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Abstract

Pancreatic cancer is one of the main causes of cancer-related deaths in China. Most patients are
diagnosed at an unresectable or metastatic stage. For those with localized diseases, a
multidisciplinary approach is needed to maximize survival rates and optimize outcomes. In recent
years, with the increasing adoption of minimally invasive techniques and surgical plans, the quality
and safety of pancreatic cancer surgeries have improved. Nowadays, systemic chemotherapy has also
developed to affect survival, it is increasingly being used in neoadjuvant therapy Settings, usually in
conjunction with radiotherapy. Besides, the increased use of genomic testing in metastatic pancreatic
cancer has led to a better understanding of its biology, enabling clinicians to consider potential
targeted therapies. Similarly, drugs such as PARP inhibitors, immune checkpoint inhibitors, and even
tumor vaccines have emerged and achieved encouraging results. Not only that, advancements in
materials science have also brought new opportunities for the treatment of pancreatic cancer. New
materials often influence drug delivery or enhance drug efficacy to function. In conclusion, pancreatic
cancer remains a disease with a relatively poor long-term survival rate. However, recent
developments have brought about improved results and changed the practices of the past years. This
review summarizes the current practices in pancreatic cancer treatment, as well as the milestones and
emerging therapies that have brought us to where we are today.

Keywords: advances; treatment; pancreatic cancer

Introduction

The latest global cancer data released in 2024 shows that in 2022 [1],there were 510,500 new cases
of pancreatic cancer worldwide, with 467,000 deaths. The fatality rate ranks sixth among all
malignant tumors. Asia contributed the most to the global increase in confirmed cases (47.1%) and
cancer-related deaths (48.1%).

The human development index (HDI), calculated based on life expectancy, educational level and
quality of life, is used to evaluate the development status of a country. Higher HDI is associated with
an increased incidence and mortality of pancreatic cancer [2]. In the United States, pancreatic cancer
is the fourth leading cause of death among all cancers [3] and is expected to become the second
leading cause of death by 2030[4]. In EU countries, the incidence of pancreatic cancer ranks 8th among
all malignant tumors, and the cancer-related mortality rate ranks 6th. By 2040, the total incidence of
pancreatic cancer is expected to increase by 30%[5] .

Although the prognosis of pancreatic cancer is poor and our understanding of pancreatic cancer
is limited, the updated surgical methods have improved the quality of treatment. Radiotherapy and
chemotherapy have also become important adjunctive means for the treatment of pancreatic cancer.
With the in-depth study of tumor genomics, targeted therapy and immunotherapy bring new hope
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to patients. In this review, we will discuss the current treatment methods for pancreatic cancer and
the evidence behind them(Figurel).
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Figure 1. Different treatments of pancreatic cancer.

1. Surgical treatment

This section mainly covers open surgery, laparoscopic surgery and robotic surgery for the
treatment of pancreatic cancer(Figure2).
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Figure 2. Three surgical treatment methods for pancreatic cancer.
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1.1. Open surgery

The choice of surgical plan for pancreatic cancer is mainly based on the specific location of the
tumor in the pancreas. For lesions located in the distal pancreas, distal pancreatectomy is usually
performed. However, for malignant tumors in the head of the pancreas, pancreatectomy is required
to achieve complete clearance. Whipple first elaborated a two-stage treatment method for the
treatment of ampullary malignant tumors in his article published in 1935, and since then established
the basis for the complex surgical operation of Pancreaticoduodenectomy [6].

Early reports of post-operative mortality were as high as 30-45%[7-9]. A study of 400 patients
with stage I or 1II pancreatic head cancer randomized them to standard
pancreaticoduodenectomy(SPD) or extensive pancreaticoduodenectomy (EPD), which found that
patients in the EPD group had lower postoperative mesenteric lymph node recurrence rate and
longer disease progression-free survival time[10]. However, Wang observed 170 patients who
underwent pancreaticoduodenectomy with different degrees of lymph node dissection (including 81
with standard dissection and 89 with extended dissection) and showed that more extensive lymph
node dissection did not significantly improve the long-term survival of patients[9]. Instead, it may
reduce the odds of overall survival within a year.Today, mortality has vastly improved and is now
at an acceptable 1-3% in big high-volume centers [9-12]. Nevertheless, short-term morbidity remains
a significant issue, such as pancreatic fistulas(PF) and delayed gastric emptying(DGE)[7]. Some
retrospective analyses suggest that a long operation time and intraoperative blood loss greater than
1 liter may increase the risk of PF[13], however, some large-sample studies have also shown that the
length of the operation and the intraoperative blood loss have no significant correlation with the
occurrence of PF[14]. Some scholars' studies have shown that the occurrence of postoperative
complications such as PF, peritoneal effusion, abdominal abscess, etc., and the mortality rate in
patients without prophylactic placement of abdominal drainage tubes after pancreaticoduodenal
surgery are significantly increased [15]. Multiple meta-analyses have reported that patients without
preventive drainage have a higher mortality rate, and patients with a low risk of PF may benefit from
the placement of intra-abdominal drainage tubes [16]. A meta-analysis by Hanna et al on surgical
technique found antecolic position of the gastrojejunostomy limb as well as subtotal stomach
preserving PD to be associated with lower incidence of DGE [17]. Overall, PF and DGE after PD
remains a challenging issue in need of further study.

