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Abstract

:

Simple Summary


Pancreatic ductal adenocarcinoma (PDAC) is characterized by a highly desmoplastic and extreme immunosuppressive tumor microenvironment (TME), which underlines the chemoresistant mechanism in PDAC. The TME components contain actionable targets for drug development. The aim of this review is to discuss the complexity of the TME, highlighting actionable drug targets that have been identified and targeted in preclinical studies and clinical trials.




Abstract


Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy with a very poor prognosis. Despite advancements in treatment strategies, PDAC remains recalcitrant to therapies because patients are often diagnosed at an advanced stage. The advanced stage of PDAC is characterized by metastasis, which typically renders it unresectable by surgery or untreatable by chemotherapy. The tumor microenvironment (TME) of PDAC comprises highly proliferative myofibroblast-like cells and hosts the intense deposition of a extracellular matrix component that forms dense fibrous connective tissue, a process called the desmoplastic reaction. In desmoplastic TMEs, the incessant aberration of signaling pathways contributes to immunosuppression by suppressing antitumor immunity. This feature offers a protective barrier that impedes the targeted delivery of drugs. In addition, the efficacy of immunotherapy is compromised because of the immune cold TME of PDAC. Targeted therapy approaches towards stromal and immunosuppressive TMEs are challenging. In this review, we discuss cellular and non-cellular TME components that contain actionable targets for drug development. We also highlight findings from preclinical studies and provide updates about the efficacies of new investigational drugs in clinical trials.
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1. Introduction


Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy with a dismal prognosis. Generally, pancreatic cancer is the sixth leading cause of cancer-related death globally and the third leading cause of cancer-related mortality in the United States [1]. PDAC patients have a very rare chance of early diagnosis, and therefore, only a few present with low-stage tumors. Surgery, which is one of the common treatment approaches for resectable tumors, is beneficial to only a small percentage of PDAC patients and provides a median survival of 17 to 23 months [2]. Further, the use of chemotherapy has shown promising efficacy in different types of cancer. However, PDAC is highly resistant to most treatment options, including chemotherapy.



One of the reasons for failed therapeutic intervention in PDAC is the prominence of a stromal microenvironment with striking cellular and material heterogeneity, which constitutes a mechanical barrier that impedes successful drug delivery [3]. Consequent to desmoplasia, immunomodulatory cells and stromal support cells are incessantly challenged by the aberrant signaling of pancreatic cancer cells, leading to a hypoxic tumor microenvironment (TME), ECM deposition, the suppression of antitumor immunity, and the advancement of tumorigenesis [4]. These counterbalances in immune and cellular architectures underline the highly resistant TME of PDAC. Most therapeutic approaches that aim to deconvolute the desmoplastic stroma and short-circuiting immunosuppressive pathways have not been successful [5]. Therefore, in this review, we discuss the structural composition, physiology, and pathways that reinforce the tumor microenvironment of PDAC. We also highlight TME components that have been targeted in preclinical studies and provide updates about the efficacies of new investigational drugs in clinical trials.




2. Highly Desmoplastic Tumor Microenvironment in PDAC


2.1. Targeting the ECM Components


One of the pathological features of pancreatic cancer is desmoplasia, coined from two Greek words, desmo, meaning ‘band’ or ‘fastening’, and plassein, meaning to ‘form’ or ‘mold’. The desmoplastic reaction is characterized by an extensive proliferation of myofibroblast-like cells and the deposition of extracellular matrix components [6]. These dramatic events lead to the formation of dense fibrous connective tissues that comprise cellular and non-cellular components. The cellular components include alpha smooth muscle actin-positive fibroblasts, activated pancreatic stellate cells (PSCs), and immune cell infiltrates. On the other hand, extracellular matrix (ECM) proteins like collagen, laminin, fibronectin, integrin, and proteoglycan hyaluronan represent the non-cell components of the desmoplastic reaction (Figure 1). These components contribute to increased tumor heterogeneity, reduced plasticity, and elevated interstitial fluid pressure. Overall, the fibrous tissue formed creates a mechanical barrier that is fundamental to the development of resistance to chemotherapy in pancreatic cancer patients [6,7]. Therefore, targeting the desmoplastic reaction components represents an efficient therapeutic intervention in pancreatic cancer.




2.2. Hyaluronic Acid


Hyaluronic acid (HA) is a linear glycosaminoglycan that is composed of a repeating disaccharide unit of glucuronic acid and N-acetylglucosamine. It is synthesized by HA synthetases and degraded by hyaluronidases. The balance between the synthesis and degradation of HA is an important factor in health and diseases. As an ECM component, high concentrations of HA have been linked to disease progression. In human PDAC tissue, there is a 12-fold increase in the amount of HA secreted compared to normal pancreases [8]. The expression of HA has been shown in both PDAC stroma and tumor cells. HA refuels the hexosamine pathway [9], this pathway is very active in PDAC. Specifically, HA enhances the proliferation, survival, and growth of pancreatic tumors. It is the major contributor of interstitial fluid pressure that decreases tumor perfusion, hence leading to limited access to chemotherapy. Thus, targeting HA may provide clinical benefits to pancreatic cancer patients.



Several approaches have been used to target HA in different studies, including targeting the inhibition of HA synthesis, antagonizing HA signaling, and depleting HA in the stroma. 4-methylumbelliferone (4-MU), also called hymecromone, has been reported to inhibit HA synthesis in many preclinical models. 4-MU treatment hampered the cell migration of a PDAC cell line [10] and enhanced anticancer efficacy of chemotherapy by reducing HA in a stroma-rich ECM [11]. In clinical trials, the efficacy of 4-MU has been evaluated in bile duct obstruction diseases and COVID-19 patients but not pancreatic cancer patients. Currently, there are no clinically approved drugs or ongoing clinical trials that specifically target HA synthesis in pancreatic cancer patients. Thus, further preclinical and clinical studies are required to identify and evaluate targeted inhibitors of HA synthesis in pancreatic cancer patients.



