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Abstract: Despite improvements in overall cancer mortality, deaths related to pancreatic cancer continue to rise. Following first-line 
treatment, second-line options are significantly limited. Classically, first-line treatment consisted of either gemcitabine or 5-fluorouracil 
based systemic chemotherapy. Upon progression of disease or recurrence, subsequent second-line treatment is still gemcitabine or 
5-fluorouracil based chemotherapy, depending on what was used in the first line and the timing of progression or recurrence. A better 
understanding of the molecular underpinnings of pancreatic adenocarcinoma (PDAC) has led to new treatment strategies including 
specifically targeting the desmoplastic stroma, cytokine signaling and actionable mutations. Furthermore, efforts are also directed to 
enhance the immunogenicity profile of PDAC’s well-established immunologically “cold” tumor microenvironment. More recently, the 
outstanding response rates of chimeric antigen receptor T (CAR-T) cells in hematologic malignancies, have led to clinical trials to 
evaluate the treatment modality in PDAC. In this review, we summarize recently presented clinical trials for metastatic pancreatic 
adenocarcinoma with novel treatment approaches in the second line and beyond. 
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Introduction
Epidemiology
Pancreatic adenocarcinoma (PDAC) is the 10th most common cancer but the 3rd deadliest cancer affecting an estimated 
64,050 new patients in 2023.1 Incidence rates have continued to rise by approximately 1% every year since 2000 despite 
significant technological advances in diagnostic evaluation and treatment strategies of cancers including next-generation 
sequencing, targeted therapies, and immunotherapy. The most recent cancer outcomes statistics published by the ACS in 
2023 found that, although cancer death rates have been decreasing, PDAC death rates have been slowly increasing.1 For 
all stages combined, the 5-year survival rate is 11–12.5%.1,2 Most cases are diagnosed in late stage. Only 13% of patients 
have localized/early-stage disease at diagnosis and even in this population, the 5-year survival rate is 42%. In the setting 
of metastatic disease (mPDAC), 5-year survival rates are an abysmal 3.1%. Following first line chemotherapy with 
gemcitabine plus nab-paclitaxel or FOLFIRINOX derivative chemotherapy regimens, limited options exist for second- 
line therapy, and outcomes are far more dismal.

Tumor Biology
The hallmark of PDAC tumors is the desmoplastic stroma that surrounds the tumor cells and makes up approximately 70% of the 
mass itself.3 It serves multiple functions including providing a microenvironment that is active in tumorigenesis and creating 
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a physical barrier of fibrosed tissue that limits perfusion of blood and nutrients. As such, diffusion of anti-tumor therapies is also 
limited. Hyaluronic acid, a large glycosaminoglycan present in the stroma, has been associated with resistance to chemotherapy 
in preclinical PDAC models.4 Moreover, the subsequent hypoxic microenvironment created by limited perfusion leads to 
inhibition of effector-T cells via increased regulatory-T cell mediated mechanisms and leads to a profound effect on 
immunogenicity.5 These immunologically “cold” tumors can evade the immune system and demonstrate poor response rates 
to immune checkpoint inhibition (ICI).

In an ongoing study presented by at the ASCO Annual Meeting in 2021, Rahma et al conducted a Phase Ib/II randomized 
control trial of neoadjuvant chemoradiation with or without pembrolizumab in patients with resectable or borderline resectable 
PDAC (NCT02305186).6 The goal of the study was to determine safety and efficacy of neoadjuvant chemotherapy combined 
with ICI, pembrolizumab. In previous studies, other solid tumors treated with neoadjuvant chemotherapy ± radiation have 
resulted in increased recruitment of tumor infiltrating lymphocytes in the tumor microenvironment.7–10 However, preliminary 
data from Rahma et al did not demonstrate differences in activated CD8 T cells or regulatory T cell populations in any of the 
thirty-seven PDAC patients who received pembrolizumab in combination with chemoradiation. This suggests that PDAC has 
a unique tumor microenvironment that creates an immunologically “cold” clinical phenotype.

More strategies are needed to modulate and enhance the immunogenicity of PDAC. As evidenced in a study by 
Balachandran et al.11 This retrospective study used molecular analysis to characterize the PDAC’s immunogenic profile in 
patients who did not receive neoadjuvant chemotherapy. Patients were divided into long-term survivors (LTS) with an overall 
survival greater than 3 years from surgery or short-term survivors (STS) with an overall survival between 3 months and 1 year. 
The tumor immunogenic phenotypes of these two patient populations were compared. LTS tumors exhibited an enhanced 
immunologically “hot” profile characterized by a 3-fold increase in density of CD8+ T cells, a 12-fold increase in cytolytic 
CD8+ T cells, and an increase in regulatory T cells, mature dendritic cells and macrophages compared to STS which had 
a higher density of CD4+ T cells. Furthermore, transcriptomic analysis found LTS tumor microenvironments to have up- 
regulation of markers of dendritic cells and PD-1 and TIGIT expression. In addition, neoantigen prediction algorithms found 
that neoantigen quality and quantity generated by the tumor combined with higher CD8+ T-cell infiltration correlated with 
survival. Overall, these results suggest that raising the immunogenic profile may correlate with improved outcomes.

Genomic analysis by next generation sequencing studies of PDAC have identified multiple driver mutations. The 
most mutated gene is KRAS (Kirsten rat sarcoma oncogene) which occurs in over 90% of sequenced PDAC and 
represents the major molecular driver of oncogenesis.12 KRAS mutations (KRASmut) result in the constitutive activation 
of the RAF/MEK/ERK and PIK3/AKT/mTOR pathways.13 In addition to promoting tumor growth, downstream effects 
of these pathways also contribute to the immunogenicity of PDAC. A study of KRAS-deficient PDAC xenografts in 
immunodeficient mice retained the ability to form tumors.14 However, when the isogenic KRAS knockout xenografts 
were introduced in immunocompetent mice, a strong anti-tumor response was observed.