1.2. Laparoscopic surgery

In 1994, Gagner and Pomp first reported Laparoscopic pancreaticoduodenectomy (LPD) [18].
Compared with Open pancreaticoduodenectomy (OPD), LPD has a longer learning curve, a longer
operation time, and a higher risk of potential complications. However, a study of 146 patients with
LPD found an overall mortality rate of only 1.3%, a complication rate of 16%, and an average blood
loss of 143 ml [19]. With the increasing experience of surgeons, the application of LPD has been
expanded to cover complex situations such as intestinal vascular resection and reconstruction [20,21],
and the incidence of complications has decreased. In a randomized clinical trial [22], a comparative
analysis of perioperative conditions and outcomes in 66 patients (34 treated with LPD and 32 with
OPD) showed that: Compared with OPD, LPD showed advantages in shortening the length of
hospital stay (13.5 days vs 17 days, respectively) and reducing the burden of postoperative
complications.

In addition, several meta-analyses[23,24] compared 9144 patients who underwent LPD with
15,278 patients who underwent OPD. The study found that there was no significant difference in
operative mortality and pancreatic fistula rate between the two groups, but the LPD group performed
better in achieving R0 resection and lymph node dissection.Compared with OPD, although the safety
of LPD is equivalent, it significantly reduces the amount of intraoperative blood loss, the degree of
trauma and the occurrence of postoperative complications [25]. In addition, this method requires
surgeons to perform delicate operations in a limited space, which can improve the surgical accuracy
to a certain extent. However, due to the complex operation process, difficult anatomy and high
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requirements of LPD, as well as the unique leverage effect of laparoscopic instruments, inbendability
and the unnatural body posture of the operator, LPD may have a negative impact on the surgical
results [26]. In some cases, these challenges may lead to the difficulty of performing precise
procedures or the inability of assistants to provide a clear field of view, thereby increasing the risk of
surgery and threatening the safety of patients, which may lead to the loss of the original advantages
of minimally invasive, precision, and safety. With the advancement of technology, LPD has become
one of the standard treatments in some professional medical institutions, which not only improves
the treatment effect of pancreatic tumors, but also allows more patients to benefit from it.

1.3. Robotic surgery

With the clinical application of robotic surgical system, the surgical treatment of pancreatic
cancer has ushered in a new development opportunity. Robot-assisted Pancreaticoduodenectomy
(RPD) is one of the new technologies, which provides a new treatment option for patients with
pancreatic cancer [27]. With its 3D high-definition vision, bionic robotic arm and intuitive motion
control system, Da Vinci surgical system not only makes the surgical process more minimally
invasive and accurate [28], but also improves the surgeon's operating posture and makes it more
ergonomic, thus improving the surgical effect to a certain extent. However, due to the limitation of
technology and equipment conditions, RPD is currently mainly implemented in hepatobiliary and
pancreatic specialties and large medical institutions [29]. In 2016, Zureikat conducted a multicenter
retrospective study comparing the perioperative outcomes of 211 patients treated with RPD and 817
patients treated with traditional open surgery [30]. The study showed no significant differences in
mortality, length of hospital stay, or readmission rates, while RPD has lower blood loss and fewer
serious complications, while the operation time is relatively prolonged.

In particular, it is important to point out that the learning period is significantly shorter in RPD
compared to LPD. Studies have found that approximately 20 to 80 operations are required to train a
surgeon who can master the technique of RPD proficiently [31], which is only about half of the
number of cases required to learn LPD. This is further confirmed by the study of Boone, who
suggested that the learning curve of RPD skills is roughly located around 80 cases, which is
significantly lower than the requirements of LPD[32].

1.4. Irreversible electroporation

As a non-thermal ablation technique and an emerging tumor ablation method, Irreversible
electroporation(IRE) induces local cell death by generating a high-voltage short pulsed electric field
that creates tiny pores in the cell membrane [33]. The ability of this technique to achieve tumor tissue
destruction without causing damage to adjacent blood vessels or common bile duct has been
regarded as a potential palliative treatment option for unresectable and locally advanced pancreatic
cancer [34,35].

Since 2009, Martin[34] took the lead in introducing IRE technology into the clinical treatment of
pancreatic cancer, creating a new chapter of IRE for the treatment of locally advanced pancreatic
cancer. Meta-analysis shows that IRE is relatively safe for the treatment of pancreatic cancer and can
benefit patients[36]. In 2018, a study in Japan included 8 patients who received open abdominal IRE
and percutaneous IRE respectively. The median survival period after the operation was 17.5
months[37]. Subsequently, Denmark conducted 40 IRE operations on 33 patients in 2019, with a
median survival period of 18.5 months. These several studies all show that nanoknife can prolong
the survival time of patients with locally advanced pancreatic cancer[38]. He et al. holds the view that
IRE induced local immunomodulation by increasing specific T cells infiltration. Through enhancing
specific immune memory, IRE not only led a complete tumor regression in suit, but also induced
abscopal effect, suppressing the growth of the latent lesions[39].In recent years, many experts have
begun to pay attention to the potential benefits of IRE combined with chemotherapy, targeted therapy
and immunotherapy for patients with locally advanced unresectable pancreatic cancer. A Phase II
study in 2025 shows that combined beta-glucan with IRE-ablated tumor cells elicited a potent trained
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response and augmented antitumor functionality at 12 months post-IRE, which translated into an
improved overall survival[40]. In addition, results suggest that IRE is a promising approach to
potentiate the efficacy of immune checkpoint blockade in pancreatic cancer [41]. Based on this, IRE
combined with other treatment methods may become a direction for future exploration.

