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Simple Summary: Pancreatic cancer is a deadly disease with limited effective treatments. Despite
growing interest in immunotherapy for other cancer types, immunotherapy has not shown sig-
nificant utility in metastatic pancreatic cancer. However, investigators are examining the role of
immunotherapy in the preoperative setting in order to prime the immune system to detect and
prevent micrometastatic disease and recurrence. This scoping review describes 9 published trials of
preoperative immunotherapy and summarizes 27 ongoing trials using preoperative immunotherapy,
generally in combination with other standard neoadjuvant therapy. The results of these early trials
have been promising but have not conclusively established a role for preoperative immunotherapy in
pancreatic cancer. The results of the ongoing trials may be able to demonstrate whether combination
immunotherapy prior to surgery can improve long-term outcomes.

Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal disease due to its late presenta-
tion and tendency to recur early even after optimal surgical resection. Currently, there are limited
options for effective systemic therapy. In addition, PDAC typically generates an immune-suppressive
tumor microenvironment; trials of immunotherapy in metastatic PDAC have yielded disappointing
results. There is considerable interest in using immunotherapy approaches in the neoadjuvant setting
in order to prime the immune system to detect and prevent micrometastatic disease and recurrence.
A scoping review was conducted to identify published and ongoing trials utilizing preoperative
immunotherapy. In total, 9 published trials and 27 ongoing trials were identified. The published trials
included neoadjuvant immune checkpoint inhibitors, cancer vaccines, and other immune-modulating
agents that target mechanisms distinct from that of immune checkpoint inhibition. Most of these are
early phase trials which suggest improvements in disease-free and overall survival when combined
with standard neoadjuvant therapy. Ongoing trials are exploring various combinations of these agents
with each other and with chemotherapy and/or radiation. Rational combination immunotherapy
in addition to standard neoadjuvant therapy has the potential to improve outcomes in PDAC, but
further clinical trials are needed, particularly those which utilize an adaptive trial design.

Keywords: pancreatic cancer; immunotherapy; neoadjuvant; immune checkpoint inhibitor; cancer
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1. Introduction

Copyright: © 2023 by the authors.

Licensee MDPL, Basel, Switzerland. Pancreatic ductal adenocarcinoma (PDAC) remains among the leading causes of

cancer-related death in the United States and around the world [1]. For the relatively
small proportion of patients who present with localized disease, many are found to have
occult metastatic disease and others recur within a short time after surgery [2]. For these
reasons, novel systemic therapies are urgently needed to improve the outcomes of patients
with PDAC. Progress in developing effective therapies for advanced PDAC has been slow,
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in part due to the high lethality of advanced PDAC, though this limitation may become
less important as molecular and genomic technologies are able to increase the rate of
development of novel therapies. Despite significant advances in the application of immune
oncology for other cancer types, immunotherapy has not been firmly established as a
treatment modality in PDAC [3,4]. While there are several reasons for this, the leading
hypothesis is that PDAC tends to be an immunologically “cold” tumor, characterized by
poor lymphocyte infiltration in the tumor microenvironment (TME), with poor response to
current immunotherapy approaches [5,6].

PDAC has been described as having an immune privileged TME [7]. In addition to
being lymphocyte poor, the tumor stroma is characterized by prominent M2 macrophages,
which suppress rather than activate the acquired immune system, and regulatory T-cells
(Treg), which limit the development of cell-mediated immunity [8]. This is in part due to the
lower tumor mutational burden (TMB) in PDAC, which has been suggested to be a driving
factor in immunogenicity and susceptibility to immune checkpoint inhibition (ICI) [6].
However, preclinical data as well as clinical trial data in the metastatic setting suggest
that cytotoxic chemotherapy may increase the immunogenicity of PDAC by converting
the TME from immunologically “cold” to “hot” [9,10]. Other preclinical data suggest that
combination therapy directed against multiple immune-related targets may be the key
to realizing the benefit of immunotherapy in PDAC, such as targeting myeloid-derived
suppressor cells (MDSC) in addition to immune checkpoints, since these cells are thought
to play a key role in the maintenance of lymphocyte-poor tumor stroma [11]. Additionally,
emerging evidence highlights subsets of PDAC that, rather than being lymphocyte poor,
demonstrate lymphocytic infiltration and tertiary lymphoid structures; these are correlated
with longer survival, supporting the hypothesis that the immunologically “cold” TME
is a major factor contributing to poor outcomes in this disease [12,13]. Nevertheless,
poor objective response rates have been observed in clinical trials of immunotherapy for
advanced PDAC [14,15]. More broadly, various iterations of traditional chemotherapy
with or without radiotherapy or targeted therapies have been unable to meaningfully
improve outcomes. Therefore, the addition of immunotherapy may provide a much-needed
breakthrough in long-term outcomes in localized PDAC.

While surgical resection is generally considered necessary for curative-intent treat-
ment, systemic therapies are increasingly administered prior to surgery for patients with
localized PDAC [16,17]. Reasons for recommending neoadjuvant therapy (NT) include the
early treatment of presumed micrometastatic disease, improved rates of downstaging and
margin-negative resection, and ensuring delivery of effective therapy given the challenges
of administering adjuvant chemotherapy after major pancreatic surgery [18]. Systemic ther-
apies first established in the metastatic setting (i.e., 5-fluorouracil, leucovorin, irinotecan,
and oxaliplatin (FOLFIRINOX) or gemcitabine and nab-paclitaxel (GA)) have been adopted
as first-line options in the neoadjuvant setting [19]. Thus, given the intense interest in
developing immunotherapy approaches for patients with metastatic PDAC, investigators
are exploring their utility in the neoadjuvant setting as well. Theoretical advantages of de-
livering immunotherapy prior to surgery include improved immune surveillance through
increased recognition of tumor antigens, mitigation of perioperative immunosuppression,
and the ability to test histologic responses via post-surgical pathology [20-23].

Despite the importance of this topic and the accumulation of emerging data, the
existing literature has not been previously systematically summarized. Therefore, the
purpose of this review is to summarize the results of early clinical trials of neoadjuvant
immunotherapy in PDAC and to describe the current landscape of ongoing registered
prospective trials.

2. Materials and Methods

This scoping review was conducted according to existing guidelines [24]. Using the
search terms neoadjuvant, preoperative, perioperative, pancreatic cancer, pancreatic ductal
adenocarcinoma, and immunotherapy, MEDLINE and clinicaltrials.gov were searched for
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published and ongoing clinical trials, respectively, of studies reporting the outcomes of
patients receiving immunotherapy prior to planned pancreatectomy for localized PDAC.
The search strategy was adopted from a recent review of perioperative immunotherapy in
gastroesophageal junction cancers [21]. Abstracts were manually screened for inclusion
and exclusion criteria. Inclusion criteria consisted of English language full-length articles
published after 2010 that reported outcome data, whereas non-English language papers,
metastatic settings, published protocols, research letters, unpublished abstracts, and preclin-
ical studies were excluded. Trials where immunotherapy was also given postoperatively
were included, as long as immunotherapy was initiated prior to surgery. Reference lists
were screened to identify additional relevant articles. Clinical trial registration numbers
were cross-referenced with published trials to avoid any duplicates. Titles and abstracts
were screened for exclusion criteria followed by a full-text review of articles that met the
inclusion criteria. A descriptive analysis of each included study was performed, including
methods, participants, interventions, and outcomes. Due to the paucity and heterogeneity
of published trials of neoadjuvant immunotherapy in pancreatic cancer, a systematic review
and meta-analysis were not performed.