At the molecular level, KRAS mutations have multiple immunologically relevant downstream effects. They lead to an 
increased production of GM-CSF which recruits immunosuppressive myeloid cells and the production and maintenance 
of the desmoplastic stroma. CD73, a cell surface 5’-nucleotidase, is up-regulated and participates in generating extra
cellular adenosine which can promote intrinsic or therapy-induced immune escape through multiple mechanisms.15 

Interestingly, KRAS is also involved in MHC presentation. KRAS G12C inhibition has been shown to induce MHC class 
I presentation of haptenated peptide neoepitopes.16 KRAS has also been linked to up-regulation of CD47, an antipha
gocytic cell marker which allows the tumor cells to evade the innate immune system.17

The most common mutated residue is the G12 codon and the most prevalent KRAS mutation is G12D (39.2%) 
followed by G12V (32.5%), G12R (17.1%), Q61H (4.8%), G12C (1.7%)(Figure 1).18 G12 mutations differ in outcomes. 
A retrospective study done at MD Anderson of 578 patients with KRAS mutated PDAC demonstrated significantly worse 
survival irrespective of stage IV patients with KRAS G12D and G12V compared to wild-type.19 KRAS G12C was too 
few in frequency to statistically assess. KRAS G12R appear to have similar overall survival to that of wild-type. KRAS 
G12 mutations have been shown to also differ in PD-L1 expression as determined by immunohistochemical staining.20 

KRAS G12C demonstrated the highest PD-L1 positivity (23.5%) followed by G12D (19%), G12V (14.2%) and G12R 
(13%). Altogether, these results suggest that targeting KRAS could improve the immunogenicity of the tumor.
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KRAS wild-type (KRASwt) PDAC represent a small proportion of PDAC (<10%) and can be divided into 3 groups 
based on potential personalized therapeutics: MAPK pathway-activated (3–4% of PDAC), kinase-fusion (4% of PDAC) 
and microsatellite instability (1–2% of PDAC).21 In the absence of KRAS mutations, activation of MAPK is present in 
approximately 30% of cases. The most common alteration seen in this scenario has been BRAF mutations which is 
a component of the MAPK pathway downstream of KRAS. BRAF mutations are mutually exclusive of KRAS mutations. 
Other alterations include mutations or amplifications in genes GNAS, EGFR, ERBB2, MET, ERBB3, and FGFR2. Most 
kinase fusion alterations in PDAC occur with the fusion of a serine/threonine kinase domain to an oligomerization domain 
resulting in constitutive activation of the kinase domain. These events involve kinase domains of RET, ALK, NTRK1, 
NRG1, ERBB4, FGFR3, and RAF. They are mutually exclusive of each other and have not been present in patients with 
KRAS mutations. Microsatellite instability-high (MSI-H) is the result of defects in DNA mismatch repair genes MLH1, 
MSH1, MSH6, and PMS2. It is a molecular phenotype with immunotherapy implications across all cancer types.

Standard of Care
Following first line chemotherapy, current standard of care options are limited in PDAC. The most recent NCCN 
guidelines for second line treatment recommend the use of gemcitabine-based chemotherapy if fluoropyrimidine-based 
chemotherapy was used first line and vice-versa.22

Alternatively, nanoliposomal irinotecan (NAL-IRI) + 5-fluorouracil and leucovorin (5-FU/leucovorin) received FDA 
approval in the second line for patients who received gemcitabine-based chemotherapy in the first line.22 Delivery of 
irinotecan by nanoliposomal carrier resulted in a 5.6-fold higher intratumoral level of SN-38, the active metabolite of 
irinotecan, compared to the intravenous formulation of irinotecan alone at 72 hours.23 In a Phase II study, NAL-IRI 
demonstrated significant activity in metastatic PDAC patients previously treated with gemcitabine-based therapies (median 
overall survival (mOS) 5.2 months, 1-year overall survival (OS) 25%, NCT04005339)24 and led to the global, Phase III, 

Figure 1 KRAS mutations in pancreatic adenocarcinoma (PDAC). Over 90% of PDAC are KRAS mutant with G12D being the most common (39.2%), followed by G12V 
(32.5%), G12R (17.1%), G16H (4.8%) as well as G12C (1.7%). Wild-type KRAS are less frequent and seen in < 10% of PDAC cases.
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NAPOLI-1 trial (NCT01494506).25 This study compared 3 arms: NAL-IRI + 5-FU/leucovorin, 5-FU/leucovorin alone and 
NAL-IRI alone. Four hundred seventeen patients were randomized 1:1:1 to each arm. NAL-IRI + 5-FU/leucovorin had 
a median OS of 6.1 months compared to 4.2 months for 5-FU/leucovorin alone (hazard ratio (HR) 0.67, P = 0.012). NAL-IRI 
monotherapy did not differ from 5-FU/leucovorin monotherapy arm (4.9 months vs 4.2 months, P = 0.94). This study led to the 
FDA approval of NAL-IRI + 5-FU in mPDAC following progression on gemcitabine-based chemotherapy in 2015.