Targeting the HA signaling pathways is one of the therapeutic approaches for targeting HA (Figure 2). This strategy prevents the effect of HA signaling. Cell surface receptors such as CD44 and CD168 can be docked by HA and regulate PDAC invasion and metastasis [12]. HA receptors are highly immunogenic. Monoclonal antibodies that can target these receptors have been developed in several clinical trials. In a phase 1 dose escalation study, RG7356, a recombinant anti-CD44 humanized monoclonal antibody was administered in escalating doses to 65 patients with high CD44-expressing solid tumors. While modest clinical efficacy was achieved in 21% of patients (13/61 patients achieved stable disease), there were records of dose-limiting toxicities, which include headache and febrile neutropenia [13]. In several recurrent carcinomas, the administration of the CD44-targeting agent A6—an urokinase-derived peptide—yielded minimal activity [14], whereas a phase 1 clinical trial of bivatuzumab mertansine in patients with incurable squamous cell carcinoma of the head and neck or esophagus was terminated. This is because clinical development was discontinued before the maximum tolerable dose (MTD) was reached [15]. However, the safety and clinical efficacy of small molecule inhibitors of CD44 have not been investigated in clinical trials. On the other hand, the receptor for hyaluronic acid-mediated motility (RHAMM), also known as CD168, has been targeted in clinical trials (Table 1). RHAMM plays a vital role in growth, differentiation, and motility. It is one of the leukemia-associated antigens (LAAs) that are highly expressed in patients with myeloid leukemia [16]. The expression of RHAMM has also been correlated with genetic instability in patients with multiple myeloma and lymphocytic leukemia [17,18]. Importantly, the preferred target of immunotherapy is RHAMM due to its antigenicity. Many clinical studies have also used RHAMM-derived peptides to vaccinate cancer patients [16,17]. This approach has increased the efficacy of immunotherapy. Thus, RHAMM-derived vaccination may be a potent therapeutic strategy to increase stroma perfusion and reduce chemoresistance in pancreatic cancer.



Previously in this section, we explained the critical role of HA accumulation in interstitial fluid pressure elevation, which reinforces the stromal mechanical barrier, consequentially impairing efficient drug delivery to tumors. This chemoresistance phenomenon could be abolished by depleting HA in the stroma. In a mouse model, the intravenous infusion of PEGPH20 was shown to deplete stromal HA, normalized interstitial pressure, and improved the efficacy of gemcitabine [19]. PEGPH20 is a Pegylated recombinant humanized hyaluronidase which has been investigated in several phase 1 and II trials [20,21,22,23]. In 2023, in multiple open-label, randomized, phase Ib/II (MORPHEUS) trials (NCT03193190, NCT03281369), the early efficacy and safety profile of atezolizumab plus PEGPH20 was investigated in comparison with chemotherapy in PDAC patients. The objective response rate (ORR) of atezolizumab + PEGPH20 was 6.1% (95% CI, 1.68–14.8%), compared to the ORR of 2.4% (95% CI, 0.06–12.57%) in chemotherapy-treated arm. However, the combination of atezolizumab and PEGPH20 offered limited clinical benefits to PDAC patients. In fact, more than 61% of the patients developed grade 3/4 adverse events [24]. Due to some successes in preclinical models and early-phase clinical trials, the efficacy of PEGPH20 has been evaluated at phase III in HA-high stage IV pancreatic cancer patients. PEGPH20 increased tumor perfusion by decreasing interstitial tumor pressure and increasing tumor plasticity [25]. In another phase III trial, the addition of PEGPH20 to nab-paclitaxel/gemcitabine in HA-high metastatic PDAC patients increased ORR but not PFS or OS [26]. Apparently, PEGPH20 has been investigated in several trials and in pancreatic cancer settings; this suggests that PEGPH20 may be combined with several neoadjuvant therapies to increase their potencies in pancreatic cancer patients. However, more clinical studies are required to validate its efficacy.




2.3. Integrins


Integrins are cellular adhesion receptors that play vital roles in cell-to-cell and cell–extracellular matrix interactions. Integrins are key components of cell migration systems. Studies have shown that integrins play roles in the anchorage-independent survival of circulating tumor cells. Specifically, integrins mediate the stiffness, sensing, and remodeling of stroma, thereby promoting invasion and resistance to therapy [27]. Although targeting integrins is a complex therapeutic approach, emerging strategies are focusing on personalized approaches that target specific integrin subunits (Table 1). CEND-1 is a cyclic peptide that targets αV integrins and neurophilin-1. The co-administration of CEND-1 and chemotherapy has been shown to enhance tumor delivery. In an open-label, multicenter, phase 1 study, the safety, tolerability, and efficacy of CEND-1 in combination with nab-paclitaxel and gemcitabine were evaluated in PDAC patients with histologically confirmed metastasis (NCT03517176). The combination of CEND-1 and nab-paclitaxel/gemcitabine was well tolerated, with there being no CEND-1 dose-limiting toxicities in the safety population. Most grade 3/4 adverse events include neutropenia (55%), anemia (26%), leukopenia (16%), and pulmonary embolism (13%). In the efficacy arm, 59% of the patients achieved objective response, including 1 complete response and 16 partial responses [28]. In another study, the safety and efficacy of E7820 was investigated in preclinical and clinical settings. E7820 is an orally active inhibitor of α2 integrin. Mechanistically, E7820 prevents the mRNA expression of α2 integrin. In mice bearing KP-1 tumors, E7820 moderately inhibited α2 integrin expression, and this was correlated with tumor stasis. This was also recapitulated in a phase 1 study; the administration of 100 mg qd (MTD) E7820 strongly inhibited α2 expression [29].




2.4. Sonic Hedgehog Pathway


One of the signals that maintains the active state of pancreatic tumor stroma is the developmental protein Sonic Hedgehog protein (SHH). Tumor cells upregulate SHH, leading to the activation of the surrounding stroma and tumor progression. In one particular study, SHH-dependent factors were identified through survival and immunohistochemistry analyses of non-microdissected tissue from PDAC patients. These factors include CDA, EDIL3, ITGB4, PLAUR, and SPOCK1 [30]. Targeting one of these factors may represent an efficacious strategy for abolishing the downstream effect of the SHH signal in pancreatic stroma. The activation of the Hedgehog pathway (Hh) requires three proteins, namely the Hh ligand, Patched (Ptch), and Smoothened (Smo). Without the Hh ligand, Ptch1 is found at the base of the primary cilia, where it represses the activities of Smo. Ptch1’s inhibitory activities on Smo prevent it from translocating to the primary cilia, leading to the proteolytic cleavage of glioma-associated oncogene (GLiFL) to GLi repressor GLiR. Protein kinase A (PKA), glycogen synthase kinase 3 (GSK3), and casein kinase 1 (CK1) phosphorylates GliR, this allows GliR to transcriptionally repress Hh target genes. However, when the Hh ligand is present, it binds to the Ptch1 protein. The Hh–Ptch1 complex is then internalized and degraded by lysosomal enzymes. This relieves Smo and allows it to transmit downstream signals via the cytoplasmic protein complex comprising kinesin protein (Kif7), suppressor of fused (Sufu), and GliFL, leading to the release of GLi activator (GLiA) and nuclear translocation to activate Hh target genes (Figure 2) [31].