3. Results

Of the initial MEDLINE search results (1 = 30), 10 publications of nine trials (one trial
published both early and long-term data) met all inclusion criteria. Study types included
one phase III randomized controlled trial, one nonrandomized single-arm phase II trial,
one phase I/Ila trial, three phase I trials, and a relevant case report. In addition, from the
initial clinicaltrials.gov search results (n = 250), 27 registered trials met the inclusion criteria
and were included in this review. Trial types consisted of prospective clinical trials, ranging
from phase I to phase III, of checkpoint inhibitors alone or in combination with other
immune therapies; phase I and II trials of vaccines; and phase I studies of agents directed
at other immune-related targets. Published studies were categorized according to type of
immunotherapy (immune checkpoint inhibition, vaccines, and other immune-modulating
biologic therapies) and further discussed below. The included studies are summarized
in Table 1.

Table 1. Summary of included studies.

Clinical Trial Number of Primary

Author Registration Immune Agent(s) Subjects Outcome

McCarthy et al., 2021 [25] n/a (case report) Pembrolizumab 1 n/a

Du et al., 2023 [26] ChiCTR2000032955 Tislelizumab 29 Not stated

GVAX, nivolumab, Intratumoral CD8*

Heumann et al., 2023 [27] NCT02451982 urelumab 46 CD137* T cells (met)

Hewitt et al., 2022 [28] NCTO01836432 Algenpantucel-L 303 OS (did not meet)
Mesothelin

Zheng et al. 2021 [29] NCT00727441 GVAX 87 specific T-cell
response (unpublished)

Nywening et al., 2016 [30] NCTO01413022 PF-04136309 47 Dose/Safety

Lin et al., 2019 [31] NCT01959672 Oregovomab 1 Disease progression
(stopped early)

Byrne et al., 2021 [32] NCT02588443 Selicrelumab 16 Safety

3.1. Immune Checkpoint Inhibition

Only three publications reported the use of neoadjuvant immune checkpoint inhibition
(ICI): one case report of neoadjuvant ICI combined with stereotactic body radiotherapy
(SBRT), a phase II prospective trial of neoadjuvant tislelizumab plus GA with SBRT, and a


clinicaltrials.gov

Cancers 2023, 15, 3967

40f12

third recently published trial combining a cancer vaccine with ICI and another immune-
stimulating monoclonal antibody.

The case report described an 83-year-old woman with a poor performance status and
locally advanced PDAC whose tumor was microsatellite unstable (MSI-H) and stained
positively for programmed death receptor ligand 1 (PD-L1). She was treated with SBRT
followed by pembrolizumab (a programmed cell death protein 1 (PD-1) inhibitor). After a
partial radiographic response, she underwent distal pancreatectomy, splenectomy, en-bloc
wedge gastrectomy and segmental colectomy and was found to have had a pathologic
complete response [25].

Du et al. recently published an exploratory single-arm phase II trial of perioperative
tislelizumab (a PD-1 inhibitor) in combination with GA and SBRT. Prespecified exploratory
analyses included eosinophil count (which is associated with response to immunother-
apy in triple-negative breast cancer) [33], CA 19-9, circulating tumor DNA (ctDNA), the
neutrophil-to-lymphocyte ratio (NLR), and TMB. Of 29 patients with locally advanced (LA)
or borderline resectable (BR) PDAC, 25 completed therapy. The objective response rate
(ORR) was 60% and the disease control rate (DCR) was 100%. Overall survival (OS) at
12 months was 72% and progression-free survival (PFS) was 64%. No serious immune-
related adverse events (irAE) were reported. Exploratory analyses demonstrated improved
PFS for those with elevated eosinophil counts, a decline in CA 19-9, and a decline in ctDNA.
There were no survival differences between those with high or low NLR ratios or TMB [26].

A third study evaluated GVAX, an allogeneic pancreatic cancer vaccine in combination
with either nivolumab (PD-1 inhibitor) or both nivolumab and urelumab (an agonist of
the T-cell costimulatory molecule CD137). Subjects received a single cycle of immune
therapy prior to surgery, then proceeded with adjuvant treatment which included their
assigned immune therapy plus standard-of-care chemotherapy. The combination of GVAX,
nivolumab, and urelumab met the primary endpoint of generating CD137* CD8" T cells.
Though underpowered to detect a statistically significant survival difference, there was an
impressive numerical improvement in median disease-free survival (DFS) from 15.0 months
for GVAX + nivolumab (n = 18) to 33.5 months for the three-drug combination (n = 11).
Similarly, the median OS was 27.0 months for GVAX + nivolumab vs. 35.6 months for
the three-drug combination. Perhaps most interesting is the neoadjuvant platform trial
design which allows for simultaneous comparison of different combinations or sequences
of immune therapies [27].

There are 17 planned or ongoing trials of neoadjuvant ICI, mostly combined with
standard of care chemotherapy and/or radiation (n = 11) or in combination with other
immunomodulating agents (1 = 6). The CIPSD-4 trial, estimated to be completed in April
2024, is a phase III trial of a perioperative PD-1 inhibitor in combination with FOLFIRI-
NOX (NCT03983057) [34]. There are five phase II studies, summarized in Table 2, using
durvalumab, a PD-L1 inhibitor; pembrolizumab; and sintilimab, another PD-1 inhibitor.
One phase II study was terminated for safety (NCT03344172). There are five earlier phase
studies (phase I/1I) summarized in Table 2.
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Table 2. Summary of planned or ongoing registered trials of an immune checkpoint inhibitor alone
or in combination with chemotherapy and/or radiation.

NCT Number Phase ICI Other Modalities Status
NCT03572400 II Durvalumab Chemotherapy Recruiting
NCT05132504 II Pembrolizumab Chemotherapy Recruiting
NCT05462496 II Pembrolizumab Antibiotics Not yet recruiting
NCT05562297 I Sintilimab None Not yet recruiting
NCT03563248 I Nivolumab Chemotherapy, Active,
Radiation, Losartan not recruiting
NCT03245541 I/11 Durvalumab Radiation therapy Not yet enrolling
NCT02305186 I/1 Pembrolizumab Chemotherapy and radiation ~ Enrolling
NCT04247165 I/10 Nivolumab, ipilimumab Chemotherapy and radiation = Enrolling
NCT02930902 I/11 Pembrolizumab Chemotherapy Not yet enrolling
NCT03970252 I/1 Nivolumab Chemotherapy Enrolling

Studies of ICI in combination with other immunotherapies are generally newer. One
phase II trial (NCT03161379) of neoadjuvant nivolumab with GVAX (GM-CSF secreting
allogeneic pancreatic tumor cell vaccine) and cyclophosphamide has completed accrual
and is in the follow-up period. Another phase II trial (NCT03563248) combined neoad-
juvant nivolumab with losartan and SBRT in BR/LA PDAC; preliminary results have
been presented but are pending publication [35]. Three other phase II trials are currently
recruiting and are summarized in Table 3. Two phase I trials have been completed and
are awaiting publication: one combined neoadjuvant pembrolizumab, IMC-CS4 (CSF-
1R inhibitor), GVAX, and cyclophosphamide (NCT03153410) and the other combined
neoadjuvant nivolumab, ipilimumab (cytotoxic T-lymphocyte associated protein 4 (CTLA4)
inhibitor), and pepinemab (SEMA4D inhibitor) (NCT03373188) [36].