2. Chemotherapy

2.1. Palliative chemotherapy

Due to the lack of specific clinical manifestations in the early stage of the disease and the lack of
effective early screening methods, most patients have already progressed to advanced stages when
diagnosed, resulting in only about 15% to 20% of cases suitable for surgical intervention.Therefore,
systemic chemotherapy has become the main or even the only treatment strategy for patients with
advanced pancreatic cancer. The commonly used chemotherapy regimens for pancreatic cancer
include modified FOLFIRINOX (including 5-fluorouracil, leucovorin, irinotecan and oxaliplatin)
combination therapy, gemcitabine alone or in combination with other drugs, etc. Studies [42] showed
that the median survival time of patients treated with FOLFIRINOX regimen was 11.1 months and
6.8 months, respectively, compared with those treated with standard dose of gemcitabine alone.
According to other reports [43], the overall survival time and progression-free survival time of
paclitaxel plus gemcitabine combination treatment group were prolonged to 8.5 months and 5.5
months, respectively, when compared with gemcitabine alone treatment group(6.7 months and 3.7
months). Although there is evidence that the modified FOLFIRINOX regimen has better efficacy than
gemcitabine, the modified FOLFIRINOX regimen is also associated with a higher risk of toxic effect.
Therefore, in actual clinical practice, gemcitabine remains one of the most widely used chemotherapy
agents. Therefore, gemcitabine alone is considered to be a more appropriate treatment option for
pancreatic cancer patients with poor physical condition.

2.2. Postoperative adjuvant chemotherapy

For patients with pancreatic cancer, adjuvant chemotherapy is recommended after radical
surgery and in the absence of relevant contraindications. Gemcitabine or fluorouracil-based drugs
(such as 5-FU, capecitabine) are widely used. For patients in better condition, combination therapy,
such as gemcitabine plus capecitabine or mFOLFIRINOX, can also be used. It has been shown that
the use of a single agent as adjuvant chemotherapy can confer a survival advantage for patients [44—
46]. Notably, the combination of gemcitabine and capecitabine significantly prolonged the median
survival compared with gemcitabine alone (28 months vs 25.5 months) [46]. In addition, studies
comparing the modified version of FOLFFIRINOx (without irinotecan and 5-FU) with gemcitabine
[47] showed that the modified regimen was superior in improving median survival (54.4 vs 35
months) but was also associated with higher toxic effects. Thus, gemcitabine alone or with
capecitabine may be an appropriate alternative for patients who are unable to tolerate the side effects
of mFOLFIRINOX.

2.3. Preoperative neoadjuvant chemotherapy

For patients who are resectable or nearly resectable, the main goal of neoadjuvant/conversion
therapy is to improve the RO resection rate, thereby prolonging the disease-free survival and overall
survival of patients. The National Comprehensive Cancer Network (NCCN) guidelines recommend
neoadjuvant therapy for borderline or locally advanced disease. FUFIRINOX or gemcitabine with
nab-paclitaxel [48]has been proposed as the preferred option. Compared with the method of starting
chemotherapy after surgery, neoadjuvant chemotherapy can make drugs act on the targeted area
more efficiently without interfering the blood supply of the tumor, which is helpful to deal with the
problem of micro-metastasis that may occur during the subsequent surgery[49]. In addition, it has
been observed in many types of cancer that patients show better tolerance to neoadjuvant
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chemotherapy performed before surgery compared with postoperative chemotherapy, which also
indirectly contributes to the improvement of treatment efficacy [50,51].

In recent years, a number of studies on patients with borderline resectable or locally advanced
pancreatic ductal adenocarcinoma [52-57] and patients with other types of resectable cancer [58-
63]have shown that regardless of the neoadjuvant chemotherapy regimen, the tumor resectability
rate, RO resection rate and median survival time of patients can be improved. In particular, in terms
of the management of resectable cancer, the study by Lutfi [64] compared the data of patients with
early-stage pancreatic cancer (stage I/II) who underwent surgery combined with any form and timing
of chemotherapy with those who did not receive chemotherapy, which showed that the addition of
neoadjuvant chemotherapy, adjuvant chemotherapy, or a combination of the two in addition to
surgery alone, the combination of the two was effective. It can significantly prolong the survival time
of patients. Furthermore, a meta-analysis by Versteijne involving 3484 patients with resectable or
borderline resectable tumors who received any form of neoadjuvant chemotherapy, showed that, as
compared with those who did not receive neoadjuvant therapy, the proportion of patients with
resectable or borderline resectable tumors who did not receive neoadjuvant therapy was significantly
lower. Patients receiving this treatment had longer median survival (18.8 months vs 14.8 months)
[65].