Since the Hh pathway is largely upregulated in pancreatic adenocarcinoma stem cells, targeting this pathway may offer therapeutic benefits to pancreatic cancer patients. Many clinical studies based on targeting the Hh pathway have yielded promising results in pancreatic cancer and other cancer types (Table 1) [32,33,34]. Vismodegib (GDC-0449) is an orally administered small molecule inhibitor of the Hh pathway. In a pilot clinical study that involved 25 enrolled PDAC patients, pretreatment biopsy showed SHH expression in 75% of the patients. However, post-treatment, GL1 and Ptch1 decreased in 95.6% and 82.6% of 23 patients. Fibrosis (45.4% of 22) and Ki-67 (52.9% of 17) also decreased. There was a significant correlation between CSCs, fibrosis, SHH, Ki-67, GL1, Ptch1, and survival [35]. Following its promising efficacy, vismodegib was also evaluated in a phase I/II trial as a monotherapy and part of a combination therapy [36]. In another trial, escalating doses of taladegib, an oral inhibitor of Smoothened, led to the high-level inhibition of Gli1 transcript after 15 and 30 days [37]. Besides pancreatic cancer, inhibitors of the Hh pathway have also shown promising outcomes. A phase II trial evaluated the Smo inhibitor sonidegib in medulloblastoma patients; 50% of patients with an initially activated Hh pathway achieved complete or partial remission [38]. Sonidegib and other inhibitors that have been evaluated in other cancer patients may be repurposed and evaluated in the setting of PDAC.




2.5. Hippo Pathway


Another signal that regulates fibroblast activation are the transcriptional effectors of the Hippo pathway, the Yes-associated protein (YAP), and the transcriptional activator with a PDZ-binding motif (TAZ). YAP-TAZ transduces the major cues of the Hippo shunt, leading to the regulation of matrix stiffness, fibroblast activation, and matrix synthesis. The expression and accumulation of TAZ has been shown in the nuclei of spindle-like fibroblasts. In in vitro studies, the depletion of YAP and TAZ abolished fibroblast function and reduced matrix synthesis [39]. The YAP-TAZ pathway (Hippo pathway) was shown to modulate the phenotype of pancreatic stellate cells and promote the recruitment of tumor-associated macrophages and myeloid-derived suppressor cells. The importance of the Hippo pathway in pancreatic cancer development was demonstrated when YAP-TAZ cues promoted tumor progression despite the absence of KRAS mutation. This shows that the Hippo pathway is critical to tumor growth in pancreatic cancer. The Hippo pathway is characterized by sequences of molecular cascades that activate the Hippo transducers YAP-TAZ (Figure 2). YAP-TAZ accumulates in the nucleus and interacts with TEA transcriptional factors TEADs, leading to the induction of gene expression. In pancreatic cancer, the outcome of this pathway leads to tumorigenesis, tumor growth, EMT, stroma generation, immunomodulation, and chemoresistance [40]. Therefore, inhibitors of Hippo transducers may represent a breakthrough in breaking the stroma barrier and abolishing drug resistance. Unfortunately, there are currently no advances in this area. In a preclinical study, Higashi and colleagues showed that TAZ expression was significantly downregulated in HFL cells after treatment with Fluvastatin and simvastatin [41]. Future studies should focus on the development of more inhibitors of this pathway to overcome the stroma barrier.




2.6. Cancer-Associated Fibroblasts (CAFs)


CAFs, previously identified as a prominent component of desmoplasia, have recently emerged as a therapeutic target in PDAC [42]. The role of CAFs in immune evasion and therapeutic resistance has made them a desirable target; however, effective clinical translation of this research has yet to show definitive success. The primary challenges of CAF-targeting treatments appear to result from the heterogenicity and complex functions of CAFs in the TME and a lack of complete mechanistic understanding [43]. Early research focused on the complete eradication/inhibition of CAFs in the TME, with ineffective and detrimental results in the hosts. Initially, targeted therapies included the ablation of α-SMA+ and anti-FAP therapies [44,45]. A study from early 2014 utilized transgenic mice to delete α-SMA+ myofibroblasts in pancreatic cancer, resulting in diminished animal survival correlated with increased CD4+Foxp3+ Tregs [44]. An early 2013 study exhibited the detrimental effects of non-specific anti-FAP therapy in two different mouse strains due to the FAP-reactive T cells present in bone marrow mesenchymal stem cells [45]. Current research has since shifted to increasing the specificity of therapies to target only CAFs and targeting subpopulations of CAFs to inhibit protumorigenic properties while maintaining tumor-suppressive properties [46].



It has been well established in the literature that STAT3 activation in iCAFs plays a critical role in the poor prognosis of cancer, making it a desirable target for treatment [47]. Ruxolitinib, a JAK inhibitor, failed in phase III clinical studies after it failed to show improved survival rates in patients with pancreatic cancer when combined with capecitabine [48]. Other approaches to targeting STAT3 activation were deemed necessary; these included targeting cytokine receptors upstream. Clinical trials of Anakinra, an IL-1R antagonist, are currently recruiting for phase II trials (NCT04926467) after showing initial success in combination with gemcitabine in human cell lines and nude mice models [49]. High expression levels of circFARP1 have been observed in advanced PDAC patient tumors and identified as playing a role in STAT3 activation, which increases GEM resistance [50]. This may be a desirable therapeutic target in the CAF STAT3 combination to enhance the effectiveness of GEM treatment in PDAC.



CAFs secrete FGF, which supports tumor growth and progression, and FGFR1–4 expression has been reported in pancreatic cancer, making them promising new therapeutic targets [51]. There are currently few trials for PDAC-targeting FGF/FGFR1–4, but there have been encouraging results for FGFR inhibitors in early clinical trials of different cancers. In a phase I trial, Futibatinib demonstrated the clinical efficacy and tolerability of FGFR1–4 inhibitors in many different tumors [52]. After demonstrating clinical efficacy across tumors, including pancreatic cancer, Pemigatinib has moved into phase II and III trials [53]. A phase Ib trial of Dovitinib reported clinical activity with gemcitabine and capecitabine in pancreatic patients, but no phase II trials are currently ongoing [54]. Lenvatinib reportedly showed antitumor activity in patients with biliary tract cancer in a phase II trial, so this FGFR1–4 inhibitor may have potential in PDAC treatment as well [55]. There are multiple ongoing phase I and II studies of Futibatinib, including one featuring patients with advanced KRAS mutant cancer. The presence of FGF/FGFR1–4 in pancreatic cancers may also be a useful therapeutic approach for PDAC.