Table 3. Summary of planned or ongoing registered trials of immune checkpoint inhibitor in combi-
nation with other immunomodulating agents.

NCT Number ICI Other Immunotherapy

NCT04940286 Durvalumab Oleclumab (CD-73 inhibitor)

NCT03727880 Pembrolizumab Defactinib (FAK inhibitor)

NCT03767582 Nivolumab BMS-813160 (CCR2/CCRS5 inhibitor), GVAX

3.2. Vaccines

In addition to the platform trial of GVAX, nivolumab, and urelumab described above,
there are two published studies of cancer vaccine therapy in the preoperative setting: one
using Hyper-Acute-Pancreas algenpantucel-L (HAPa) and the other using GVAX. The
stated aim of these therapies is to increase the immunogenicity of in situ PDAC prior to
surgical resection.

HAPa is a cancer vaccine consisting of allogeneic pancreatic cancer cells engineered
to express the murine alpha-(1,3)-galactosyltransferase gene. Hewitt et al. published a
multicenter, phase 3, open label, randomized trial comparing neoadjuvant chemotherapy
plus chemoradiation with or without HAPa in 303 patients with BR/LA unresectable
PDAC. No significant differences were seen in the primary endpoint of OS (14.3 months
for HAPa vs. 14.9 months for control) or in the secondary endpoint of PFS (12.4 months
vs. 13.4 months). Only 25% of participants became eligible for surgical resection, with no
between-group difference in conversion to resectability [28].

GVAX is an allogeneic GM-CSF-secreting pancreatic cancer vaccine that was studied
in a window-of-opportunity trial where participants were randomized to GVAX alone,
GVAX with cyclophosphamide at a standard immunomodulatory dose, and GVAX with
2 week cycles of cyclophosphamide. In 2014, Lutz et al. reported changes in the TME
after vaccination. This initial study found that 85% of vaccinated, resected tumors had
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intratumoral tertiary lymphoid aggregates (TLA), a finding thought to be attributable to
GVAX and associated with response to immunotherapy in other cancers [37] and survival
in PDAC [13,38]. This correlative data demonstrated that T-cell trafficking into the TME to
form these lymphoid aggregates is associated with evidence of early T-cell activation, re-
cruitment of Treg, and upregulation of interferon-gamma and the PD-1/PD-L1 pathway [39].
In 2021, Zheng et al. published the long-term results of the trial. Of the 87 participants
who were randomized, 76 underwent pancreatectomy. Those who received GVAX alone
had a DFS of 18.4 months, which was significantly longer than the DFS for those who
received GVAX with intermittent cyclophosphamide (7.2 months) (p = 0.02). There was
no significant difference in long-term survival when stratified by density of TLA. A post
hoc analysis comparing the outliers in terms of survival showed that those who survived
less than 15 months had a much lower TLA density than those who survived more than
24 months [29].

There are two ongoing studies of preoperative vaccine/cell-based therapy in re-
sectable PDAC. A completed phase I study of AdV-tk (herpes viral vector) and valacy-
clovir in combination with chemotherapy and radiation is currently enrolling participants
(NCT02446093). Another study is examining the adoptive transfer of tumor antigen specific
T-cells (NCT03192462).

3.3. Other Immune-Modulating Biologic Therapies

Although ICI is the most broadly studied mechanism of immunotherapy, other targets
are emerging in PDAC [14]. Inhibition of chemokines such as CCR2 and CCRS5 has been
proposed as a way to reduce the prevalence of Treg and MDSC in the TME [40]. In a phase
Ib study of FOLFIRINOX with or without PF-04136309 (a CCR2 inhibitor), 39 patients with
BR/LA PDAC were treated with FOLFIRINOX and PF-04136309. At a median follow-up of
72 days, the ORR was 49% with a DCR of 97% [30]. The combination of CCR2 and CCR5
inhibition is being actively studied in later phase trials as described below.

Targeted immunotherapy against cancer antigen 125 (CA-125), a glycoprotein antigen
expressed by some pancreatic ductal adenocarcinomas, was studied in a phase I trial of
the anti-CA-125 monoclonal antibody oregovomab. Its stated mechanism is the formation
of immunogenic antibody-antigen complexes that can be presented by dendritic cells to
generate an anti-CA-125 T cell response. Participants were treated with three cycles of
5-FU, leucovorin, gemcitabine, and oregovomab followed by SBRT (40 Gy in five fractions)
preoperatively. Of the nine who received chemo-immunotherapy, three proceeded to
surgery. Those who received all planned doses of oregovomab had a median OS of
21 months. Two of five patients who received oregovomab developed anti-CA-125 CD8" T-
cells. The trial was closed prematurely due to the change in standard-of-care chemotherapy
to either FOLFIRINOX or GA [31].

Another immune-related target that has been tested in the neoadjuvant setting is CD40,
which is a TNF-like receptor that, similar to CD137, contributes to T cell co-stimulation.
Agonism of CD40 has been shown to activate cross-presenting dendritic cells, re-educate
tumor macrophages toward an M1 phenotype, decrease collagen deposition in the tumor
stroma, and trigger antitumor T cell responses [32]. In an open-label phase I clinical trial at
four sites in the US, neoadjuvant GA was given with or without the CD40 agonist selicre-
lumab to 16 participants with resectable PDAC. For the 15 who underwent pancreatectomy,
OS was 23.4 months and DFS was 13.8 months. Examination of the TME on surgical
pathology showed that 82% of selicrelumab-treated tumors were T-cell enriched, compared
to 37% of untreated tumors (p = 0.004) and 23% of chemotherapy-treated tumors (p = 0.012).
Additionally, fewer M2 macrophages were seen in selicrelumab-treated tumors, fibrosis
was reduced, and intratumoral DCs were more mature.

Another trial of neoadjuvant selicrelumab with chemotherapy and radiation recently
completed enrollment and is in the follow-up period (NCT01456585). An additional CD40
agonist, CDX-1140, is being studied in combination with CDX-301, a recombinant form of
the cytokine FIt3L, notably without additional neoadjuvant chemotherapy (NCT04536077).
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Finally, NIS793, a TGF-B antagonist, will be studied in combination with neoadjuvant
chemotherapy and radiation, but this trial has not yet enrolled (NCT05546411).

4. Discussion

Despite its recent successes in other cancer types, the progress in applying immunother-
apy approaches for advanced PDAC has been limited. Unlike immunogenic cancers such
as melanoma and small cell lung cancer, advanced PDAC has not been shown to respond
well to ICI monotherapy in preclinical or clinical trials [4,14]. Indeed, even among MSI-H
PDAC (which comprises 1% of all PDAC), the efficacy of ICI has been limited [41,42]. There
may be a role for combining chemotherapy and ICI in advanced PDAC as seen in the
recent phase 2 PRINCE trial, which also examined the role of the CD40 agonist sotigalimab
when added to ICI and chemotherapy [43]. The COMBAT trial of combined PD-1 and
CXCR4 inhibition also demonstrated potential benefit in the metastatic setting [44]. An-
other intriguing combination is that of ICI with epigenetic modulation, with targets such as
DNA hypomethylation and histone deacetylase, though this has only been studied in the
metastatic setting with limited success [45,46]. Further studies are certainly needed, likely
using adaptive or platform trial design, to answer additional questions about treatment
sequencing and rational combinations of immune-modulating agents with or without
cytotoxic chemotherapy agents.

