for complex surgical resections,
(2) increased integration of
radiomic approaches to staging
and restaging after neoTx, (3)
testing of immunotherapy in the
neoadjuvant setting due to the
relatively higher antigen load of
the tumor, (4) worldwide stan-
dardization of the histopathologi-
cal assessment, and (5) improved
communication between all
disciplines
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patients, and clinical trials addressing to this matter are in-
creasingly emerging.

The potential risk for patients with resectable PCa to devel-
op local or distant tumor progression during neoTx, which
might not have occurred in the setting of upfront resection,
has been a recurrent argument against the use of neoTx in
resectable tumors. The therapeutic paradigm of PCa is con-
stantly evolving, and the focus has now turned toward the
ability of the surgeon to remove the tumor radically. In this
regard, neoTx may reduce surgical complexity by reducing
the tumor bulk, the proportion of viable tumor cells, and the
involvement of nearby vascular structures, resulting in an in-
creased R0 resection rate [15].

Two early studies comparing the efficacy of gemcitabine-
based neoTx with upfront surgery for resectable PCa deter-
mined its safety and feasibility but were terminated early due
to slow recruitment and did not achieve statistically significant
results [6, 16, 17]. Accordingly, two RCTs reported recently
that neoTx is safe and effective without increased risk of sur-
gical complications and was associated with favorable R0
resection rates in patients with resectable PCa [18]. In a large
retrospective study, Mockdad et al. described prolonged sur-
vival in neoadjuvant-treated patients with early-stage PCa
compared with upfront resected patients and thus provided
further support for the use of neoTx as a patient selection tool
in the management of resectable PCa [14]. Moreover, grade 3/
4 toxicity in resectable PCa patients treated with neoTx was
lower than in patients with BR/LA disease [19, 20]. In con-
trast, the recently published PREOPANC trial failed to any
benefit in overall survival of patients with borderline or up-
front resectable PCa (16.0 months with preoperative
chemoradiotherapy versus 14.3 months with upfront sur-
gery P = .096). Therefore, for early-stage, i.e., resect-
able, PCa, there is not enough scientific evidence for
routinely recommending neoTx [7]. NeoTx in resectable
PCa remains area of controversy and awaits the results of
ongoing RCTs [21].

Radical resection in PCa: “the holy grail”

Curative R0 resection remains the only chance for long-term
survival in PCa [22, 23]; however, approximately half of the
resections are microscopically incomplete and two-thirds of
initially R0-diagnosed patients will develop local recurrence
[24]. Despite the prognostic relevance of the pathological re-
section rate, a standard definition for R0 resection is still lack-
ing, which leads to high variability on R0 resection rates that
range between 15% and 92% [1, 24–26]. After the introduc-
tion of a standardized pathology protocol consisting of axial
slicing technique, multicolor margin staining and extended
sampling, and a circumferential resection margin (CRM) >
1 mm, the R1 rate significantly increased from 14 to 76% in
a retrospective study carried out by Esposito et al. [27, 28].

These observations indicate that resection margin involve-
ment is a common finding in PCa which is often
underestimated due to the lack of a standardized pathological
examination of all relevant margins [28] and insinuated the
need to increase surgical radicality in other to obtain wider
resection margins and higher R0 rates. In line with these re-
sults, a retrospective study with 360 patients revealed similar
local recurrence rates of R0- and R1-staged PCa patients sug-
gesting the widespread presence of undiagnosed microscopic
residual disease. Further intercontinental discrepancy is re-
ported on the definition of R0 status, which is 0-mm tumor
distance from resection margin in the USA and > 1 mm in
Europe and Australia [1, 24, 27, 29, 30]. In our recent meta-
analysis assessing the importance of the resection status in
PCa, we demonstrated that even with standardized pathology
protocols, resection margin’s prognostic validity may be pri-
marily confined to pancreatic head tumors [24].

Pancreatic surgeons are continuously developing new strat-
egies to increase surgical radicality and improve R0 resection
rates [4]. The feasibility of portomesenteric venous resection
has been widely demonstrated. In contrast, extended arterial
involvement remains a controversial issue in the management
of PCa. Although tumor encasement of the superior mesenter-
ic artery, common hepatic artery, or celiac artery defines local
irresectability according to current guidelines, advances in the
field of pancreatic surgery have turned the focus on redefining
strategies that allow more radical approaches involving
the resection and reconstruction of major peripancreatic
arteries, to achieve R0 resection in patients without dis-
tant metastasis [4, 31].