CAF-mediated CXCL12/CXCR4 is targeted because of its established role in invasion and metastasis in several types of cancer [56]. Plerixafor (AMD3100), a CXCR4 inhibitor, yielded positive results in a phase II trial on patients with metastatic pancreatic cancer [57]. However, these results were not indicative of clinical efficacy because the inhibition of CXCR4 was limited to only one week, so clinical trials with long-term inhibition are still necessary to determine its therapeutic potential. Motixafortide (BL-8040) combined with pembrolizumab in a phase II COMBAT trial enhanced the efficacy of chemotherapy in patients with pancreatic cancer, and another phase II trial for patients with PDAC (NCT04543071) is currently recruiting [58]. Targeting CAFs’ ability to remodel the ECM is another therapeutic approach currently being used. Losartan has been reported to inhibit collagen I synthesis and enhance nanoparticle drug efficacy in human pancreatic tumor models in mice [59]. The FDA has not approved losartan for pancreatic cancer treatment, but an investigational phase II clinical trial for losartan combined with FLOFIRINOX and 9-Ing-41 is currently recruiting to test the potential benefits in PDAC (NCT05077800).



Previous studies in the literature have reported high levels of SMO expression in CAFs, indicating that the SHH pathway is activated, making the paracrine mechanism a target [60]. In a phase I clinical trial for combination therapy using SMOi sonidegib and docetaxel chemotherapy to treat triple-negative breast cancer, 3 of 12 patients derived clinical benefit, and 1 of 12 experienced complete response [61]. There are not currently any phase II trials ongoing in relation to these findings. This was a small cohort, and phase I trials do not determine therapeutic efficacy, but this therapy has the potential to be applied to PDAC treatment. ProAgio, a protein that targets integrin αvβ3-expressing cells and induces apoptosis, has been used for CAF depletion, resulting in the enhancement of chemotherapy agents used in combination in triple-negative breast cancer murine models [62].



A study of WNT2 in both OSCC and CRC allograft tumors found that anti-WNT2, which suppresses antitumor T-cell response in DC via the SOCS3/p-JAK2/p-STAT3 signaling cascades, enhances the therapeutic response in anti-PD1 therapy [63]. This finding warrants the further exploration of its clinical application, and a phase I and II trial of ST316 is currently recruiting (NCT05848739).



Following the initial success of clinical trials of CART-cell therapies in patients with multiple myeloma, it was observed in phase II trials that patients would experience poor remission and cytotoxic effects with its application [64]. A study using multiple myeloma models found preclinical success when using a combination of CART therapy and targeting BM-CAFs with both BCMA and SLAMF7 [65]. However, this study recommended continuing clinical trials with caution because of potential toxicities and the possibility of BM-CAFs being dirty targets. Overall, the heterogeneity of CAFs increases the difficulty in the application of specific therapeutic targets across different cancers, but effective targets may still guide use against PDAC.





 





Table 1. Inhibitors of the stromal barrier.
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	Target
	Agent(s)
	Phase
	Disease(s)
	Mechanism
	Reference(s)





	Hyaluronic Acid

(HA)
	Hymecromone

(4-MU)
	
	Bile duct obstruction and COVID-19
	Inhibit HA synthesis and impede migration
	[10,11]



	Hyaluronic Acid

(HA)
	RG7356
	I
	High CD44-expressing solid tumors
	Selective binding on CD44 inhibits growth
	[13]



	Hyaluronic Acid

(HA)
	A6
	II
	Recurrent EOC/FTC/PPC


	Binds to CD44, reducing CD44 bonding and activity
	[14]



	Hyaluronic Acid

(HA)
	Bivatuzumab +

Mertansine
	I
	Squamous cell carcinoma of head, neck, or esophagus
	Binding to CD44v6 to enable intracellular release and induce miotic arrest and cell death
	[15]



	Hyaluronic Acid

(HA)
	RHAMM peptide

(CD168)
	I/II
	Chronic lymphocytic leukemia
	Hinders miosis
	[17,18]



	Hyaluronic Acid

(HA)
	PEGH20
	I/II
	
	Degrades HA in the stroma
	[20,21,22,23]



	Hyaluronic Acid

(HA)
	PEGH20 + atezolizumab
	Ib/II
	PDAC
	Degrades HA in the stroma
	NCT03193190

NCT03281369



	Hyaluronic Acid

(HA)
	PEGH20
	III
	HA-high stage IV pancreatic cancer
	Increases tumor profusion by decreasing tumor pressure and increasing tumor plasticity
	[25]



	Hyaluronic Acid

(HA)
	PEGH20 +

Nab-paclitaxel/gemcitabine
	III
	HA-high metastatic PDAC
	Degrades HA in the stroma
	[26]



	αV Integrins and neurophilin-1
	CEND-1 +

Nab-paclitaxel/gemcitabine
	I
	PDAC
	Interacts with αV integrins and activates drug transport via neurophilin-1
	NCT03517176



	α2 Integrins
	E7820
	I
	Malignant solid tumors or lymphomas
	Prevents mRNA expression of α2 integrins
	[29]



	SHH
	Vismodegib

(GDC-0449)
	I/II
	PDAC and

medulloblastoma
	Inhibits SMO to inhibit Hh signaling pathway
	[35,36]



	SHH
	Taladegib
	I
	Advanced solid tumors
	Inhibition of Hh signaling pathway mediated by protein SMO
	[37]



	SHH
	Sonidegib

(LDE225)
	II
	Medulloblastoma
	Inhibitor of Smoothened, preventing downstream activation
	[38]



	Cancer-associated fibroblasts
	Ruxolitinib + capecitabine
	III
	Pancreatic cancer
	Inhibition of JAK1 and JAK2, impeding cell signaling
	[66]



	Cancer-associated fibroblasts
	Anakinra
	II
	PDAC
	IL-1R antagonist
	NCT04926467



	Cancer-associated fibroblasts
	Futibatinib
	I/II
	FGFR-aberrant tumors
	Anti-FGFR inhibits FGFR signaling pathways
	[52]



	Cancer-associated fibroblasts
	Pemigatinib
	II/III
	Refractory advanced malignancies
	Anti-FGFR inhibits FGFR signaling pathways
	[53]



	Cancer-associated fibroblasts
	Dovitinib + gemcitabine and capecitabine
	Ib
	Pancreatic cancer
	Anti-FGFR inhibits FGFR signaling pathways
	[54]



	Cancer-associated fibroblasts
	Lenvatinib
	II
	Biliary tract cancer
	Anti-FGFR inhibits FGFR signaling pathways
	[55]



	Cancer-associated fibroblasts
	Plerixafor

(AMD3100)
	II
	Metastatic pancreatic cancer
	CXCR4 inhibition, activating intratumoral immunity
	[57]