Despite this limited progress, there is still considerable interest in bringing immunother-
apy to the neoadjuvant setting for patients with PDAC. The goals of NT differ based on
the anatomic stage of the primary tumor. For BR/LA tumors, neoadjuvant approaches are
necessary to generate downstaging that results in successful margin-negative resection. On
the other hand, the aim of NT for potentially resectable (PR) tumors is the early treatment
of micrometastatic disease. Ensuring completion of perioperative chemotherapy and as-
sessing the in vivo efficacy of chemotherapy are applicable to all anatomic stages of PDAC.
Prospective randomized trials have demonstrated that patients are more likely to receive
systemic therapy when given preoperatively, without compromising surgical outcomes [47].
At the same time, severe complications during NT can occur; efforts to improve outcomes,
decrease attrition, and ensure optimal treatment sequencing are needed [48].

With further understanding of the underlying differences between immunogenic and
non-immunogenic PDAC tumors, there is hope and promise that immunotherapy will aid
in the realization of all of these goals when combined with systemic and regional therapies
in the neoadjuvant setting. In addition to these goals of NT more broadly, preoperative
immunotherapy is intended to prime the immune system to detect and eliminate recurrence
or metastasis. Delivering immunotherapy in the neoadjuvant rather than adjuvant setting
may achieve a more comprehensive antitumor immune response by exposing the adaptive
immune system to more tumor antigens. This can be measured by examining the TME in
the pathologic specimen. There is also growing evidence for the hypothesis that leaving
lymph nodes in situ during neoadjuvant immunotherapy may further enable immune
priming, whereas giving these agents after surgery or even after regional radiation may
miss this opportunity [49].

Immune surveillance of metastatic disease remains a complex topic that is not fully
understood. Recently, however, Cafiellas-Socias et al. described a specific immune-related
mechanism for latent recurrence in colorectal cancer. Using single-cell transcriptomics
in a mouse model, a specific tumor cell type associated with metastatic recurrence was
identified. Micrometastases with this cell type tended to be T-cell rich but became T-cell
depleted with further growth. Furthermore, these cells were eliminated with neoadjuvant
immunotherapy, suggesting that the immature TME associated with metastatic deposition
in foreign organs made them susceptible to ICI [50]. This important preclinical work
represents a significant step towards understanding the interaction between immune
surveillance and metastasis, though more such work is needed in PDAC.

Cancer vaccines have been studied in various disease sites in the metastatic setting with
largely disappointing results, but some have shown promise in the adjuvant setting [51].
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One proposed explanation for the number of negative trials of vaccine monotherapy in
advanced cancer is that vaccines take time to elicit an immune response and may work
by changing the growth kinetics of an already slow-growing tumor, whereas in diseases
like advanced PDAC, this effect is not enough to overcome rapid or widespread progres-
sion [52]. Another problematic phenomenon is that of pseudoprogression, which describes
the appearance of progression by typical RECIST criteria as a result of increased immune
infiltration of an in situ tumor [53,54]. This could become an issue in the neoadjuvant
setting when preoperative restaging is performed. The major advantage, however, of a
neoadjuvant vaccination approach is the idea of priming the immune system to recognize
tumor-associated antigens and promote immune surveillance and elimination of future
metastatic recurrence [51,55]. This aligns well with the idea of “making a cold tumor hot”,
which may be necessary but not sufficient to induce an immune response to PDAC [56].
Additionally, the window-of-opportunity design used in the GVAX trials may be a very
useful way to evaluate the changes in the TME [57]. These insights could help not only
to generate hypotheses, but also to guide personalized adjuvant therapies based on the
response to neoadjuvant immunotherapy. A recently published phase I study of cevumeran,
an adjuvant, personalized mRNA neoantigen vaccine, in combination with atezolizumab
(anti-PD-L1) demonstrated immunogenicity and safety; if biopsy specimens would be
adequate for vaccine production, neoadjuvant use could be considered [58].

Various other immune targets are being explored, particularly in combination with
each other [56,59]. If neoadjuvant immunotherapy in PDAC has a potential role in future
treatment algorithms, it will likely require combination immunotherapy to make a “cold”
TME “hot” and then prompt the immune system to survey for recurrence. Of particular
interest are combinations of ICI and vaccines. The concept of “pressing the gas” and
“releasing the brake” has been demonstrated in preclinical data and there have been
suggestions of its efficacy within other trials, but this approach has not yet been well studied
in PDAC [60,61]. Results of combination studies using ICI and vaccines will be eagerly
anticipated [60,62]. Other combinations use a variety of mechanisms to manipulate the TME,
such as combining PD-1 with PD-L1 antagonism to increase effector T cells [63], ICI with
SEMAA4D inhibition to enable leukocyte penetration into the tumor and reduce M2 tumor-
associated macrophages and MDSC [36,64], ICI with CCR2/CCRS5 inhibition to enable
chemotaxis [30], and ICI with manipulation of the gut microbiome [65]. Interestingly, IL-2
is being re-examined as a component of combination immunotherapy, though initial results
in human trials have not been promising [66]. Finally, a clinical and immune response was
achieved in a metastatic PDAC patient receiving adoptive transfer of autologous T cells
genetically engineered for reactivity against KRAS-G12D [67]. Although these earlier stage
results warrant further investigation, these successes indicate that T cell immunity can be
therapeutically harnessed in PDAC in certain contexts.

This review has several limitations. The trials included are heterogeneous, small,
and hypothesis generating but inconclusive. This is not a systematic review; no formal
evaluation of the quality of evidence was performed and some relevant studies may have
been inadvertently excluded. Finally, this is a rapidly evolving field with some intriguing
but immature data that may become available before publication of this review.

5. Conclusions

While few trials of neoadjuvant immunotherapy have been conducted for localized
PDAC, the current review suggests there remains strong interest in this treatment paradigm
given the number of ongoing clinical trials. While future breakthroughs in immunotherapy
for this lethal disease will likely occur in the metastatic setting, investigators will likely aim
to bring these to the neoadjuvant setting in order to deliver these promising agents, even to
patients with localized cancers, as early as possible.



Cancers 2023, 15, 3967 90f 12

Author Contributions: Conceptualization, R.C.C. and ].M.C.; methodology, R.C.C. and ]. M.C.; formal
analysis, R.C.C,; investigation, R.C.C., A.].G., S.R. and ] M.C.; writing—original draft preparation,
R.C.C.; writing—review and editing, A.].G., S.R. and ].M.C,; supervision, ].M.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7-30. [CrossRef] [PubMed]

2. Park, W,; Chawla, A.; O'Reilly, E.M. Pancreatic Cancer. JAMA 2021, 326, 851. [CrossRef]

3. Chen, S.-J.; Wang, S.-C.; Chen, Y.-C. The Immunotherapy for Colorectal Cancer, Lung Cancer and Pancreatic Cancer. Int. . Mol.
Sci. 2021, 22, 12836. [CrossRef] [PubMed]

4. Principe, D.R.; Korc, M.; Kamath, S.D.; Munshi, H.G.; Rana, A. Trials and tribulations of pancreatic cancer immunotherapy. Cancer
Lett. 2021, 504, 1-14. [CrossRef]

5. McLoughlin, K.C.; Brown, Z.J.; Shukla, Y.; Shukla, V. Promise and pitfalls of immune checkpoint inhibitors in hepato-pancreato-
biliary malignancies. Discov. Med. 2018, 26, 85-92.