Moreover, based on the results of the NAPOLI-3 (NCT04083235) trial, the FDA approved NALIRIFOX as a first-line 
option in metastatic PDAC as of February 13th, 2024.26 Data presented at the 2023 ASCO Gastrointestinal Cancers 
Symposium demonstrated improved mOS (11.1 months vs. 9.2 months, HR 0.834, P=0.0355) and median progression 
free survival (mPFS, 7.4 months vs. 5.6 months, HR 0.6944, P < 0.0001) in favor of patients treated with nanoliposomal 
irinotecan combined with 5-FU/leucovorin and oxaliplatin (NALIRIFOX) compared to patient treated with gemcitabine 
plus nab-paclitaxel.27 Sequencing gemcitabine-based, 5-FU-based, and NALIRI-based therapies will become a topic of 
great interest.

Recent advances and widespread availability of molecular and genomic analysis in cancer have opened the door for 
modern therapeutic strategies beyond the current standard chemotherapy options in cancer. Recent technologies such as 
organoid modeling and single-cell sequencing have led to better characterization of tumor microenvironment dynamics 
and responses to investigational therapeutics. Genomic sequencing has identified targetable alterations and spurred drug 
development. Harnessing one’s own immune system with immunotherapies such as immune checkpoint inhibitors has 
been readily adapted in the standard of care treatments for other malignancies. Furthermore, personalized vaccines are in 
development based on the genomic characteristics of an individual’s malignancy. This is a “Golden Age” of therapeutic 
development for which PDAC has lagged behind. In this review, we will highlight recent clinical trials and novel 
therapeutics for second-line consideration in PDAC.

Approaches to Second-Line Therapeutics
Chemotherapeutic Agents
Several trials have been conducted to potentiate the effects of existing chemotherapeutic options. In the phase II 
SEQUENCE trial investigators sought to determine the efficacy and feasibility of alternating first line treatments each 
cycle rather than using each respective first line, gemcitabine with nab-paclitaxel vs modified FOLFOX agents in 
succession on progression of disease (NCT02504333).28 One hundred fifty-seven patients were randomized 1:1 to nab- 
paclitaxel (125 mg/m2) plus gemcitabine (1000 mg/m2) on days 1, 8, 15, followed by modified FOLFOX-6 (5-fluor
ouracil bolus (400 mg/m2), and 5-fluorouracil 48-hour continuous infusion (2400 mg/m2), L-leucovorin (200 mg/m2) or 
racemic leucovorin (400 mg/m2), and oxaliplatin (85 mg/m2) on day 29 of a 6 week cycle or nab-paclitaxel (125 mg/m2) 
plus gemcitabine (1000 mg/m2) on days 1, 8, and 15 of a 4 week cycle.

The SEQUENCE trial met its primary endpoint of overall survival. 12-month overall survival rates were higher in the 
combination arm (55.3%) compared to the nab-paclitaxel/gemcitabine arm (35.4%, P = 0.016). mOS was 13.2 months 
compared to 9.7 months (HR 0.676, P=0.023). However, from a safety standpoint, the combination arm had significantly 
more grade 3 or higher cytopenias (neutropenia 46% vs 24%, P = 0.004; thrombocytopenia 24% vs 8%, P = 0.007). 
Further, two patients in the combination arm died from overwhelming infection. Logistically, the combination arm 
resulted in prolonged exposure to chemotherapy. Those in the combination arm stayed on treatment on average 8.3 
months compared to 4.0 months in the nab-paclitaxel/gemcitabine arm. There were more dose delays, dose reductions, 
and transient interruptions in the experimental arm. However, EORTC QLC-C30 quality of life metrics did not identify 
any significant differences in quality of life between the two arms

To help potentiate the effects of gemcitabine, a metabolic enzyme inhibitor GP-2250 is currently undergoing a phase 
1/2 trial (NCT03854110).29 GP-2250 has been shown in preclinical models to inhibit glyceraldehyde-3-phosphate 
dehydrogenase, thus limiting aerobic glycolysis, and selectively inducing oxidative stress, mitochondrial dysfunction, 
and apoptosis.30 When combined with gemcitabine, the drugs act synergistically in a dose-dependent manner. The open- 
label phase 1/2 trial of GP-2250 with gemcitabine is underway in patients with advanced unresectable or mPDAC who 
have progressed on prior FOLFIRINOX. The last updated status as of this writing indicates that the trial is still recruiting.
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Constitutive KRAS activation is associated with altered metabolic pathways, resulting in increased dependence on 
metabolites, including glutamine and asparagine.31 Conceivably, decreasing levels of glutamine and asparagine may 
affect the downstream effects of KRAS activation. Asparaginase is an enzyme involved in the breakdown of asparagine 
and has been used in the treatment of acute lymphoblastic leukemia.32 While its effectiveness in solid tumors has not yet 
been established, authors of a recent phase II study evaluated asparaginase in PDAC.33 Given its particularly narrow 
therapeutic index, asparaginase was encapsulated in erythrocytes (eryaspase) through a proprietary process, resulting in 
a drug delivery system with lower toxicities. This study randomized one hundred forty-one patients 2:1 to eryaspase with 
gemcitabine or 5-FU based chemotherapy vs gemcitabine or 5-FU chemotherapy alone. Patients in the eryaspase with 
chemotherapy arm had a mOS of 6.0 months vs 4.4 months with chemotherapy alone (HR 0.60, P = 0.008). mPFS was 
2.0 months vs 1.6 months (HR 0.56, P = 0.005). The results of this study led to the Phase III Trybeca-1 clinical trial.

TRYbeCA-1 was a randomized, open-label phase III clinical trial of eryaspase with gemcitabine/nab-paclitaxel or 
5-FU/leucovorin/irinotecan chemotherapy compared to chemotherapy alone in patients with stage III or IV PDAC who 
had progressed on first line chemotherapy (NCT03665441).34 Five hundred twelve patients were randomized 1:1 to 
receive eryaspase with chemotherapy vs chemotherapy alone. This study did not meet its primary endpoint of overall 
survival. The mOS of the eryaspase with chemotherapy arm was 7.5 months compared to 6.7 months for chemotherapy 
alone (HR 0.92, P=0.375). However, there did appear to be some benefit in subgroup analysis. Eryaspase with 5-FU/ 
leucovorin/irinotecan had a mOS of 8.0 months compared to 5.7 months for 5-FU/leucovorin/irinotecan alone (HR 0.81).