3. Radiotherapy

3.1. Adjuvant radiotherapy

The core mechanism of radiotherapy is the use of radiation sources such as X-rays, gamma rays
and high-energy electron beams to irradiate cancer cells. By triggering ionization and excitation
effects, this process can destroy the DNA structure of cancer cells, deprives them of their ability to
reproduce, and ultimately achieve the goal of eliminating or inhibiting tumor growth.

A randomized controlled trial of patients with no residual disease at the margin after surgery
for pancreatic cancer showed that in the presence of an adjuvant chemoradiotherapy regimen (40Gy
in fractions and weekly 5-fluorouracil), Overall survival was significantly better than in controls who
did not receive this therapy (median survival, 20 and 11 months, respectively) [66]. However, there
have been reports that chemotherapy may have a negative impact on survival [67]. Based on the
available evidence, the American Society for Radiation Oncology (ASTRO) recommended in its
guidelines that fractionated adjuvant radiotherapy should be considered for cases with high-risk
features such as lymph node involvement or positive surgical margins[68].

3.2. Neoadjuvant radiotherapy

Since the 1990s, the Eastern Cooperative Oncology Group of the United States has been
committed to exploring neoadjuvant radiotherapy methods for pancreatic cancer [69]. Despite earlier
concerns that neoadjuvant radiotherapy may increase the risk of complications such as bleeding
during surgery, recent studies have shown no significant increase in the incidence of postoperative
complications and mortality in patients receiving this treatment [70]. Although local radiotherapy
has been shown to help shrink tumor volume and reduce its invasive potential for surrounding
tissues, there is controversy over whether radiotherapy should be added to systemic chemotherapy
as part of a comprehensive treatment regimen after pancreatic cancer surgery.

In order to investigate the application effect of combined radiotherapy before surgery, many
studies have compared the difference between neoadjuvant chemoradiotherapy and direct surgery.
A 2019 phase II trial showed that preoperative chemotherapy with FOLFIRINOX combined with
radiotherapy resulted in downstaging and a 61% RO resection rate in patients with locally advanced
pancreatic cancer [71]. A multicenter, randomized, phase III trial conducted in the Netherlands
(PEROPANC cohort) showed that preoperative chemoradiotherapy in patients with resectable and
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borderline resectable pancreatic cancer significantly increased the rate of RO resection (71% vs 40%),
although median overall survival was improved (15.7 vs 14.3 months, P=0.096). But this difference
did not reach statistical significance. In addition, this method also reduced the incidence of positive
lymph nodes, nerve invasion and venous invasion in the surgical area [72], and five-year survival
was also significantly improved in long-term follow-up (20.5% vs 6.5%) [73]. However, earlier studies
reported that although preoperative combined radiotherapy reduced the risk of local recurrence, it
did not affect overall survival [74]. At the same time, the use of neoadjuvant chemotherapy alone
may be more effective in promoting tumor shrinkage [75]. For patients with resectable pancreatic
cancer, achieving RO resection is a critical prognostic factor [76]. In view of the high incidence of
micrometastasis at diagnosis, it is particularly important to improve the probability of R0 resection
by neoadjuvant radiotherapy.

In view of the lack of sufficient evidence-based medical evidence, the specific efficacy of
neoadjuvant radiotherapy in RPC has not been fully determined. Early efforts have focused on
evaluating the safety and efficacy of this therapy. The phase I/II clinical trials conducted by Talamonti
[77] and Evans [78] have shown that preoperative radiotherapy is well tolerated and safe. In addition,
the high negative resection margin rate and lymph node dissection rate also show its significant
treatment effect. In 2011, Artinyan [79] indicated that neoadjuvant radiotherapy may be a key
prognostic factor after a retrospective analysis of the data of 458 patients who underwent RPC
surgery between 1987 and 2006. The study by Cloyd [80]found that patients who received
neoadjuvant chemoradiotherapy (CRT) had a higher rate of RO resection and a lower risk of
postoperative local recurrence and lymph node metastasis than those who received chemotherapy
alone. For borderline resectable pancreatic cancer (BRPC), neoadjuvant radiotherapy can promote
tumor downgrading and increase the likelihood of successful surgery.

A prospective study [81] showed that among 15 patients who received neoadjuvant CRT, the
surgical resection rate was 60%, all patients had negative margins, and 2 of them achieved pathologic
complete response (pCR). The median Overall Survival (OS) of the patients in this study was 30
months, and no grade >3 adverse events were observed. Another prospective multicenter study
named A021101 [57], which recruited 22 BRPC patients, showed an overall surgical resection rate of
68%, of which 14 patients achieved RO resection. Previous studies have consistently demonstrated
that neoadjuvant radiotherapy can reduce tumor stage and improve surgical resectability, but
whether it can significantly improve median survival is still controversial. A subgroup analysis of the
PREOPANC phase IIl study [72] indicated that BRPC patients treated with neoadjuvant
chemoradiotherapy showed a longer median survival time compared with going straight to surgery.
Nagakawa 's analysis of 884 BRPC patients showed that although the neoadjuvant
chemoradiotherapy group was superior to the chemotherapy alone group in terms of lymph node
positive rate, surgical resection rate, and local recurrence rate, there was no statistically significant
difference in median survival between the two groups[82]. Overall, neoadjuvant/conversion
chemotherapy combined with radiotherapy offers new hope for patients with pancreatic cancer,
especially in BRPC. With the continuous deepening of related research and the advancement of
technology, the combined treatment strategy is expected to bring better treatment outcomes to more
patients.