6.  Bear, A.S.; Vonderheide, R.H.; O’'Hara, M.H. Challenges and Opportunities for Pancreatic Cancer Immunotherapy. Cancer Cell
2020, 38, 788-802. [CrossRef] [PubMed]

7.  Mizrahi, J.D.; Surana, R.; Valle, ].W.; Shroff, R.T. Pancreatic cancer. Lancet 2020, 395, 2008-2020. [CrossRef]

8. Yamamoto, T.; Yanagimoto, H.; Satoi, S.; Toyokawa, H.; Hirooka, S.; Yamaki, S.; Yui, R.; Yamao, J.; Kim, S.; Kwon, A.-H. Circulating
CD4+CD25+ regulatory T cells in patients with pancreatic cancer. Pancreas 2012, 41, 409-415. [CrossRef]

9. Zhang, H; Ye, L.; Yu, X,; Jin, K.; Wu, W. Neoadjuvant therapy alters the immune microenvironment in pancreatic cancer. Front.
Immunol. 2022, 13, 956984. [CrossRef]

10. Heiduk, M.; Plesca, L; Gliick, J.; Miiller, L.; Digomann, D.; Reiche, C.; von Renesse, J.; Decker, R.; Kahlert, C.; Sommer, U.; et al.
Neoadjuvant chemotherapy drives intratumoral T cells toward a proinflammatory profile in pancreatic cancer. JCI Insight 2022,
7,¢€152761. [CrossRef]

11.  Gulhati, P; Schalck, A.; Jiang, S.; Shang, X.; Wu, C.-J.; Hou, P; Ruiz, S.H.; Soto, L.S.; Parra, E.; Ying, H.; et al. Targeting T cell
checkpoints 41BB and LAG3 and myeloid cell CXCR1/CXCR2 results in antitumor immunity and durable response in pancreatic
cancer. Nat. Cancer 2023, 4, 62-80. [CrossRef]

12. Balachandran, V.P,; Luksza, M.; Zhao, J.N.; Makarov, V.; Moral, J.A.; Remark, R.; Herbst, B.; Askan, G.; Bhanot, U.;
Sendabaoglu, Y.; et al. Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature 2017, 551,
512-516. [CrossRef]

13.  Gunderson, A.J.; Rajamanickam, V.; Bui, C.; Bernard, B.; Pucilowska, J.; Ballesteros-Merino, C.; Schmidt, M.; McCarty, K.; Philips,
M.; Piening, B.; et al. Germinal center reactions in tertiary lymphoid structures associate with neoantigen burden, humoral
immunity and long-term survivorship in pancreatic cancer. Oncolmmunology 2021, 10, 1900635. [CrossRef]

14. Bockorny, B.; Grossman, J.E.; Hidalgo, M. Facts and Hopes in Inmunotherapy of Pancreatic Cancer. Clin. Cancer Res. 2022, 28,
4606-4617. [CrossRef]

15. O'Reilly, EM.; Oh, D.-Y,; Dhani, N.; Renouf, D.J.; Lee, M.A.; Sun, W,; Fisher, G.; Hezel, A.; Chang, S.-C.; Vlahovic, G.; et al.
Durvalumab with or without Tremelimumab for Patients with Metastatic Pancreatic Ductal Adenocarcinoma: A Phase 2
Randomized Clinical Trial. JAMA Oncol. 2019, 5, 1431-1438. [CrossRef]

16. Aquina, C.T.; Ejaz, A.; Tsung, A.; Pawlik, T.M.; Cloyd, ].M. National Trends in the Use of Neoadjuvant Therapy Before Cancer
Surgery in the US From 2004 to 2016. JAMA Netw. Open 2021, 4, €211031. [CrossRef]

17. Brown, Z.].; Cloyd, ].M. Trends in the utilization of neoadjuvant therapy for pancreatic ductal adenocarcinoma. J. Surg. Oncol.
2021, 123, 1432-1440. [CrossRef]

18. Springfeld, C.; Ferrone, C.R.; Katz, M.H.G.; Philip, P.A.; Hong, T.S.; Hackert, T.; Biichler, M.W.; Neoptolemos, ]. Neoadjuvant
therapy for pancreatic cancer. Nat. Rev. Clin. Oncol. 2023, 20, 318-337. [CrossRef]

19. Sohal, D.PS.; Duong, M.; Ahmad, S.A.; Gandhi, N.S.; Beg, M.S.; Wang-Gillam, A.; Wade, ].L.; Chiorean, E.G.; Guthrie, K.A,;
Lowy, A.M,; et al. Efficacy of Perioperative Chemotherapy for Resectable Pancreatic Adenocarcinoma. JAMA Oncol. 2021, 7, 421.
[CrossRef]

20. Robert, C.Is earlier better for melanoma checkpoint blockade? Nat. Med. 2018, 24, 1645-1648. [CrossRef]

21. Wang, H,; Li, S,; Liu, T.; Chen, J.; Dang, J. Neoadjuvant immune checkpoint inhibitor in combination with chemotherapy or
chemoradiotherapy in resectable esophageal cancer: A systematic review and meta-analysis. Front. Immunol. 2022, 13, 998620.
[CrossRef]

22.  Springfeld, C.; Bailey, P.; Hackert, T.; Neoptolemos, ].P. Perioperative immunotherapy for pancreatic cancer is on its way.

Hepatobiliary Surg. Nutr. 2021, 10, 534-537. [CrossRef]


https://doi.org/10.3322/caac.21590
https://www.ncbi.nlm.nih.gov/pubmed/31912902
https://doi.org/10.1001/jama.2021.13027
https://doi.org/10.3390/ijms222312836
https://www.ncbi.nlm.nih.gov/pubmed/34884642
https://doi.org/10.1016/j.canlet.2021.01.031
https://doi.org/10.1016/j.ccell.2020.08.004
https://www.ncbi.nlm.nih.gov/pubmed/32946773
https://doi.org/10.1016/S0140-6736(20)30974-0
https://doi.org/10.1097/MPA.0b013e3182373a66
https://doi.org/10.3389/fimmu.2022.956984
https://doi.org/10.1172/jci.insight.152761
https://doi.org/10.1038/s43018-022-00500-z
https://doi.org/10.1038/nature24462
https://doi.org/10.1080/2162402X.2021.1900635
https://doi.org/10.1158/1078-0432.CCR-21-3452
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1001/jamanetworkopen.2021.1031
https://doi.org/10.1002/jso.26384
https://doi.org/10.1038/s41571-023-00746-1
https://doi.org/10.1001/jamaoncol.2020.7328
https://doi.org/10.1038/s41591-018-0250-0
https://doi.org/10.3389/fimmu.2022.998620
https://doi.org/10.21037/hbsn-21-238