Targeted Therapies
Targeted therapies against driver mutations can be thought of as KRAS mutated (KRASmut) or KRAS wild-type 
(KRASwt) alterations. KRASmut represent the major molecular driver of PDAC (>90% of all sequenced PDAC).18,35 

As of right now, there are no FDA approved treatments for KRASmut PDAC. However, MRTX-1133, a potent, 
noncovalent KRAS G12D-specific inhibitor is currently in Phase I clinical trials that has promising preclinical data. 
The drug was shown to be efficacious in KRAS G12D mutant xenograft mouse models with −62% and −73% tumor 
regressions observed at doses of 10 and 30 mg/kg, respectively.36

Two drugs targeting KRAS G12C, sotorasib and adagrasib, recently made it to phase II and III clinical trials in solid 
malignancies and have received FDA approval as a second-line treatment in non small cell lung cancer. Both are small 
molecules that form an irreversible covalent bond specifically to the KRAS G12C mutant allele.

Sotorasib was studied in CodeBreak-100 (NCT03600883).37 It was a phase I/II clinical trial evaluating the safety, and 
efficacy of sotorasib in patients with solid malignancies harboring the KRAS G12C mutation who progressed on at least 
one line of treatment. Thirty-eight PDAC patients were enrolled in the study. Eight patients (21%) had centrally 
confirmed objective response (complete response or partial response). mOS was 6.9 months and mPFS was 4.0 months. 
Six patients (15.7%) had grade 3 or higher adverse events. There were no treatment-related fatalities.

Adagrasib was studied in KRYSTAL-1 (NCT03785249).38 KRYSTAL-1 was also a phase I/II clinical trial designed to 
evaluate the safety and efficacy of the drug in solid malignancies with KRAS G12C mutations. Thirty patients were enrolled in 
the study, ten of which were PDAC. Data updated from October 1, 2022, revealed that five out of the ten patients with PDAC 
(50%) had an objective response (OR). All were partial responses. Interestingly, the remaining five patients who did not have 
a partial responsedid have stable disease, which resulted in a disease control rate (DCR) of 100% as defined by (CR + PR + 
SD). The median duration of response (mDOR) was 7.0 months, median progression-free survival (mPFS) was 6.6 months 
and median overall survival (mOS) was 8 months. Although response rates are not as robust as was seen in non-small cell lung 
cancer, in the context of previously treated PDAC, the response rates are significant and encouraging.

For patients with KRASwt (<10% of PDAC), there may be a role for targeted drugs in patients as rare targetable 
alterations can occur in absence of KRAS mutations. Neuregulin 1 (NRG1) gene fusions have been identified in <1% of 
PDAC.39,40 NRG1 is known to bind the ERBB3 receptor resulting in heterodimerization with ERBB2 to activate 
downstream signaling pathways including RAS, MAPK and PI3K.41 Gene fusions with NRG1 lead to an increased 
gene expression and may represent a new actionable mutation. As proof of concept, a phase I clinical trial of an anti- 
ERBB3 monoclonal antibody used to treat patients with ERBB3 overexpression in solid tumors identified an exceptional 
responder who harbored an NRG1 gene fusion (NCT01966445).42 Furthermore, another proof-of-concept study used 
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a bispecific antibody, zenocutuzumab (MCLA-128), to treat two patients PDAC patients with wild-type KRAS and 
NRG1 fusions.43 Zenocutuzumab interacts with HER2 and blocks the binding of NRG1 to HER3 thus preventing the 
heterodimerization of HER2 and HER3 and downstream signaling. The first patient had a 54% decrease in tumor 
diameter and 81% decrease in CA 19–9. The second patient had a 25% decrease in tumor diameter and 97% decrease in 
CA 19–9. Both remained on treatment for 7-plus months. A third patient with NSCLC had a partial response. This series 
of patients was presented at the 2019 AACR-NCI-EORTC International Conference on Molecular Targets and Cancer 
Therapeutics in Boston, MA on October 26–30.

Results from the Phase I–II eNRGy trial (NCT02912949) led to the FDA giving breakthrough designation to 
zenocutuzumab in patients with advanced unresectable or metastatic NRG1 fusion-positive PDAC that progressed 
following prior systemic therapy or for which there are no suitable alternative. This open-label, multi-center trial 
assessed response to zenocutuzumab in NRG1-positive cancers including PDAC, NSCLC and other solid tumors.44 As 
of January 12, 2022, ninety-nine patients with NRG1+ cancer were enrolled including eighteen PDAC. Seventy-three 
patients received at least one dose of zenocutuzumab and had at least 6 months of follow up. Overall response rate was 
34% (90% CI: 25–44%). Specifically, in PDAC, seven out of eighteen patients had responses (39%). The median 
duration of response for the seventy-three patients was 9.1 months. The treatment was well tolerated with grade 3 or 
higher treatment related adverse events present in less than 5% of patients. As of June 1, 2023, over one hundred seventy- 
five patients have been treated with zenocutuzumab monotherapy.

Other driver mutations with FDA approved targeted drugs in metastatic solid tumors include RET fusions45 (<1% of 
PDAC), ALK rearrangements46 (<1% of PDAC), FGFR2 fusions47 (5% of PDAC) and NTRK fusions48 (5% of PDAC) 
(Figure 2).