4. Targeted therapy

As early as 2008, studies revealed 12 core signaling pathways in pancreatic cancer [83].
Subsequently, with the help of advanced sequencing technology, scientists further confirmed the
frequent gene mutations in this disease, including several key drivers such as KRAS, TP53, CDKN2A
and SMAD4 [84]. Meanwhile, research on targeted therapies in response to these findings continues
to advance(Figure3).
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Figure 3. Targeted therapy for pancreatic cancer.

4.1. Targeting KRAS mutations

KRAS mutations have been observed in approximately 90% of patients with pancreatic cancer,
and these mutations are mainly concentrated in three specific codons G12, G13 and Q61, which can
activate the downstream RAF-MEK-ERK pathway and PI3K-AKT-mTOR pathway. In 2013, Ostrem
[85] developed an inhibitor specifically targeting the KRAS G12C variant. Then, in a study led by
Strickler [86], the drug, sotorasib, was used in a population of patients with metastatic pancreatic
cancer harboring the KRAS G12C mutation who were receiving second-line or higher therapy. The
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study, involving 38 participants, showed an objective response rate of 21%, a median progression-
free survival of 4.0 months, and a median overall survival of 6.9 months.

Awad [87] explored the mechanisms of resistance to KRAS G12C inhibitors in clinical use, noting
that cancer cells treated with this class of drugs may develop other forms of KRAS mutations to
counter the effects of sotorasib or adalasib. In April 2024, Kenneth P. Olive Mallika Singh published
his research results on the strong anticancer potential of RMC-7977 in the pancreatic ductal
adenocarcinoma model in Nature [88]. As a reversible Tri-complex inhibitor, RMC-7977 can widely
act on KRAS, NRAS and multiple RAS variants in mutant and normal states. In addition, significant
progress has been made in the research and development of pan-inhibitors and pan-degraders
designed for KRAS in recent years [89,90].

4.2. Targeting upstream of KRAS

In addition to drugs that act directly on KRAS mutant proteins, numerous therapies targeting
molecules in its upstream and downstream signaling pathways are under clinical investigation to
enhance anticancer efficacy and overcome resistance. By inhibiting key regulators upstream of KRAS,
For example, Srchomology-2domain-containing protein tyrosine phosphatase 2, SHP2) and Son of
sevenless homolog 1 (SOS1), allowing efficient control of the activity of a wide range of KRAS
variants. At present, several SHP2 inhibitors are under development, including RMC-4630
(NCTO03634982), TNO155(NCT04330664) and JAB-3312(NCT05288205). In addition, BI-1701963, as a
SOS1 inhibitor [91], has also entered phase I/II clinical trials (NCT04111458). However, the results
obtained by using these novel inhibitors alone are not ideal, and all of them fail to achieve the
expected therapeutic goals. Therefore, SHP2 inhibitors and SOS1 inhibitors may be more considered
as adjunctive therapies in combination with other therapies in the future.

Epidermal growth factor receptor (EGFR), a transmembrane glycoprotein, is overexpressed in
most cases of pancreatic cancer. Anti-egfr drugs inhibit tumor cell growth and survival by preventing
ligand-induced activation of EGFR tyrosine kinase [92]. At present, such drugs mainly include
Tyrosine kinase inhibitor (TKI) and Monoclonal antibody (mAb) against EGFR. However, there are
still many obstacles in the process of using EGFR-TKIs against pancreatic cancer, such as improving
drug tolerance, enhancing disease control effect, and identifying which patients are most likely to
benefit from EGFR-Tkis.

4.3. Target KRAS downstream

Signaling pathways downstream of KRAS include Mitogen activated protein kinases, MAPKs)
pathway (RAF-MEK-ERK) and phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) pathway (PAM pathway). In tumors caused by
KRAS gene mutation, RAF, as a serine/threonine-specific protein kinase, plays an indispensable role
in the process of cell signaling and its resistance mechanism to anti-therapy [93].

Currently, several RAF inhibitors, such as sorafenib and dabrafenib, have been approved for the
treatment of various solid tumors. In 2024, NCCN guidelines recommend dabraafenib in combination
with trametinib as first-line therapy for patients with BRAF V600E mutation-positive metastatic
pancreatic cancer. ERK, as the final kinase in the MAPK pathway, contains two types: ERK1 and
ERK2. Through phosphorylation, ERK can activate or inhibit a variety of target proteins, thereby
blocking the downstream signaling of KRAS and inhibiting the proliferation of tumor cells [94].
Inhibitors of ERK mainly include reversible ERK1/2 inhibitors, irreversible covalent ERK1/2
inhibitors and heterogeneous ERK1/2 inhibitors. At present, several ERK inhibitors, including GDC-
0994[95] and Ulixertinib (BVD-523) [96], are in the clinical research stage. However, no drug has been
officially approved by the FDA to date.