	Cancer-associated fibroblasts
	Motixafortide

(BL-8040) + pembrolizumab
	II COMBAT trial
	Pancreatic cancer
	Inhibition of CXCR4 activation, increasing intratumoral immunity
	[58]

NCT04543071



	Cancer-associated fibroblasts
	Losartan + FLOFIRNOX and 9-Ing-41
	II
	PDAC
	Inhibit collagen I synthesis
	NCT05077800



	Cancer-associated fibroblasts
	SMOi sonidegib + docetaxel
	I
	Triple-negative breast cancer
	Inhibition of signaling and inhibition of microtubule assembly
	[61]



	Cancer-associated fibroblasts


	ProAgio
	Preclinical
	Triple-negative breast cancer
	CAF depletion by targeting integrin αvβ3-expressing cells and inducing apoptosis
	[62]



	Cancer-associated fibroblasts
	ST316
	I/II
	Advanced solid tumors
	Suppress transcription of Wnt genes
	NCT05848739



	Cancer-associated fibroblasts
	Dual-targeting CART-cells
	Preclinical
	Multiple myeloma
	CART signaling, targeting malignant plasma cells and CAFs
	[65]










3. Profound Immunosuppressive TME and Immunotherapy in PDAC


The infiltration of immunosuppressive cells (Figure 3) such as tumor-associated macrophages (TAMs), regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs); the secretion of immunosuppressive cytokines such as transforming growth factor β (TGF-β) and interleukin 10 (IL-10); and the expression of immune checkpoints such as programmed death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) play vital roles in immune evasion in PDAC [67,68]. By targeting these cells and molecular signaling pathways, the survival of PDAC patients can be improved [69]. However, mono-immunotherapy fails to achieve the promising clinical benefit in patients with PDAC due to the highly immunosuppressive tumor microenvironment (TME) [70]. Here, we discuss various targeted therapies on cellular and molecular levels and evaluate their outcomes.



3.1. Targeting Immunosuppressive Cells


3.1.1. Tumor-Associated Macrophages (TAMs)


TAMs are one of the most abundant immune cells in the TME of PDAC. These TAMs are M2-like macrophages and produce immunosuppressive cytokines such as IL-10 and TGF-β to inhibit cytotoxic T-cell functions and induce pancreatic fibrosis by enhancing the production of ECM proteins [71,72,73]. TGF-β1 secreted from TAMs plays a key factor in inducing PD-L1 expression in PDACs by enhancing the interaction between pyruvate kinase M2 (PKM2) and the signal transducer and activator of transcription 1 (STAT1) [74]. The phagocytosis function of TAMs is significantly compromised by “don’t eat me” signaling, such as the axis of signal-regulatory proteins (SIRPα) on TAMs–cluster of differentiation 47 (CD47) on PDAC cells [75,76]. Similarly, PDAC cells (e.g., Panc1 cells) express CD24 to escape macrophage phagocytosis by binding with the inhibitory receptor sialic acid-binding Ig-like lectin 10 (Siglec-10), expressed by TAMs [77]. In addition, TAMs can promote tumor cell metastasis and induce therapeutic resistance. For example, NLR family pyrin domain containing 3 (NLRP3) activation induced the M2-like macrophage polarization of TAMs in a murine model of PDAC to promote cancer cell lung metastasis [78]. Therefore, targeting TAMs and their associated factors can improve PDAC therapy.



CD40 is a TNF receptor superfamily member expressed by immune and non-immune cells [79]. In human macrophages, CD40 expression is induced through the IL-6-mediated upregulation of STAT3 and HIF, whereas in mice, STAT-1α and ETS play roles in the induction of CD40 expression [80]. CD40 on antigen-presenting cells, like DC, can bind CD40L, inducing its activation and the subsequent priming of cytotoxic T lymphocytes, leading to an enhanced antitumor response [81]. In fact, CD40 knockout mice showed impaired T cell priming and exhibited a markedly higher occurrence of spontaneous tumors [82]. Thus, agents that can activate CD40 may be beneficial to pancreatic cancer patients. Several studies have demonstrated the ability of CD40 activation to modulate the TME [83]. Specifically, CD40 has been shown to improve the efficacy of checkpoint inhibitors in pancreatic cancer patients [84]. Due to the successes of preclinical studies, CD40 agonists like selicrelumab have been evaluated in clinical trials. In a particular neoadjuvant clinical trial, the administration of neoadjuvant selicrelumab enhanced T-cell proliferation, reduced M2-like TAMs and fibrosis, and increased the systemic frequency of CXCL10 and CCL22 compared to treatment-naive PDAC patients or patients administered with other neoadjuvant [85].



Other TAM-targeting therapies have been developed. A phase 1b trial (Clinicaltrials.gov, NCT01413022) blocked the recruitment of TAMs into the TME of PDAC using CCR2 inhibitor PF-04136309 in combination with chemotherapy FOLFIRINOX (oxaliplatin and irinotecan plus leucovorin and fluorouracil), achieving an objective tumor response in 49% (16) of 33 patients, with local tumor control in 97% (32) of 33 patients, showing better treatment response compared to the FOLFIRINOX-treated group [86]. Another clinical trial (NCT02345408) showed that treatment with a CCR2-specific antagonist, CCX872-B, plus FOLFIRINOX resulted in an overall survival (OS) rate of 29% at 18 months by decreasing peripheral blood monocytes without causing safety issues [87]. The depletion of TAMs is also an option to improve the antitumor efficacy of immunotherapies. For example, a phase 1 clinical trial (NCT02777710) evaluated the safety and activity of a tyrosine kinase inhibitor of colony-stimulating factor 1 receptor (CSF1R) (pexidartinib) in combination with anti-PD-L1 antibody (durvalumab) in patients with metastatic/advanced pancreatic or colorectal cancers, and no unexpected events were shown in the group who received the combined therapy [88]. Pexidartinib is applied to deplete M2 macrophages in the TME of PDAC. A clinical trial (NCT05558982) is recruiting to evaluate the efficacy of macrophage activator BXCL701 in combination with pembrolizumab in patients with PDAC.