Outside of driver mutations, a novel approach to targeted drug therapy is specifically targeting metabolic pathways. 
PDAC cells exhibit complex reprogramming of their metabolic pathways including glucose, amino acid, and lipid 
metabolism.49 Pyruvate dehydrogenase kinase (PDK) is a mitochondrial enzyme involved in the conversion of cytosolic 
pyruvate to mitochondrial acetyl-CoA. Inhibition of this enzyme with an orphan drug, Dichloroacetate (DCA), FDA 
approved for congenital lactic acidosis shifts cancer metabolism from glycolysis to mitochondrial oxidation as well as 
reverses the suppression of mitochondria-dependent apoptosis.50 It has shown promising preclinical results in PDAC 
cell-lines and is currently being studied in glioblastoma in phase II clinical trial (NCT05120284).50–52 Another PDK 
inhibitor, 3-amino-1,2,4-triazine, has also shown promising preclinical results in PDAC cell lines; however, it has not 
been evaluated in clinical trials yet.53

Targeting the desmoplastic stroma as an adjunct treatment to systemic chemotherapy or immunotherapy is another 
approach. Focal Adhesion Kinase (FAK) is a non-receptor tyrosine kinase that mediates communication in the stromal 
tumor microenvironment to regulate cell survival, proliferation, and migration.54 Preclinical inhibition of FAK has been 
shown to sensitize cells to immunotherapy and chemotherapy. A novel small molecule inhibitor of FAK, AMP945 was 
shown to significantly improve survival in patient derived xenograft PDAC mouse models in combination with 
FOLFIRINOX.55 Compared to FOLFIRINOX alone, survival was increased by 30–35% in both subcutaneous and 
orthotopic models. Currently, AMP945 + FOLFIRINOX is in phase Ib/IIa clinical trial for patients with unresectable or 
mPDAC (ACCENT Trial, NCT05355298).55

VS-6063 (defactinib) is another FAK inhibitor currently in clinical trial as an adjunct treatment. It was recently 
evaluated as a phase I/II clinical trial used in combination with pembrolizumab and gemcitabine in patients with 
advanced PDAC (NCT02546531).56 The regimen was well tolerated with no dose limiting toxicities. Twenty patients 
were enrolled. The DCR was 80% (one PR and 15 SD). Three patients with SD came off study due to treatment or 
disease-related complications. The mPFS and mOS were 5.0 and 8.3 months, respectively. Defactinib is also currently 
being evaluated in combination with pembrolizumab in a phase I/IIa basket trial of patients with advanced malignancies 
who have been offered all appropriate standard-of-care treatments (NCT02758587).

Notably, targeting another component of the desmoplastic stroma, hyaluronic acid, has not shown improvement in 
outcomes despite promising results in early clinical trials. Pegvorhyaluronidase alpha (PEGPH20) is a pegylated 
recombinant human enzyme that degrades hyaluronic acid. HALO 202 (NCT01839487), a phase II clinical trial 
evaluating PEGPH20 in combination with standard of care gemcitabine plus nab-paclitaxel compared to gemcitabine 
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plus nab-paclitaxel alone in mPDAC, met its primary endpoints of mPFS and thromboembolic disease.57 mPFS was 
improved in the chemotherapy plus PEGPH20 arm compared to chemotherapy alone (HR 0.73, P=0.049). However, in 
the confirmatory phase III trial, HALO 109–301, primary endpoints of OS and PFS were not met (OS HR 1.0, PFS HR 
0.97). Furthermore, a phase I/II trial of PEGHPH20 with mFOLFIRINOX backbone in mPDAC patients showed 
significantly worse outcomes (SWOG S1313, NCT01959139).58 PEGPH20 in combination with mFOLFIRINOX 
compared to mFOLFIRINOX alone in patients with mPDAC demonstrated significantly worse OS in the combination 
arm (PEGHPH20 + mFOLFIRINOX mOS, 7.7 months) compared to the control arm (mFOLFIRINOX, 14.4 months).

Immunotherapy
As seen in several solid tumors, microsatellite instability and deficiency in mismatch-repair (MSI-H/dMMR) have 
increased immunogenicity profiles and demonstrate responsiveness to ICI. Based on positive results from clinical trials 

Figure 2 Potential targetable mutations in PDAC along with examples of drugs in each category. Targetable mutations are seldom found in PDAC, and likely to present in 
KRAS wild-type status (<10%). *Approved tissue-agnostic therapies are denoted in gray; those in the green box are still not FDA-approved. **Olaparib is FDA approved as 
a maintenance regimen in those with germline BRCA mutations which have not progressed on at least 16 weeks of first line platinum-based chemotherapy.
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that included five hundred four patients across 30 different cancers (KEYNOTE-158, KEYNOTE-164, KEYNOTE- 
051),59,60 pembrolizumab monotherapy was given FDA full approval for use in patients with unresectable MSI-H/dMMR 
solid tumors in the second line and beyond (Table 1). MSI-H/dMMR PDAC only represents 1% of PDAC61 and its use in 
MSI-H/dMMR is controversial. Results from KEYNOTE-158 found muted responses by PDAC to pembrolizumab 
compared to other non-colorectal cancers. Among twenty-two PDAC patients, the objective response rate (ORR) was 
only 18.2%. Other cancers demonstrated higher ORR such as endometrial (48.5%), gastric (31%), small intestine (48%), 
ovarian (33.3%) and biliary tract cancers (40.9%).