Cancers 2023, 15, 3967 10 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Cloyd, ].M.; Ejaz, A.; Shen, C.; Dillhoff, M.; Williams, TM.; Noonan, A.; Pawlik, T.M.; Tsung, A. Pathologic complete response
following neoadjuvant therapy for pancreatic ductal adenocarcinoma: Defining the incidence, predictors, and outcomes. HPB
2020, 22, 1569-1576. [CrossRef] [PubMed]

Sucharew, H. Methods for Research Evidence Synthesis: The Scoping Review Approach. J. Hosp. Med. 2019, 14, 416. [CrossRef]
[PubMed]

McCarthy, PM.; Rendo, M.J.; Uy, M.D.; Adams, A.M.; O’Shea, A.E.; Nelson, D.W.; Fenderson, J.L.; Cebe, K.M.; Krell, RW.,;
Clifton, G.T.; et al. Near Complete Pathologic Response to PD-1 Inhibitor and Radiotherapy in a Patient with Locally Advanced
Pancreatic Ductal Adenocarcinoma. OncoTargets Ther. 2021, 14, 3537-3544. [CrossRef] [PubMed]

Du,]J.; Lu, C.;Mao, L.; Zhu, Y.; Kong, W.; Shen, S.; Tang, M.; Bao, S.; Cheng, H.; Li, G.; et al. PD-1 blockade plus chemoradiotherapy
as preoperative therapy for patients with BRPC/LAPC: A biomolecular exploratory, phase II trial. Cell Rep. Med. 2023, 4, 100972.
[CrossRef]

Heumann, T.; Judkins, C.; Li, K.; Lim, S.J.; Hoare, ].; Parkinson, R.; Cao, H.; Zhang, T.; Gai, ].; Celiker, B.; et al. A platform trial of
neoadjuvant and adjuvant antitumor vaccination alone or in combination with PD-1 antagonist and CD137 agonist antibodies in
patients with resectable pancreatic adenocarcinoma. Nat. Commun. 2023, 14, 3650. [CrossRef]

Hewitt, D.B.; Nissen, N.; Hatoum, H.; Musher, B.; Seng, J.; Coveler, A.L.; Al-Rajabi, R.; Yeo, C.J.; Leiby, B.; Banks, ].M.; et al. A
Phase 3 Randomized Clinical Trial of Chemotherapy with or Without Algenpantucel-L (HyperAcute-Pancreas) Inmunotherapy in
Subjects with Borderline Resectable or Locally Advanced Unresectable Pancreatic Cancer. Ann. Surg. 2022, 275, 45-53. [CrossRef]
Zheng, L.; Ding, D.; Edil, B.H.; Judkins, C.; Durham, J.N.; Thomas, D.L.; Bever, KM.; Mo, G.; Solt, S.E.; Hoare, J.A.; et al.
Vaccine-Induced Intratumoral Lymphoid Aggregates Correlate with Survival Following Treatment with a Neoadjuvant and
Adjuvant Vaccine in Patients with Resectable Pancreatic Adenocarcinoma. Clin. Cancer Res. 2021, 27, 1278-1286. [CrossRef]
Nywening, TM.; Wang-Gillam, A.; Sanford, D.E.; Belt, A.B.; Panni, R.Z.; Cusworth, B.M.; Toriola, A.T.; Nieman, R.K.; Worley, L.A ;
Yano, M.; et al. Targeting tumour-associated macrophages with CCR2 inhibition in combination with FOLFIRINOX in patients
with borderline resectable and locally advanced pancreatic cancer: A single-centre, open-label, dose-finding, non-randomised,
phase 1b trial. Lancet Oncol. 2016, 17, 651-662. [CrossRef]

Lin, C.; Verma, V.; Lazenby, A.; Ly, Q.P; Berim, L.D.; Schwarz, ].K.; Madiyalakan, M.; Nicodemus, C.F; Hollingsworth, M. A ;
Meza, J.L.; et al. Phase I/1I Trial of Neoadjuvant Oregovomab-based Chemoimmunotherapy Followed by Stereotactic Body
Radiotherapy and Nelfinavir for Locally Advanced Pancreatic Adenocarcinoma. Am. J. Clin. Oncol. 2019, 42, 755-760. [CrossRef]
Byrne, K.T.; Betts, C.B.; Mick, R.; Sivagnanam, S.; Bajor, D.L.; Laheru, D.A.; Chiorean, E.G.; O’'Hara, M.H.; Liudahl, S.M.;
Newcomb, C.W.; et al. Neoadjuvant Selicrelumab, an Agonist CD40 Antibody, Induces Changes in the Tumor Microenvironment
in Patients with Resectable Pancreatic Cancer. Clin. Cancer Res. 2021, 27, 4574-4586. [CrossRef]

Ghebeh, H.; Elshenawy, M.A.; AlSayed, A.D.; Al-Tweigeri, T. Peripheral blood eosinophil count is associated with response to
chemoimmunotherapy in metastatic triple-negative breast cancer. Immunotherapy 2022, 14, 189-199. [CrossRef]

Chen, Y.; Guo, C.; Bai, X.; Gao, S.; Shen, Y.; Zhang, M.; Wu, J.; Que, R;; Li, X;; Liang, T. Randomized phase II trial of neoadjuvant
chemotherapy with modified FOLFIRINOX versus modified FOLFIRINOX and PD-1 antibody for borderline resectable and
locally advanced pancreatic cancer (the CISPD-4 study). J. Clin. Oncol. 2022, 40 (Suppl. 4), 562. [CrossRef]

Hong, T.S.; Yeap, B.Y.; Horick, N.K.,; Wo, J.Y.-L.; Weekes, C.D.; Allen, J.N.; Qadan, M.; Oberstein, PE.; Jain, RK,;
Blaszkowsky, L.S.; et al. A multicenter, randomized phase II study of total neoadjuvant therapy (TNT) with FOLFIRI-
NOX (FFX) and SBRT, with or without losartan (L) and nivolumab (N) in borderline resectable (BR) and locally advanced (LA)
pancreatic ductal adenocarcinoma (PDAC). J. Clin. Oncol. 2023, 41 (Suppl. 4), 719. [CrossRef]

Rossi, A.]J.; Khan, TM.; Hong, H.; Lesinski, G.B.; Wu, C.; Hernandez, ].M. Pepinemab (Anti-SEMA4D) in Combination with
Ipilimumab or Nivolumab for Patients with Resectable Pancreatic and Colorectal Cancer. Ann. Surg. Oncol. 2021, 28, 4098-4099.
[CrossRef]

Helmink, B.A.; Reddy, S.M.; Gao, J.; Zhang, S.; Basar, R.; Thakur, R.; Yizhak, K.; Sade-Feldman, M.; Blando, J.; Han, G.; et al. B
cells and tertiary lymphoid structures promote immunotherapy response. Nature 2020, 577, 549-555. [CrossRef]

Hiraoka, N.; Ino, Y.; Yamazaki-Itoh, R.; Kanai, Y.; Kosuge, T.; Shimada, K. Intratumoral tertiary lymphoid organ is a favourable
prognosticator in patients with pancreatic cancer. Br. J. Cancer 2015, 112, 1782-1790. [CrossRef]

Lutz, E.R.; Wu, A.A,; Bigelow, E.; Sharma, R.; Mo, G.; Soares, K.; Solt, S.; Dorman, A.; Wamwea, A ; Yager, A.; et al. Inmunotherapy
Converts Nonimmunogenic Pancreatic Tumors into Immunogenic Foci of Immune Regulation. Cancer Immunol. Res. 2014, 2,
616-631. [CrossRef]