3.1.2. Regulatory T Cells (Tregs)


Tregs are highly infiltrated in PDAC, contributing to the immunosuppressive TME and causing resistance to immunotherapy by secreting immunosuppressive cytokines (e.g., TGF-β) and expressing immune checkpoints (e.g., programmed cell death protein 1 [PD-1], CTLA-4, T cell immunoglobulin and mucin domain-containing protein 3 [Tim-3], and lymphocyte activation gene-3 [LAG-3]) [68,89]. Ipilimumab, an anti-CTLA-4 monoclonal antibody, has been shown to increase antitumor immunity by inhibiting Tregs due to their constitutive expression of CTLA-4 [90]. Unfortunately, a phase 2 clinical trial (NCT00112580) showed that the intravenous administration of ipilimumab (3.0 mg/kg every 3 weeks; four doses/course for a maximum of two courses) was not effective for the treatment of locally advanced or metastatic pancreas cancer [91]. Some antitumor treatments, such as FOLFIRINOX and gemcitabine, can significantly increase the expression of CD8+ T cells and decrease the expression of immunosuppressor cells and their secreted immunosuppressive cytokine TGF-β1 in PDAC patients [92,93], including Treg cells. However, the depletion of Tregs shows contradictory results in murine PDAC models. For example, treatment with C-C motif chemokine receptor 5 (CCR5) inhibitor TAK-779 suppressed Treg migration to tumors and inhibit tumor development in a murine PDAC model [94]. In contrast, in another mouse model, Treg depletion induced via diphtheria toxin (DT) injection caused increased myeloid cell infiltration and restored immunosuppression, resulting in tumor progression [68]. A recent study also showed that a higher infiltration of CD3+CD8−FOXP3+ Tregs was positively associated with increased OS in PDAC patients [95]. Therefore, the function of different subtypes of Tregs remains to be studied.



An accumulating number of studies are investigating the roles of different molecules in regulating Treg function and depletion. Treatment with an anti-glucocorticoid-induced TNF receptor (GITR) monoclonal antibody (mAb) can inhibit Treg function and tumor infiltration by downregulating CCR5 expression, resulting in the suppression of subcutaneous pancreatic tumor growth in a murine model. In addition, anti-GITR treatment shows synergy with IFN-α-mediated therapy [96]. The infiltration of LAG-3-expressing T cells is positively associated with reduced disease-free survival in PDAC patients [97]. Treatment with anti-LAG-3 antibody alone or in combination with anti-41BB antibody suppressed tumor growth and increased the survival time of C57BL/6 mice with orthotopic pancreatic tumors by increasing T cells and decreasing immunosuppressive myeloid cells [98]. Anti-CD25 treatment alone or in combination with anti-TGF-β can significantly suppress the tumor infiltration ability of Tregs in PDAC tissues, and dual treatment can increase CD8+ T cell infiltration and suppress tumor growth in PDAC murine models [99]. A clinical trial (NCT03621982) evaluated the efficacy of ADCT-301, an antibody–drug conjugate comprising a human monoclonal antibody against CD25 conjugated to a potent pyrrolobenzodiazepine dimer (PBD) toxin, in patients with advanced solid tumors, including pancreatic cancer. However, the trial was terminated due to no sufficient immunomodulatory activity being tested at a planned dose/time.



Forkheadbox protein 3 (Foxp3) was initially identified as a key transcription factor for Tregs that is also expressed in PDAC tumor cells (also known as cancer-Foxp3) and can upregulate the expression of C-C motif chemokine ligand 5 (CCL5) to recruit Treg cells into the tumor microenvironment [100]. Together with Tregs, the upregulation of PD-L1 expression in tumor cells induced by cancer-Foxp3 in PDAC increases immune evasion and causes the immunosuppressive microenvironment [101]. Treatment with a murine PD-1-targeted IL-2 variant antibody complex (PD1-IL2v), which is composed of a high-affinity anti-PD-1 antibody fused to an IL-2 variant with abolished binding to CD25 (IL-2Rα), can increase the expansion of tumor-antigen-specific CD8+ T cells, inhibit the immunosuppressive function of Tregs, and improve the antitumor efficacy of radiation therapy [102].




3.1.3. Myeloid-Derived Suppressor Cells (MDSCs)


MDSCs are a heterogeneous population of myeloid cells in immune suppressive TMEs which are commonly associated with a reduced efficacy of immunotherapy and therapeutic resistance [103,104]. The inhibition of the growth factors and recruiting factors derived from tumor cells or the TME can inhibit the population of MDSCs in PDAC and their functions. For example, gemcitabine (GEM)-resistant PDAC cells can express higher levels of PD-L1 and granulocyte–macrophage colony-stimulating factor (GM-CSF) compared to parental PDAC cells, which can cause the accumulation of MDSCs and an immunosuppressive TME [105]. In cell and animal tumor models, a combination therapy with p53-expressing telomerase-specific oncolytic adenovirus OBP-702 and PD-L1 blockade or PD-1 blockade can improve the antitumor efficacy of PD-L1/PD-1 blockade and inhibit the GM-CSF-induced accumulation of MDSCs and immunosuppressive TME [105,106]. Chemokines/chemokine receptors such as CXCL2/CXCR2 and CCL2/CCR2 facilitate the recruitment of myeloid neutrophils and macrophages to PDAC to induce an immunosuppressive TME [107]. Treatment with CXCR1/2 inhibitor SX-682 dramatically depleted the population of intratumoral CXCR2+ MDSCs and increased the infiltration of CD8+ and CD4+ T cells to suppress pancreatic cancer growth in a mouse iKRAS PDAC model, enhancing the survival time of tumor-bearing mice [98]. Dual treatment with CCR2 and CXCR2 inhibitors can significantly increase the suppression of tumor-infiltrating myeloid cells in PDAC compared with either strategy alone and enhance the chemotherapeutic efficacy of FOLFIRINOX (5-Fluorouracil, irinotecan, and oxaliplatin) [107].



Phase 1 or 2 clinical trials have been designed to evaluate the tolerability and efficacy of a CCR2/5 dual inhibitor, BMS-813160, together with nivolumab, gemcitabine, and nab-paclitaxel in patients with borderline resectable and locally advanced PDAC (NCT03496662) or with/without GVAX (a GM-CSF gene-transfected tumor cell vaccine) following chemotherapy and radiotherapy in patients with locally advanced PDAC (NCT03767582). Phase 1 clinical trial results showed that a combined treatment consisting of BMS-813160 with nivolumab and GVAX (NCT03767582) was safe and did not cause a delay in surgical resection after neoadjuvant treatment [108].