However, in retrospective studies done at Mayo Clinic and from the AGEO European Cohort, outcomes were 
drastically better. In the Mayo Clinic study, twenty-eight patients with MSI-H/dMMR PDAC were treated with either 
cytotoxic chemotherapy or immune checkpoint inhibition at Mayo Clinic. The eighteen patients that received immune 
checkpoint inhibition had uncharacteristically favorable responses.64 The ORR was 75% including 20% with a complete 
response. An additional 15% of patients had stable disease leading to a DCR of 90%. The mDOR of 14 months (5 
months–93 months). The ten patients treated with systemic chemotherapy therapy had worse responses (ORR 30%, DCR 
60%, mDOR 5 months). Similarly, the AGEO European Cohort study of 31 advanced MSI-H/dMMR PDAC patients 
treated with immune checkpoint inhibition noted an ORR of 48% and DCR of 76.5%.65 Median PFS not yet reached at 
a median follow-up of 18 months.

Table 1 Ongoing CAR-T Cell Trials in Pancreatic Cancer

Trial Name/ 
Identifier

Intervention CAR-T 
Target

Trial 
Phase

Estimated 
Participants

Trial Status/Results

NCT05736731 A2B530 CAR-T cells Tumors 
expressing 

CEA with loss 

of HLA-A*02 
expression

1 160 Recruiting

NCT05275062 IM92 CAR-T cells. Claudin 18.2 1 6 Recruiting

NCT05277987 Claudin 18.2 CAR-T cells. Claudin 18.2 1 18 Recruiting

NCT05393986 Claudin 18.2 CAR-T cells. Claudin 18.2 1 63 Recruiting

NCT05539430 Claudin 18.2 CAR-T cells. Claudin 18.2 1 56 Recruiting

NCT04581473 CT041 Autologous CAR-T cells. Claudin 18.2 1/2 192 Recruiting

NCT05472857 Claudin 18.2 CAR-T cells Claudin 18.2 1 30 Recruiting

NCT05239143 P-MUC1C-ALLO1 allogeneic CAR-T cells. Mucin 1 1 100 Recruiting

NCT03323944 Lentiviral transduced human (hu) CAR-T 
meso cells

Mesothelin 1 18 Recruiting

NCT02830724 CD70 CAR-T cells. CD-70 1/2 124 Phase 1 included 19 patients, including 
5 with PDAC. Two patients had SD at 

their best response at 2–3 monthspost 

treatment62

NCT03740256 Binary Oncolytic dependent Adenovirus 

(CAdVEC) in Combination with HER2- 
specific autologous CAR-T cells in HER- 

2 positive tumors.

HER-2 1 39 Preliminary phase 1 data included 4 

patients (None with PDAC, mostly 
with breast cancer), showed 

tolerability of CAdVEC with no 

significant toxicities, tumor control in 
3/4 patients.63
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For the remaining 99% of PDAC (non MSI-H/dMMR), ICI monotherapy has failed to show any significant benefit. 
Additional modalities of boosting immunogenicity are needed. Targeting inflammatory cytokine signaling in combination 
with ICI is an area of interest. Pre-clinical data has shown a synergistic effect when IL-6 blockade is combined with 
immunotherapy.66 In PDAC mouse models, IL-6 blockade resulted in an increased CD8+ T cell migration into pancreatic 
tumors.67 This combination is currently under investigation in a phase Ib/II clinical trial in patients with previously 
treated PDAC (NCT04191421).68 The goal of this trial is to evaluate the safety and efficacy of siltuximab, a chimeric 
monoclonal antibody against IL-6 in combination with spartalizumab, a humanized IgG4 antibody against PD-1.

Another strategy involves the use of bi-specific T cell engagers (BiTE). The concept behind this strategy is to create 
a synapse between T cells and tumor cells with an antibody. This association leads to tumor cell killing by the attached 
T cell that bypasses T cell regulation and immune escape mechanisms by the tumor cells.69 ARB202 is a CDH17-CD3 
BiTE antibody under investigation for gastrointestinal tumors including PDAC (NCT05411133).70 CDH17 is highly 
tumor-specific in gastrointestinal malignancies. It is typically limited to tight junctions of the intestine but overexpressed 
and location beyond tight junctions is correlated with tumor burden.71 Suppression of CDH17 in PDAC xenografts 
slowed tumor growth and in vitro studies showed suppression of CDH17 inhibited cell proliferation, colony formation 
and motility by modulating apoptosis events in PDAC cells suggesting that it may play a critical role in PDAC.

A novel approach to KRASmut PDAC is ELI-002 immunotherapy. It is a lipid-conjugated immune-stimulatory oligonu
cleotide (Amph-Cpg-7909) plus a mixture of lipid-conjugated peptide-based antigens (Amph-Peptides 7P).72 It acts as 
a lymph-node targeted therapeutic that delivers 7 KRASmut amph-peptides to enhance immunogenic response. It was studied 
in a multicenter phase 1 trial, AMPLIFY-201 (NCT04853017),72 to assess the safety and activity of ELI-002 monotherapy in 
patients with KRASmut pancreatic and colorectal cancers who have detection of minimal residual disease after first-line 
standard of care chemotherapy and surgery. Preliminary results presented at the 2023 ASCO Annual Meeting show that the 
therapy is well tolerated with no dose limiting toxicity or cytokine release syndrome associated with the treatment. Clinically, 
77% of patients had biomarker reduction, and 32% achieved complete clearance. Furthermore, 87% of patients had a robust 
KRASmut specific T cell response. A 56-fold increased T cell response ex vivo was detected, and T cell infiltration was 10 to 
29-fold higher than reported in the literature. Responses were observed at all dose levels of the therapy. A phase II trial is being 
planned with recommended dose of 10 mg Amph-CpG-7909.