Wang, J.; Saung, M.T.; Li, K,; Fu, ].; Fujiwara, K.; Niu, N.; Muth, S.; Wang, J.; Xu, Y.; Rozich, N.; et al. CCR2/CCR5 inhibitor permits
the radiation-induced effector T cell infiltration in pancreatic adenocarcinoma. J. Exp. Med. 2022, 219, €20211631. [CrossRef]
Marabelle, A.; Le, D.T.; Ascierto, P.A.; Di Giacomo, A.M.; De Jesus-Acosta, A.; Delord, J.-P.; Geva, R.; Gottfried, M.; Penel,
N.; Hansen, A.R; et al. Efficacy of Pembrolizumab in Patients with Noncolorectal High Microsatellite Instability /Mismatch
Repair-Deficient Cancer: Results from the Phase I KEYNOTE-158 Study. . Clin. Oncol. 2020, 38, 1-10. [CrossRef] [PubMed]
Taieb, ].; Sayah, L.; Heinrich, K.; Kunzmann, V.; Boileve, A.; Cirkel, G.; Lonardi, S.; Chibaudel, B.; Turpin, A ; Beller, T.; et al. Effi-
cacy of immune checkpoint inhibitors in microsatellite unstable /mismatch repair-deficient advanced pancreatic adenocarcinoma:
An AGEO European Cohort. Eur. J. Cancer 2023, 188, 90-97. [CrossRef] [PubMed]


https://doi.org/10.1016/j.hpb.2020.01.013
https://www.ncbi.nlm.nih.gov/pubmed/32063480
https://doi.org/10.12788/jhm.3248
https://www.ncbi.nlm.nih.gov/pubmed/31251164
https://doi.org/10.2147/OTT.S311661
https://www.ncbi.nlm.nih.gov/pubmed/34103944
https://doi.org/10.1016/j.xcrm.2023.100972
https://doi.org/10.1038/s41467-023-39196-9
https://doi.org/10.1097/SLA.0000000000004669
https://doi.org/10.1158/1078-0432.CCR-20-2974
https://doi.org/10.1016/S1470-2045(16)00078-4
https://doi.org/10.1097/COC.0000000000000599
https://doi.org/10.1158/1078-0432.CCR-21-1047
https://doi.org/10.2217/imt-2021-0149
https://doi.org/10.1200/JCO.2022.40.4_suppl.562
https://doi.org/10.1200/JCO.2023.41.4_suppl.719
https://doi.org/10.1245/s10434-021-10111-0
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.1038/bjc.2015.145
https://doi.org/10.1158/2326-6066.CIR-14-0027
https://doi.org/10.1084/jem.20211631
https://doi.org/10.1200/JCO.19.02105
https://www.ncbi.nlm.nih.gov/pubmed/31682550
https://doi.org/10.1016/j.ejca.2023.04.012
https://www.ncbi.nlm.nih.gov/pubmed/37229836

Cancers 2023, 15, 3967 11 of 12

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Padrén, LJ.; Maurer, D.M.; O’hara, M.H.; O’reilly, EM.; Wolff, R.A.; Wainberg, Z.A.; Ko, A.H.; Fisher, G.; Rahma, O
Lyman, J.P; et al. Sotigalimab and/or nivolumab with chemotherapy in first-line metastatic pancreatic cancer: Clinical and
immunologic analyses from the randomized phase 2 PRINCE trial. Nat. Med. 2022, 28, 1167-1177. [CrossRef] [PubMed]
Bockorny, B.; Semenisty, V.; Macarulla, T.; Borazanci, E.; Wolpin, B.M.; Stemmer, S.M.; Golan, T.; Geva, R.; Borad, M.J.;
Pedersen, K.S.; et al. BL-8040, a CXCR4 antagonist, in combination with pembrolizumab and chemotherapy for pancreatic cancer:
The COMBAT trial. Nat. Med. 2020, 26, 878-885. [CrossRef]

Safyan, R.A.; Manji, G.A.; Lee, S.M,; Silva, R.; Bates, S.E.; White, R.A.; Jamison, ] K; Bass, A.].; Schwartz, G.K.; Oberstein, P.E.; et al.
Phase 2 study of azacitidine (AZA) plus pembrolizumab (pembro) as second-line treatment in patients with advanced pancreatic
ductal adenocarcinoma. J. Clin. Oncol. 2022, 40 (Suppl. 16), 4158. [CrossRef]

Baretti, M.; Durham, ].N.; Walker, R.; Mitcheltree, A.-L.; Christmas, B.; Cope, L.; Jaffee, EM.; Azad, N.S. Entinostat in combination
with nivolumab for patients with advanced cholangiocarcinoma and pancreatic adenocarcinoma. J. Clin. Oncol. 2018, 36 (Suppl.
15), TPS4151. [CrossRef]

Ahmad, S.A.; Duong, M.; Sohal, D.P.S.; Gandhi, N.S.; Beg, M.S.; Wang-Gillam, A.; Wade, J.L.I; Chiorean, E.G.; Guthrie, K.A;
Lowy, AM,; et al. Surgical Outcome Results from SWOG S1505: A Randomized Clinical Trial of mFOLFIRINOX Versus
Gemcitabine/Nab-paclitaxel for Perioperative Treatment of Resectable Pancreatic Ductal Adenocarcinoma. Ann Surg. 2020, 272,
481-486. [CrossRef]

Brown, Z.J.; Heh, V; Labiner, H.E.; Brock, G.N.; Ejaz, A.; Dillhoff, M.; Tsung, A.; Pawlik, T.M.; Cloyd, ].M. Surgical resection rates
after neoadjuvant therapy for localized pancreatic ductal adenocarcinoma: Meta-analysis. Br. J. Surg. 2022, 110, 34-42. [CrossRef]
Rahim, M.K.; Okholm, T.L.H.; Jones, K.B.; McCarthy, E.E.; Liu, C.C.; Yee, J.L.; Tamaki, S.J.; Marquez, D.M.; Tenvooren, I;
Wai, K.; et al. Dynamic CD8+ T cell responses to cancer immunotherapy in human regional lymph nodes are disrupted in
metastatic lymph nodes. Cell 2023, 186, 1127-1143.e18. [CrossRef]

Canellas-Socias, A.; Cortina, C.; Hernando-Momblona, X.; Palomo-Ponce, S.; Mulholland, E.J.; Turon, G.; Mateo, L.; Conti, S.;
Roman, O.; Sevillano, M.; et al. Metastatic recurrence in colorectal cancer arises from residual EMP1. Nature 2022, 611, 603-613.
[CrossRef]

Hale, D.E; Vreeland, T.].; Peoples, G.E. Arming the Immune System Through Vaccination to Prevent Cancer Recurrence. Am. Soc.
Clin. Oncol. Educ. Book 2016, 35, €159—e167. [CrossRef]

Clifton, G.T.; Kohrt, H.E.; Peoples, G.E. Critical issues in cancer vaccine trial design. Vaccine 2015, 33, 7386-7392. [CrossRef]
Seymour, L.; Bogaerts, J.; Perrone, A.; Ford, R.; Schwartz, L.H.; Mandrekar, S.; Lin, N.U,; Litiére, S.; Dancey, J.; Chen, A.; et al.
iRECIST: Guidelines for response criteria for use in trials testing immunotherapeutics. Lancet Oncol. 2017, 18, e143—e152.
[CrossRef]