KRAS promotes tumor development by activating the PI3K/AKT/mTOR signaling pathway.
Inhibition of this pathway by microrna can effectively regulate the malignant progression of tumors.
At present, a variety of inhibitors targeting this pathway, such as PI3K inhibitors, AKT inhibitors and
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MTOR-specific inhibitors (such as everolimus and temsirolimus), have been widely used and
intensively studied in the treatment of different types of cancer.

4.4. Targeting other genes

In addition to the classic KRAS therapy, studies targeting other key genes such as TP53, SMAD4,
and CDKN2A are under way. Among them, TP53, as an important tumor suppressor, is usually
expressed at low levels in healthy cells, while its activity is significantly enhanced in cancerous
tissues. Literature reports show that TP53 gene mutations can be detected in about 70% of pancreatic
cancer cases [97]. In addition, more than one-fifth of pancreatic cancer patients carry SMAD4 gene
variants or deletions. This gene is responsible for encoding an intracellular signaling molecule shared
by transforming growth factor-3 (TGF-f) and the bone morphogenetic protein (BMP) superfamily
[98].

As a tumor suppressor gene, CDKN2A mutation plays a key role in the development of
pancreatic cancer. According to statistics, somatic mutations of this gene can be found in about 95%
of pancreatic cancer patients. In addition, the presence of this mutation has been observed in some
cases with familial inheritance tendency. Theoretically, targeted therapies designed for these specific
genes have potential effectiveness, but most of the relevant studies at home and abroad are still in
phase II or III clinical trials[99,100].

In addition to directly targeting specific gene therapy, anti-interstitial drugs acting on the tumor
microenvironment, agents inhibiting angiogenesis and drugs regulating tumor metabolism have also
attracted much attention in the field of targeted therapy of pancreatic cancer.

5. Immunotherapy

The core of immunotherapy is to regulate the immune response by using specific immune cells
or drugs to improve the ability to recognize and attack cancer cells by activating or enhancing the
individual's own immune system to fight cancer. In the field of cancer treatment, a variety of
immunotherapies have shown different clinical effects, including the research and application of
monoclonal antibodies, the development of tumor vaccines, and the development of Chimeric
antigen receptor T-cell (CAR-T) therapy.

5.1. Monoclonal antibody therapy

Monoclonal antibody therapy is designed to inhibit the growth and spread of tumor cells
through the use of artificially generated specific antibodies.

In the field of pancreatic cancer treatment, immune checkpoint inhibitor (ICI) is the most widely
used monoclonal antibody therapy. Pembrolizumab and Ipilimumab have been included in the
treatment of pancreatic cancer [101]. Although immune checkpoint inhibitors have shown
remarkable efficacy in a variety of advanced cancers, However, most pancreatic cancer shows a low
response rate to Programmed cell death-1 (PD-1) or Programmed cell death-ligand 1(PD-L1) targeted
therapy due to their immunological "cold" characteristics [102]. As a result, these monoclonal
antibody therapies have been found to be effective in only a small proportion of patients in clinical
trials. The reasons for this phenomenon may include that the pancreatic tumor microenvironment is
rich in immunosuppressive cells, such as myeloid suppressor cells, regulatory T cells and tumor-
associated macrophages [103]. In addition, insufficient expression of human leukocyte antigen is also
considered to be one of the key factors limiting the efficacy of ICI and other drugs [104].

At present, the immunosuppressive microenvironment of pancreatic cancer has brought many
obstacles to the development of treatment plans. The existing anti-cancer therapies are still very
limited in improving the prognosis of patients.

5.2. Tumor vaccine therapy
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As an immunotherapy, tumor vaccines activate the body's immune response by introducing
external tumor antigens. Currently, vaccines have been approved for lung cancer, prostate cancer
and melanoma. In contrast, vaccines for the treatment of pancreatic cancer are still under
development [105].

Whole-cell vaccines are a type of therapy that uses autologous or allogeneic tumor cells that have
been irradiated or otherwise treated to fight cancer. This treatment is designed to inhibit the
proliferative capacity of the tumor cells while preserving as much of their immunogenic
characteristics as possible to stimulate an immune response against the tumor in the patient. Because
whole-cell vaccines can present multiple tumor antigens to the body, they can help to reduce the
immune escape caused by the loss of specific antigens and improve the effectiveness of the immune
response to varying degrees. A clinical trial (NCT02451982) that investigated the efficacy of
combining a whole-cell vaccine with the PD-1 inhibitor nivolumab and the CD137 agonist urelumab
after surgical resection of pancreatic cancer showed that this combination significantly enhanced the
efficacy of the whole-cell vaccine. It has improved the prognosis of patients [106].

Dendritic cells (DCs) play a key role in triggering antigen-induced immune responses due to
their excellent antigen-presenting function [107]. When these cells are endowed with a specific
antigen in vitro, as part of a tumor vaccine, they can promote the generation of highly specific
cytotoxic T lymphocytes against the antigen in vivo, so as to precisely attack cancerous tissues [108].
A study based on a mouse model showed that mice inoculated with DCs in advance showed lower
tumor development rates and longer life span compared to untreated controls, demonstrating
significantly enhanced anticancer efficacy[109].