With the success of mRNA vaccination during the COVID-19 pandemic, RNA neoantigen vaccines have come to the 
forefront in cancer therapeutics (NCT04486378, NCT02316457).73,74 RNA neoantigen vaccines offer a personalized 
approach. RNA vaccines are created from tumor samples. Gene sequencing is done on the tumor samples to identify antigens 
that may trigger an immune response. These genes are then used to create a personalized mRNA vaccine for the patient. 
A recent phase I clinical trial from Memorial Sloan Kettering Cancer Center (MSKCC) was conducted using this method was 
done in PDAC (NCT04161755).75 Thirty-four patients with surgically resectable untreated PDAC were enrolled in the study 
with sixteen patients receiving the vaccine. The study design included upfront surgery followed sequentially by a single dose 
atezolizumab 1200 mg IV 6 weeks after surgery, then 9 doses of vaccine (25 ug IV; 7 weekly priming doses, dose #8 at week 
17 and dose #9 at week 46), then 12 cycles of mFOLFIRINOX (starting at week 21). Up to 20 neoantigens were delivered by 
mRNA vaccine. Patients were required to have a minimum of 5 identified antigens by next-generation sequencing to be 
included in the study. Therapy was well tolerated. One patient had a grade 3 adverse events (fever and hypertension) and all 
sixteen patients had grade 1–2 adverse events. Three patients did not receive all nine vaccine doses due to progression or death. 
At 18-month analysis, eight out of the sixteen treated patients (50%) demonstrated significant neo-antigen specific T cell 
response including long-lived polyfunctional neoantigen-specific effector CD8+ T cells. The responders clinically had longer 
median recurrence free survival (mRFS; not reached) than those who did not demonstrate cell response (13.4 months). Based 
on these results, a phase II clinical trial, IMCODE 003, evaluating the vaccine in combination with immunotherapy and 
chemotherapy, is currently underway. Although this study was done in resectable disease as first line therapy, it is worth noting 
the efficacy compared to prior vaccine trials and consideration for use in the metastatic setting.

Novel Approaches
Mesothelin is a tumor antigen that is a potential target in PDAC.76 Expression of this cell-surface glycoprotein is limited 
to mesothelial cells lining the pleura, peritoneum and pericardium but has also been found to be highly expressed in 
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malignancies including PDAC where it has been found to be expressed in > 75% of PDAC.77 Its function is not 
completely clear, but its physiological distribution suggests that it participates in differentiation of mesothelial cells. On 
malignant cells, mesothelin expression correlated with poorer prognosis.

LMB-100 is a recombinant immunotoxin that contains a mesothelin-binding Fab and a Pseudomonas exotoxin 
A payload.78 Exotoxin A, once delivered, binds irreversibly, and modifies elongation factor-2 to stop protein synthesis. 
Based on preclinical data that demonstrated that the combination of LMB-100 with a taxane resulted in synergistic 
antitumor activity. A phase I/II study was conducted to determine safety and efficacy of LMB-100 combined with nab- 
paclitaxel in patients with previously treated PDAC (NCT02810418).78 Fourteen patients were enrolled, six patients 
received a 100 mcg/kg dose, and eight patients received a 65 mcg/kg dose. A maximum tolerated dose of 65 mcg/kg of 
LMB-100 (days 1, 3 and 5) combined with nab-paclitaxel (125 mg/m2 on days 1 and 8) was determined. Dose limiting 
toxicity from capillary leak syndrome, was seen in one of six patients receiving 65 mcg/kg dose. Response was 
determined by CA 19–9 levels. 7/17 patients experienced >50% decreased CA 19–9 including three patients who had 
prior nab-paclitaxel exposure. One patient developed an objective partial response. While this study demonstrated some 
activity, the dose limiting toxicity of capillary leak syndrome was prohibitive.

LMB-100 is also under investigation in combination with tofacitinib in PDAC in second line and beyond 
(NCT04034238). Tofacitinib is a JAK inhibitor that reduces tumor-associated inflammatory cells and has been shown 
to increase anti-tumor responses when used in combination with immunotoxins or antibody-drug conjugates.79

A different approach to targeting mesothelin is with chimeric antigen receptor T cells (CAR-T). CAR-T cells have 
been revolutionary in their applications in hematologic malignancies and are currently under investigation in multiple 
solid tumors (Table 1). The treatment involves harvesting a patient’s own T cells through apheresis and reprogramming 
them via a lentivirus vector to express a chimeric antigen receptor that is targeted towards a specific molecule. Prior to 
administration, the patient undergoes lymphodepletion to reduce circulating immune cell numbers allow for CAR-T cell 
expansion and facilitate the antitumor efficacy of the CAR-T cells.80 In this case, a CAR-T therapy directed against 
mesothelin (CAR-Tmeso) was given to six patients in a phase I clinical trial.81 The best response was stable disease seen 
in two of the six patients. These patients had PFS of 3.8 and 5.4 months, respectively. Of note, this study did not 
incorporate lymphodepletion prior to treatment and may have contributed to the efficacy of the treatment.

Other CAR-T treatments are in development. In a phase I clinical trial of CAR-T therapy directed against EGFR in 
metastatic PDAC (CAR-Tegfr), sixteen patients were enrolled82 (NCT01869166). Patients were required to have biopsy 
proven PDAC with EGFR expression levels of >50%. Fourteen patients were eligible for evaluation and were given 
a conditioning regimen that included nab-paclitaxel (100–200 mg/m2) to break down tumor stroma and cyclopho
sphamide (15–35 mg/m2) for lymphodepletion prior to receiving CAR-Tegfr. Four patients had a PR that lasted 2–4 
months. Eight patients had SD that lasted for 2–4 months. mPFS was 3 months (2–4 months) and mOS was 4.9 months 
(2.9–30 months). Grade 3–4 toxicities were observed in few patients but were reversible with treatment. The most 
common grade 3–4 toxicity was lymphopenia, observed in 38% of patients.