3.2. Targeting Immunosuppressive Molecules


3.2.1. Immune Checkpoints


The expression of immune checkpoints (ICs) such as PD-L1 and V-domain Ig suppressor of T cell activation (VISTA) is significantly correlated with the OS of patients with PDAC [109]. The LAG-3 expression of T cells in PDAC is correlated with reduced disease-free survival (DFS). PD-1 expression in PDAC-infiltrating Tregs is correlated with tumor metastasis to lymph nodes [110]. Currently, anti-PD-1 antibody pembrolizumab is the only FDA-approved treatment for patients with advanced PDAC [111]. Several clinical trials (NCT02546531, NCT02331251) have been initiated to evaluate the synergistic effect of pembrolizumab with chemotherapies and target therapies such as gemcitabine and defactinib [112,113]. Another pilot phase 1 clinical trial (NCT02311361) showed that immune checkpoint blockade (anti-PD-L1 antibody durvalumab or plus anti-CTLA-4 antibody tremelimumab) in combination with stereotactic body radiotherapy had a modest benefit in patients with metastatic PDAC [114]. One clinical trial has been initiated to test the efficacy and safety of anti-PD1 antibody toripalimab in combination with nab-paclitaxel and gemcitabine as a first-line treatment for patients with unresectable PDAC [115].




3.2.2. TGF-β Pathway


TGF-β signaling plays an important role in tumor progression and metastasis in PDAC, as well as resistance to PDAC therapy. The role of TGF-β is dependent on the downstream signaling pathway and context-dependent [116]. TGF-β can cause a more aggressive phenotype and more severe infiltration of TAMs and increase the expression of PD-L1 in PDAC through non-SMAD signaling pathways [117]. Anti-TGF-β treatment alone or in combination with anti-CD25 can significantly suppress the concentration of TGF-β in PDAC tissues. In addition, the dual treatment can inhibit the tumor volumes in PDAC murine models [99]. In the TCGA database, the expression of Cd274-encoding PD-L1 in TAMs was also associated with the expression of Tgb1 and Tgfbr1 in PDAC [116]. Synergistic treatment involving the TGF-β receptor I (TGFβRI) kinase inhibitor (vactosertib, or EW-7197) can increase the antitumor activity of gemcitabine against pancreatic cancer cells compared to gemcitabine treatment alone and inhibit TGF-β/Smad2 signaling pathway to decrease the production of extracellular matrix (ECM) proteins such as collagens, fibronectin, and alpha-smooth muscle actin (α-SMA) [118]. Another study showed that when applied together with gemcitabine, treatment with galunisertib, an orally administered TGF-β type 1 receptor (ALK5) serine/threonine kinase inhibitor, improved the OS of patients with unresectable pancreatic cancer [119]. In addition, clinical trials also show that TGFβRI inhibitors such as galunisertib (NCT01373164) plus other treatments such as gemcitabine can improve the survival of patients with pancreatic cancer [120]. A phase I clinical trial (NCT02734160) showed that the co-administration of galunisertib (150 mg twice daily) with anti-PD-L1 antibody durvalumab (1500 mg on day 1 every 4 weeks) was safe in patients with refractory metastatic pancreatic cancer, with a disease control rate of 25% being recorded [121].



Treatment involving HCW9218, a bifunctional TGF-β antagonist showing IL-15 immunostimulatory activity, can increase the antitumor activity of chemotherapy nab-paclitaxel and gemcitabine and prolong the survival of pancreatic tumor-bearing mice [122]. A phase 1/2 clinal trial (NCT05304936) is recruiting to study the dose of HCW9218 monotherapy in patients with advanced/metastatic pancreatic cancer. For patients with metastatic PDAC who are resistant to the first-line treatment of gemcitabine and nab-paclitaxel, using the TGF-β receptor and ALK4/ALK5 inhibitor vactosertib in combination with FOLFOX (a combined chemotherapy regimen consisting of folinic acid, fluorouracil, and oxaliplatin) could be an optional treatment (NCT03666832).




3.2.3. IL-10


As shown by the above-discussed studies, immunosuppressive cells such as Tregs, TAMs, and MDSCs can secrete IL-10 in the TME of PDAC to inhibit effector T cell functions [123]. In addition, PDAC cells can secrete IL-10 to induce the expression of the scavenger receptor macrophage receptor with collagenous structure (MARCO) in myeloid cells to suppress effector T cell and NK cell function [124]. Furthermore, IL-10 can suppress inflammation by inhibiting NF-κB signaling to exert an antitumor function [125]. A phase 1 clinical trial (NCT02009449) showed that pegilodecakin, a pegylated recombinant human IL-10, in combination with FOLFOX (folinic acid, fluorouracil, and oxaliplatin) has promising efficacy, showing a 2-year OS rate of 24% (95% CI: 10–42%) without causing immune-related adverse events [126]. However, a phase 3 clinical trial (NCT02923921) examined the efficacy of pegilodecakin (PEG), a pegylated recombinant human IL-10, in combination with FOLFOX (folinic acid, fluorouracil, and oxaliplatin) in patients with metastatic PDAC after first-line gemcitabine-containing therapy, but this approach did not result in an improvement in cancer therapy [127]. In addition, the above-discussed treatments that suppress immunosuppressive cells can also suppress the expression of IL-10 to enhance antitumor immunity.




3.2.4. Focal Adhesion Kinase (FAK)


FAK is a tyrosine kinase and can regulate cancer progression and metastasis via regulating several cellular functions [128]. FAK is hyperactivated in the immunosuppressive TME of PDAC [129]. FAK can regulate the expression of immune checkpoints and the efficacy of checkpoint immunotherapy in mouse models of PDAC. For example, programmed death ligand 2 (PD-L2) has been shown to be positively associated with tumor progression and poor prognosis in patients with PDAC. FAK can upregulate IL-6 expression in pancreatic tumor cells, which acts synergistically with IL-4 from Th2 cells to drive the upregulation of PD-L2 in TAMs, dendritic cells (DCs), and endothelial cells [130]. In addition, activating the FAK signaling pathway in PDAC cells by CAF-derived β1-integrins can promote their clonogenic growth [129]. Furthermore, FAK inhibitors or their combination with immune checkpoint inhibitors can inhibit extracellular matrix production and the cell migration of CAFs and display antitumor effects in PDAC models [131,132]. Treatment with the FAK inhibitor VS-4718 decreased collagen production by decreasing the number of SMA-expressing fibroblasts and inhibiting the TGF-β/SMAD signaling pathway in PDAC [133]. FAK inhibition induced by the selective FAK inhibitor VS-4718 significantly prevented tumor progression and led to 2-fold increase in survival rate among KPC mice with Kras and single p53 mutation, mimicking human PDAC [70].