In the first meta-analysis evaluating AR in patients under-
going pancreatectomy for PCa, AR was discouraged as stan-
dard of care and was associated with remarkably higher peri-
operative morbidity (OR = 2.17) and mortality (OR = 5.04)
and poor survival (OR = 0.50) [4]. Conversely, in a recent
study, Del Chiaro et al. demonstrated the feasibility and safety
of AR in pancreatectomy, which was accompanied by in-
creased survival compared with palliative procedures and
showed no difference in postoperative mortality and morbid-
ity, even though it was associated with longer operation time
and higher blood loss [31, 32]. Consistent with these results,
Sonohara et al. demonstrated that PCa patients with AR had
marginally higher recurrence-free survival and longer overall
survival without a significant increase in the incidence of se-
vere postoperative complications [33]. Current studies evalu-
ating celiac artery resection also showed that these procedures
can be performed safely and with an encouraging median
survival [32, 34]. Further analyses suggested the improvement
to be a consequence of newly developed and more effective
chemotherapeutical regimens used in neoadjuvant settings.
The increasing use of neoTx has notably increased the rate
of R0 resections in patients with initially suspected arterial
infiltration [35] and has led to significantly higher survival
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rates (78.8%) compared with patients who underwent upfront
surgery (26.7%) [36]. In line with these results, Bachellier
et al. reported remarkably prolonged survival in neoadjuvantly
treated patients (23 months) compared with upfront resected
PCa patients (13.7 months) after extended pancreatectomies
involving AR [37]. Therefore, neoTx appears to provide an
additional benefit to AR in patients with BR and LA PCa
undergoing extended pancreatectomy by decreasing tumor
burden and arterial invasion [33, 38]. In the case of adequate
therapeutic response and good performance status, resectabil-
ity should be re-assesed via surgical exploration, as cross-
sectional images often fail to identify the extent of the remain-
ing viable tumor. Combining AR with pancreatectomy in
these cases increases the feasibility of R0 resection, which is
still the only option to achieve long-term survival [39]. Here,
neoTx should be performed rather than upfront surgery.
Clinical trials analyzing the superiority of combined
chemotherapeutical regimes and radical surgical resections
are still needed and ongoing [4, 40–42].

Immunotherapy as a novel neoadjuvant approach
in PCa

Cancer immunotherapy has demonstrated remarkable thera-
peutic efficacy in many solid malignancies [43]. Due to low
tumor mutational burden and the presence of a highly immu-
nosuppressive TME, immunotherapies have consistently
failed to elicit the expected outcomes in PCa [44]. This limi-
tation may be circumvented by the application of immuno-
therapy in a neoadjuvant setting, with the primary tumor serv-
ing as an antigen source for in situ T cell priming that may
unleash a more potent antitumoral immune response com-
pared with adjuvant approaches [45]. Current neoTx in PCa
mostly relies on classical chemotherapy regimens such as
FOLFIRINOX and does not make use of immune-based and
molecular-targeted therapies. Surprisingly, we observed an
immunological shift toward more cytotoxic inflammation in
the TME of PCa after conventional neoTx. This was mainly
due to the depletion of immunosuppressive cells like regula-
tory T cells (Treg cells) [46] and myeloid-derived suppressor
cells (MDSCs) [45, 47]. These results suggested that
neoTx is able to prime the TME and potentiate the
effect of immunotherapy by boosting the local antitumor
immune response in PCa.

Ongoing trials on PCa are now focusing on combinatorial
approaches exploiting the ability of cancer vaccines to pro-
mote T cell recruitment followed by the subsequent activation
of cytotoxic cells by checkpoint inhibitors (ICIs) or immuno-
modulatory agents [48]. The inhibition of T cell checkpoints
such as T lymphocyte protein 4 (CTLA4) and programmed
cell death protein 1 (PD-1) has shown enormous promise in a
number of cancer types [49, 50] by unleashing tumor-specific
cytotoxic T cells that already reside in TME before treatment

[51]. So far, none of these antagonists has proven effective in
PCa [48]. However, the combination of a CD40 agonist with
nab-paclitaxel plus gemcitabine resulted in partial response in
4 of 21 patients with PCa, and a clinical trial for its use as a
neoadjuvant is underway (NCT02588443). Adoptive immu-
notherapy involves the injection of tumor reactive immune
cells into patients and has increasingly gained attention
over the past years. Although the first clinical trials
with chimeric antigen receptor (CAR) T cells or
tumor-pulsed dendritic cells in advanced PCa have
shown promise [48], adoptive approaches have yet not
been tested in neoadjuvant settings in PCa. The number
of clinical trials evaluating the use of neoadjuvant immuno-
therapy is limited compared with its use within palliative ap-
proaches (Table 1).

In low mutational tumors such as PCa, neoTx may be par-
ticularly beneficial to potentiate the antitumor immune re-
sponse compared with adjuvant approaches, as the tumor ep-
ithelium itself remains an essential source for the release of
tumor antigens and cross-priming of tumor-directed T cell
responses. This important reservoir for induction of tumor-
directed immune responses is no longer available after tumor
resection [52]. Liu et al. administrated various combination
immunotherapies in either neoadjuvant or adjuvant setting
and discovered that regardless of the type of immunotherapy
used, neoadjuvant approaches were superior to adjuvant treat-
ments in primary breast tumors [53]. In line with these obser-
vations, Brooks et al. demonstrated that only the combination
of neoadjuvantly applied gemcitabine and a PD-1 inhibitor,
but not adjuvant treatment, effectively suppressed local tumor
recurrence and improved survival in a transgenic mouse mod-
el of PCa [52].

Conclusion

NeoTx leads to an immunologic shift toward a more effective
antitumor immune response in the pancreatic TME, which
recently provided impetus for studying the possibility of com-
bining neoTx with immunotherapy in patients with PCa.
Furthermore, neoTx leads to increased R0 resection rates
and reduces the complexity of pancreatic surgical resections
in LA/BR PCa patients. After neoTx, the postoperative mor-
bidity associated with AR in pancreatectomy was similar to
less radical approaches, leading the way to more sophisticated
and radical surgical strategies in PCa. However, for resectable
PCa, the overall survival benefit through neoTx does not exist
in a convincing extent. Optimal drug regimens, timing of sur-
gery with regard to therapy, and the role of additional immu-
notherapy still need to be defined. Balancing the optimal ther-
apy for PCa will be complex and will require correct patient
stratification, the use of combination strategies, and improved
interdisciplinary cooperation.
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