According to the central dogma, the sequence of the flow of genetic information is from DNA to
RNA and finally to protein [110]. Currently, the main components of vaccines are usually proteins or
peptides. However, if specific genes can be induced to be expressed in vivo, then DNA and RNA can
equally be used as vaccines for therapeutic purposes. Compared with other types of vaccines, mRNA
vaccines have shown many advantages. First, mRNA can use its nucleic acid sequence as a template
to guide protein synthesis and ensure its proper folding and accurate transport within the cell, thus
achieving a high degree of targeting [111]. Secondly, the vaccine can also activate the innate and
adaptive immune responses [112]. In addition, mRNA vaccines have the advantages of good safety,
low production cost, and easy preparation [113]. A clinical study in 2023 demonstrated that RNA
vaccines can increase T cells including hh in the blood of pancreatic cancer patients, and compared
with those who did not receive the vaccine, the median recurrence-free survival period of those who
received the vaccine was longer[114].

mRNA tumor vaccines have demonstrated in the treatment of pancreatic cancer.It has unique
theoretical advantages and initial clinical potential, but further clinical trials are still needed to
support its practical application.

5.3. Immune cell therapy

CAR-T cell therapy has been successful in the treatment of a variety of hematological
malignancies, and has shown initial results in the field of solid tumors[115]. However, there are
significant differences in clinical efficacy in patients with solid tumors, which are mainly attributed
to the lack of tumor antigen specificity, complex tumor microenvironment, and the difficulty of CAR-
T cells to effectively penetrate into solid tumors, etc., which makes CAR-T cell therapy face many
challenges in the application of solid tumors [116].

A basic study [117] showed that CAR-T cells targeting Mesothelin (MSLN) encapsulated in a
special gel and applied to a mouse model of adenocarcinoma that could not be completely removed
by surgery and was temporarily palliative removed could effectively inhibit tumor recurrence and
metastasis, and showed good safety and controllability. This finding opens up new possibilities for
immune-cell therapy in patients with solid tumors after cytoreductive or curative surgery. A clinical
study in 2021suggested that in a patient with advanced PC, anti-MSLN-7 x 19 CAR-T treatment
resulted in almost complete tumor disappearance 240 days post-intravenous infusion.
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T cell receptor gene engineered T cells (TCR-T) modify the T cell receptor to recognize membrane
and intracellular proteins, and achieve precise recognition and attack against specific epitopes with
high target specificity. In 2022, The Lancet published a case study report [118] on the use of TCR-T
therapy in patients with advanced pancreatic cancer, which attracted wide attention. In one patient
in this study, the infusion of genetically engineered autologous T cells resulted in a significant
reduction in the lung tumor and an objective response. Six months later, the volume of his metastatic
lung lesions had decreased by 72%. In addition, the re-injected T cells could survive in the body for
a long time, accounting for 2.4% of the total number of circulating T cells six months after infusion,
and continued to exert immune effects.

Nevertheless, the efficacy of immunotherapy in the treatment of pancreatic cancer has not yet
been determined, and more preclinical and clinical trial data are still needed to support whether
immunotherapy is effective.

6. Progress of materials science in the treatment of pancreatic cancer

The advances in materials science have opened up a variety of innovative methods and technical
approaches for cancer treatment, while exploring the pathogenesis and pathophysiological processes
of pancreatic cancer.

Chen [119] previously developed a spray-on bioreactive immunofibrin gel that could promote
the transformation of the immunosuppressive tumor microenvironment to a favorable anti-tumor
direction and stimulate a systemic immune response, thereby inhibiting local recurrence and
systemic progression. Calcium carbonate nanoparticles embedded in the gel matrix not only help to
release therapeutic drugs in a controlled manner, but also adjust the acidic and inflammatory
environment after surgical resection by removing H+, further enhancing the anti-tumor immune
effect. In addition, aCD47 released locally from these nanoparticles blocked the "don't eat me" signal
on the cancer cell surface, allowing macrophages to recognize and phagize the cancer cells. Because
macrophages and dendritic cells enhance tumor-specific antigen presentation, CD47 blockade also
promotes T-cell-mediated killing of cancer cells. In addition, to address clinical challenges such as
chemotherapy resistance, researchers have explored a variety of strategies, including chemical
modification of drugs or alteration of the route of administration, while a variety of novel drug
carriers such as nanoparticles [120] and liposomes [121] have been developed. Although animal
studies have shown that these innovative products show superior efficacy in cell tests and small
animal tumor models, most of them are still in the laboratory research stage. In 2023, Wang designed
and prepared a multi-component self-assembled nanobimetic drug with a clear drug composition to
address the bottleneck issue of chemotherapeutic drugs' difficulty in penetrating the PCs matrix,
which was used for the synergistic delivery of the chemotherapeutic drug camptothecin and the small
molecule gas nitric oxide NO to realize the deep penetration of camptothecin in pancreatic cancer to
enhance the chemotherapy effect of pancreatic cancer[122].