Several ongoing clinical trials are evaluating the efficacy of the FAK inhibitor defactinib (VS-6063) in combination with radiotherapy (stereotactic body radiotherapy, NCT04331041), or immunotherapy (αPD-1 antibody pembrolizumab, NCT02758587, and NCT03727880) for pancreatic cancer treatment. One clinical trial (NCT02546531) showed that a triple-drug treatment consisting of defactinib, pembrolizumab, and gemcitabine was well tolerated and had a disease control rate (DCR) of 80% in 20 patients with refractory PDAC [113]. The median progression-free survival (PFS) and OS of these patients were 3.6 and 7.8 months, respectively. The small molecule GSK2256098 (GlaxoSmithKline) can inhibit PDAC cell growth by targeting FAK Y397 phosphorylation [134], and it is under clinical evaluation in combination with trametinib (a MEK1/2 inhibitor) treatment for advanced pancreatic cancer (NCT02428270). A preclinical study showed that another FAK inhibitor, AMP945, in combination with FOLFIRINOX, can significantly increase the survival of pancreatic cancer-bearing mice with patient-derived xenograft (PDX) models by increasing tumor cell apoptosis and reducing FAK Y397 phosphorylation [135]. A clinical trial (NCT05355298) is recruiting to evaluate the efficacy and safety of AMP945 treatment in combination with nab-paclitaxel and gemcitabine in patients with unresectable or metastatic pancreatic cancer.



Overall, PDAC is highly resistant to chemotherapy compared to other tumors [136], which also enhances the treatment difficulty of immunotherapies due to the highly immunosuppressive TME caused by the above-mentioned factors. An accumulating number of treatments are showing the potent effects needed to combat this barrier (Table 2). Specifically, combinational treatment strategies incorporating strategies such as surgery operation, immunotherapy, chemotherapy, radiotherapy, and others have been shown to improve the antitumor efficacy of PDAC treatments. However, more clinical trials are required to evaluate these therapies.






4. Conclusions


Targeting the stromal barrier is a critical approach to overcoming drug resistance in PDAC. While this may be challenging, there are several opportunities for the development of novel targeted therapy in future research. The highly proliferative cellular components that secrete dense fibrous components are an opportunity for therapeutic intervention. These cells may contain receptors or surface glycoproteins that could be docked to regulate their activities. Further, the development of targeted inhibitors against aberrant pathway molecules that exacerbate the desmoplastic reaction may help to deconvolute the stroma barrier or resuscitate antitumor immunity. Thus, future research should focus on the identification of TME-specific actionable targets and the development of efficacious therapy against such targets to overcome drug resistance in PDAC.
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Figure 1. (A) (20×) H&E staining of a patient-derived xenograft model of PDAC imaged in our laboratory. The tissue section shows an area of the desmoplastic reaction which is characterized by a dense aplastic appearance. Pancreatic stellate cells, fibroblasts, and suppressor cell infiltrates colonize this area with an extensive deposition of extracellular matrix components, leading to increased interstitial fluid pressure and reduced perfusion (B). Overall, this feature prevents drug access into the TME, thereby limiting therapeutic efficacy in pancreatic cancer. 
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Figure 2. HA-CD44 pathways (A), Sonic Hedgehog pathway (B), Hippo pathway (C), and targets of inhibitors. 
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Figure 3. The immunosuppressive tumor microenvironment of PDAC. The infiltration of immunosuppressive cells such as tumor-associated macrophages (TAMs), regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs); the secretion of immunosuppressive cytokines such as transforming growth factor β (TGF-β) and interleukin 10 (IL-10); the expression of immune checkpoints such as programmed death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4); and “don’t eat me” signaling molecules such as signal-regulatory proteins (SIRPα) and sialic acid-binding Ig-like lectin 10 (Siglec-10), together, play vital roles in immune evasion in the PDAC microenvironment. The diagram of this figure was created using Biorender (https://www.biorender.com/ (accessed on 15 September 2023)). 
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Table 2. Examples of treatments targeting immunosuppressive tumor microenvironment in PDAC.
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Class of Therapies

	
Targets

	
Treatments

	
Clinical Trials

	
Phase






	
Immune checkpoint inhibitors

	
CTLA-4

	
Ipilimumab, an anti-CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) antibody.

	
NCT00112580

	
2




	
PD-1

	
Anti-PD-1 antibody pembrolizumab in combination with macrophage activator BXCL701.

	
NCT05558982

	
2




	
PD-L1

	
Anti-PD-L1 antibody Durvalumab with a tyrosine kinase inhibitor of colony-stimulating factor 1 receptor (CSF1R) (pexidartinib).

	
NCT02777710

	
1




	
PD-L1

	
Anti-PD-L1 antibody durvalumab co-administration with galunisertib.

	
NCT02734160

	
1




	
Cytokines/cytokine receptors

	
IL-10

	
Pegilodecakin, a pegylated recombinant human IL-10, in combination with FOLFOX (folinic acid, fluorouracil, and oxaliplatin).

	
NCT02009449

	
1




	
TGF-β+IL-15

	
HCW9218, a bifunctional TGF-β antagonist comprising IL-15 immunostimulatory activity.

	
NCT05304936

	
1/2




	
TGF-β receptor

	
TGF-β receptor I kinase inhibitor galunisertib plus gemcitabine.

	
NCT01373164

	
1/2




	
TGFβ receptor I kinase inhibitor galunisertib plus the anti-PD-L1 antibody durvalumab.

	
NCT02734160

	
1




	
Chemokines/

chemokine receptors

	
CCR2/CCR5

	
CCR2/CCR5 inhibitor BMS-813160 in combination with nivolumab and gemcitabine and nab-paclitaxel.

	
NCT03496662

	
1/2




	
CCR2

	
CCR2 inhibitor PF-04136309 in combination with chemotherapy FOLFIRINOX (oxaliplatin and irinotecan plus leucovorin and fluorouracil).

	
NCT01413022

	
1




	
CCR2

	
CCR2-specific antagonist CCX872-B plus FOLFIRINOX.

	
NCT02345408

	
1




	
CCR2

	
CCR2 inhibitor PF-04136309 in combination with chemotherapy FOLFIRINOX (oxaliplatin and irinotecan plus leucovorin and fluorouracil).

	
NCT01413022

	
1




	
Co-stimulatory molecules

	
CD25

	
ADCT-301, a monoclonal antibody that binds to CD25 conjugated to a PBD dimer toxin, in combination with or without anti-PD-1 therapy (pembrolizamab).

	
NCT03621982

	
1




	
Kinase inhibitors

	
CSF1R

	
Pexidartinib, a tyrosine kinase inhibitor of colony-stimulating factor 1 receptor (CSF1R).

	
NCT02777710

	
1




	
FAK

	
Focal adhesion kinase (FAK) inhibitor defactinib with pembrolizumab.

	
NCT03727880

	
2




	
FAK

	
Defactinib with stereotactic body radiotherapy (SBRT).

	
NCT04331041

	
2
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