Similarly, a phase I clinical trial of CAR-T therapy directed against HER2 (CAR-Ther2) in mPDAC, or metastatic 
biliary tract tumors (mBTC) was conducted by Feng et al (NCT01935843).83 Patients were required to have a biopsy 
with proven mPDAC or mBTC and expression of HER2 >50%. Two patients in the study had mPDAC. They underwent 
conditioning similar to CAR-Tegfr prior to the administration of CAR-Ther2. Both patients in this study achieved stable 
disease with a duration of response of 5.3 months and 8.3 months, respectively. Lymphopenia was the most common 
grade 3–4 toxicity (54%).

Another novel approach is the use of oncolytic viruses to break down the desmoplastic stroma and improve delivery of 
standard of care chemotherapy. VCN-01 is a novel oncolytic adenovirus genetically engineered with improved tumor targeting 
over its predecessors and expresses a human recombinant hyaluronidase (PH20) which facilitates intratumoral spread of the virus 
and breakdown of the extracellular desmoplastic stroma.84 In a phase I proof of concept study, VCN-01 was administered 
intratumorally to patients with PDAC in combination with chemotherapy84 (NCT02045589). Eight patients were treated with 
one patient having had prior treatment while the remainder did not. Inclusion criteria also included patients with negative pre- 
existing anti-adenovirus Ad5 levels (Nabs) which may have an impact on efficacy or on biodistribution. Although treatment was 
well tolerated, one patient developed massive tumor necrosis, leading to a fatal hemorrhage on day 22 after treatment. In all 
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treated patients, the injected site was either stable or decreased in size. Out of the seven treated patients that did not experience the 
fatal hemorrhage, five progressed at 4 months, one progressed at 8 months and one at 31 months. Based on this serious adverse 
event together with the antitumor effects of VCN-01 in the tumor and the preclinical data, further study was conducted for the 
safety and efficacy of intravenous administration.

In a phase I/II multicenter, open label clinical trial of VCN-01 oncolytic adenovirus given intravenously with or without 
gemcitabine plus nab-paclitaxel with advanced solid tumors, twenty-six patients with locally advanced or metastatic, 
unresectable PDAC85 were included. Patients who had progressed on prior lines of therapy were included but not mandatory. 
77% (20/26) of PDAC patients did not receive prior treatment while 23% (6/26) did receive prior treatment. Exploratory tumor 
analyses of a limited set of cases found viral replication colocalized with CD8 and inflammatory molecules such as 
indoleamine 2,3-dioxygenase-1 in the tumor suggesting that VCN-01 induced an inflammatory response in the tumor 
microenvironment. CD8 infiltration increased in 54% of the biopsies and regulatory T cells decreased in 40% of the biopsies. 
PD-1/PD-L1 axis was upregulated as was CTLA-4. Preliminary analysis of clinical activity from twenty-two patients found 
overall response rate of 50% (11/22). One patient experienced prolonged survival beyond 4 years. These results have led to 
first-line considerations in the ongoing phase IIb VIRAGE trial (NCT05673811). Furthermore, a phase I clinical trial is 
currently recruiting for the combination of VCN-01 with chimeric antigen receptor T cells targeting mesothelin in previously 
treated PDAC and serous epithelial ovarian cancer (NCT05057715).

Conclusion
The current standard of care treatment for unresectable/metastatic PDAC involves sequencing systemic treatment with 
gemcitabine- or 5-FU/leucovorin- based modalities and NAL-IRI. Modern technologies and large-scale molecular studies 
are improving our understanding of PDAC leading to alternative and individualized treatment strategies.

To improve current chemotherapeutic options, drug delivery systems have been evaluated. The nanoliposomal drug 
delivery system has enhanced intratumoral accumulation of irinotecan and its active metabolite SN-38 leading to 
significant improvement in outcomes and subsequent FDA approval of nanoliposomal irinotecan in the second line. At 
the time of this writing, it has received FDA approval for use as a first line option in combination with oxaliplatin, 
5-fluorouracil and leucovorin with outcomes demonstrating superiority to gemcitabine plus nab-paclitaxel. FAK inhibi
tors targeting the desmoplastic stroma to improve drug delivery to the tumor and enhance efficacy of existing treatments, 
have been under investigation as an adjunct therapeutic strategy. Preclinical results are promising, and the inhibitors are 
currently in phase I/II clinical trials. Other attempts at targeting the desmoplastic stroma such as PEGPH20 did not show 
any benefit despite its promising preclinical results.

Alternatively, targeted therapeutics have revolutionized cancer treatment. In PDAC, targeting KRAS has remained 
elusive. Currently, sotorasib and adagrasib are the only KRAS targeted treatments FDA approved in cancer. Specifically, 
they target the KRAS G12C mutant allele which represents a small proportion of PDAC KRASmut. The most common 
KRAS mutation is KRAS G12D. MRTX1133 is currently in clinically trial after having shown potent in vitro and in vivo 
preclinical efficacy and potentially can be very promising in PDAC. Other targetable alterations are rare in PDAC.

The immunologically cold tumor microenvironment of PDAC has been problematic for immunotherapy, except in the rare 
cases of patients with microsatellite instability. Efforts to alter this include peptide- or mRNA- based vaccinations and CAR-T 
therapy. All therapies are currently under investigation in clinical trials and have shown early promising results.

Modern advances in technology and the increasing availability of these technologies are pushing the boundaries of 
treatment for PDAC. In this review we have highlighted multiple studies with different therapeutic strategies that are 
currently under investigation.
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