In addition, researchers[123] have developed an outer membrane vesicle (OMV) derived from
Escherichia coli Nissle 1917 that binds to the neurobinding peptide NP41 and is loaded with the
tropomyosin receptor kinase inhibitor larotrectinib (Lar@NP-OMYV). It is used for targeted therapy of
tumor-related nerves. By interfering with the neurotrophic factor /Trk signaling pathway, Lar@NP-
OMV can effectively intervene in the nerve, thereby reducing neurite growth. In addition, OMV-
mediated transformation of M2 tumor-associated macrophages to M1 tumor-associated macrophages
further aggravated the damage to the nervous system and enhanced the neural intervention effect
induced by Lar@NP-OMYV, thereby inhibiting the nerve-triggered proliferation, migration and
angiogenesis of pancreatic cancer cells. Using this strategy, Lar@NP-OMYV significantly reduced
gemcitabine-enhanced nerve penetration and neurite outgrowth in the tumor microenvironment and
improved the efficacy of pancreatic cancer chemotherapy.

From the perspective of current research, the development of various new drug delivery systems
has effectively improved the therapeutic effect of pancreatic cancer. However, many of them are still
at the basic research stage at present. Improving the stability, targeting, safety and controllable drug
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release of the delivery systems will be the key issues that need to be urgently solved to promote their

practical application in the future.

Table 1. The characteristics of treatment methods for pancreatic cancer.

Surgical treatment

Open surgery

Laparoscopic surgery

Robotic surgery

Irreversible electroporation
Chemotherapy

Palliative chemotherapy

Postoperative adjuvant chemotherapy

Preoperative neoadjuvant chemotherapy
Radiotherapy
Adjuvant radiotherapy
Neoadjuvant radiotherapy
Targeted therapy
Targeting KRAS mutations
Targeting upstream of KRAS
Target KRAS downstream

Targeting other genes
Immunotherapy

Monoclonal antibody therapy

Tumor vaccine therapy

Immune cell therapy

Progress of materials

Wide field of vision
Flexible operation
Minor trauma
Recover quickly
Low infection rate
Least traumatic
Fastest recovery
Precise operation
Precise ablation
Tissue preservation
Activate anti-tumor immunity

Excellent symptom control
High treatment flexibility

Clearly extend the lifespan
Well-developed evidence-based plan
Reduced risk of recurrence
Improve the feasibility of the surgery
Reduce postoperative complications

Reduce local recurrence

Extend the disease-free survival period

Increase the rate of RO resection
Reduce the risk of postoperative
metastasis

Regarding specific molecular variations
Immune microenvironment regulation

Possible long-term remission

Precise targeting and efficient killing
The potential for extending lifespan

Long-lasting immune memory

Safety is superior to traditional therapies

Significantly improve survival benefits

Breaking through the

immunosuppressive microenvironment

New research directions

Obvious pain
High infection rate

Operational restrictions
Long learning curve

Dependence on equipment
Requires specialized training

Technical sophistication
Tumor residue and recurrence

Cannot be cured completely
Side effects affect the quality of life
Long-term maintenance treatment

Postoperative tolerance challenge
Highly specific toxicity

Insufficient standardization of the plan
Surgical difficulty may increase

Poor postoperative tolerance

Disease progression during treatment

Depend on specific biomarkers
High incidence of acquired resistance
High cost
Targeted related side effects

Limited efficacy of single drug treatment

Toxicity from combined treatment
accumulates
Limited target audience
Depend on biomarkers
Complex and costly to prepare
Uncertain therapeutic effect
Target-dependent
Immune-related toxicity
The preparation process is lengthy.
Remain at the research stage

Discussion

In this review of pancreatic cancer treatment, we examined both traditional and emerging

treatment approaches for pancreatic cancer(Tablel). Surgery remains the most effective method for

treating pancreatic cancer and is evolving towards minimally invasive and refined approaches. For

instance, from the earliest open surgery to laparoscopic surgery and then to robotic surgery, clinicians

are constantly comparing the risks and benefits of different methods. For unresectable pancreatic
cancer, different radiotherapy and chemotherapy methods should be selected based on different

conditions. Radiotherapy and chemotherapy are also usually used as adjunctive treatments for

surgical treatment. The most mature approach to targeted therapy remains targeting Kras and its
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upstream and downstream pathways, but new targets are also emerging, such as TP53, SMAD4, and
CDKN2A, and some clinical trials are underway. Monoclonal antibodies represented by PD1/PDL1
and cellular immunotherapy represented by CAR-T have shown efficacy in other tumors, while
tumor vaccines respond to pancreatic tumors from a new perspective through immune action. In
addition, the intersection of materials science and biomedicine offers new ideas for the treatment of
pancreatic cancer, whether by enhancing the efficacy of drugs or reducing adverse reactions. In the
future, the combination of various means, including the application of new materials, may bring new
hope to patients with pancreatic cancer.

Conclusion

In summary, pancreatic cancer remains a disease with dismal outcomes and benefits from new
treatments have been modest so far. Nevertheless, outcomes continue to improve, and exciting new
treatment avenues have opened in the last few years. The treatment of pancreatic cancer requires
comprehensive approaches and individualized considerations.

Limitations

This review has several limitations. First, it is not a systematic review and the quality of included
literature was not formally evaluated. Second, some relevant studies may have been missed. Third,
it does not cover all aspects of the epidemiology, diagnosis, and management of pancreatic cancer.
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