Berz, AM.; Boughdad, S.; Vietti-Violi, N.; Digklia, A.; Dromain, C.; Dunet, V.; Duran, R. Imaging assessment of toxicity related to
immune checkpoint inhibitors. Front. Immunol. 2023, 14, 1133207. [CrossRef]

Aarntzen, E.H.J.G,; Figdor, C.G.; Adema, G.J.; Punt, C.J.A; De Vries, I.].M. Dendritic cell vaccination and immune monitoring.
Cancer Immunol. Immunother. 2008, 57, 1559-1568. [CrossRef]

Ullman, N.A.; Burchard, PR.; Dunne, R.E; Linehan, D.C. Inmunologic Strategies in Pancreatic Cancer: Making. . Clin. Oncol.
2022, 40, 2789-2805. [CrossRef]

Bohan, PM.K; Chick, R.C.; Hickerson, A.T.; Messersmith, L.M.; Williams, G.M.; Cindass, J.L.; Lombardo, J.; Collins, R.; Brady,
R.O.; Hale, D.E; et al. Correlation of tumor microenvironment from biopsy and resection specimens in untreated colorectal cancer
patients: A surprising lack of agreement. Cancer Immunol. Immunother. 2021, 70, 1465-1474. [CrossRef]

Rojas, L.A.; Sethna, Z.; Soares, K.C.; Olcese, C.; Pang, N.; Patterson, E.; Lihm, J.; Ceglia, N.; Guasp, P; Chu, A.; et al. Personalized
RNA neoantigen vaccines stimulate T cells in pancreatic cancer. Nature 2023, 618, 144-150. [CrossRef]

Salas-Benito, D.; Pérez-Gracia, J.L.; Ponz-Sarvisé, M.; Rodriguez-Ruiz, M.E.; Martinez-Forero, I.; Castafién, E.; Lépez-Picazo, ] M.;
Sanmamed, M.E; Melero, I. Paradigms on Immunotherapy Combinations with Chemotherapy. Cancer Discov. 2021, 11, 1353-1367.
[CrossRef]

Vreeland, T.J.; Clifton, G.T.; Herbert, G.S.; Hale, D.E; Jackson, D.O.; Berry, ].S.; Peoples, G.E. Gaining ground on a cure through
synergy: Combining checkpoint inhibitors with cancer vaccines. Expert Rev. Clin. Immunol. 2016, 12, 1347-1357. [CrossRef]
Chick, R.C.; Faries, M.B.; Hale, D.E; Bohan, PM.K.; Hickerson, A.T.; Vreeland, T.J.; Myers, ] W.; Cindass, J.L.; Ii, T.A.B,;
Hyngstrom, J.; et al. Multi-institutional, prospective, randomized, double-blind, placebo-controlled phase IIb trial of the tumor
lysate, particle-loaded, dendritic cell (TLPLDC) vaccine to prevent recurrence in high-risk melanoma patients: A subgroup
analysis. Cancer Med. 2021, 10, 4302—4311. [CrossRef] [PubMed]

Kleponis, ].; Skelton, R.; Zheng, L. Fueling the engine and releasing the break: Combinational therapy of cancer vaccines and
immune checkpoint inhibitors. Cancer Biol. Med. 2015, 12, 201-208. [CrossRef] [PubMed]

Soares, K.C.; Rucki, A.A.; Wu, A.A_; Olino, K; Xiao, Q.; Chai, Y.; Wamwea, A.; Bigelow, E.; Lutz, E.; Liu, L.; et al. PD-1/PD-L1
Blockade Together with Vaccine Therapy Facilitates Effector T-Cell Infiltration into Pancreatic Tumors. J. Immunother. 2015, 38,
1-11. [CrossRef] [PubMed]

Evans, E.E.; Paris, M.; Smith, E.S.; Zauderer, M. Inmunomodulation of the tumor microenvironment by neutralization of
Semaphorin 4D. Oncolmmunology 2015, 4, e1054599. [CrossRef]


https://doi.org/10.1038/s41591-022-01829-9
https://www.ncbi.nlm.nih.gov/pubmed/35662283
https://doi.org/10.1038/s41591-020-0880-x
https://doi.org/10.1200/JCO.2022.40.16_suppl.4158
https://doi.org/10.1200/JCO.2018.36.15_suppl.TPS4151
https://doi.org/10.1097/SLA.0000000000004155
https://doi.org/10.1093/bjs/znac354
https://doi.org/10.1016/j.cell.2023.02.021
https://doi.org/10.1038/s41586-022-05402-9
https://doi.org/10.1200/EDBK_158946
https://doi.org/10.1016/j.vaccine.2015.09.019
https://doi.org/10.1016/S1470-2045(17)30074-8
https://doi.org/10.3389/fimmu.2023.1133207
https://doi.org/10.1007/s00262-008-0553-y
https://doi.org/10.1200/JCO.21.02616
https://doi.org/10.1007/s00262-020-02784-5
https://doi.org/10.1038/s41586-023-06063-y
https://doi.org/10.1158/2159-8290.CD-20-1312
https://doi.org/10.1080/1744666X.2016.1202114
https://doi.org/10.1002/cam4.3969
https://www.ncbi.nlm.nih.gov/pubmed/33982452
https://doi.org/10.7497/j.issn.2095-3941.2015.0046
https://www.ncbi.nlm.nih.gov/pubmed/26487965
https://doi.org/10.1097/CJI.0000000000000062
https://www.ncbi.nlm.nih.gov/pubmed/25415283
https://doi.org/10.1080/2162402X.2015.1054599

Cancers 2023, 15, 3967 12 of 12

65. Tsujikawa, T.; Crocenzi, T.; Durham, J.N.; Sugar, E.A;; Wu, A.A.,; Onners, B.; Nauroth, ].M.; Anders, R.A.; Fertig, E.J.;
Laheru, D.A; etal. Evaluation of Cyclophosphamide/GVAX Pancreas Followed by Listeria-Mesothelin (CRS-207) with or
without Nivolumab in Patients with Pancreatic Cancer. Clin Cancer Res. 2020, 26, 3578-3588. [CrossRef] [PubMed]

66. Sznol, M.; Rizvi, N. Teaching an old dog new tricks: Re-engineering IL-2 for immuno-oncology applications. J. Immunother. Cancer
2023, 11, e006346. [CrossRef]

67. Leidner, R, Silva, N.S.; Huang, H.; Sprott, D.; Zheng, C.; Shih, Y.-P; Leung, A.; Payne, R ; Sutcliffe, K.; Cramer, J.; et al. Neoantigen
T-Cell Receptor Gene Therapy in Pancreatic Cancer. N. Engl. J. Med. 2022, 386, 2112-2119. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1158/1078-0432.CCR-19-3978
https://www.ncbi.nlm.nih.gov/pubmed/32273276
https://doi.org/10.1136/jitc-2022-006346
https://doi.org/10.1056/NEJMoa2119662

	Introduction 
	Materials and Methods 
	Results 
	Immune Checkpoint Inhibition 
	Vaccines 
	Other Immune-Modulating Biologic Therapies 

	Discussion 
	Conclusions 
	References

