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Abstract

Chimeric antigen receptor (CAR) T-cell therapy utilizes genetic engineering to redirect a patient’s 

own T cells to target cancer cells. The remarkable results in hematological malignancies prompted 

investigating this approach in solid tumors such as pancreatic cancer. The complex tumor 

microenvironment, stromal hindrance in limiting immune response, and expression of checkpoint 

blockade on T cells poses hurdles. Herein, we summarize the opportunities, challenges, and state 

of knowledge in targeting pancreatic cancer with CAR T-cell therapy.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), the most common type of pancreatic cancer, is 

projected to become the second leading cause of cancer death in the United States by 2030 

[1]. Despite recent advances in systemic chemotherapy for metastatic PDAC with approval 

of several chemotherapy regimens in the last decade, median overall survival remains poor 

for this disease (<1 year) and novel treatment strategies are needed [2–4]. Although initial 

studies of single agent immunotherapy agents with checkpoint inhibitors in PDAC have been 

disappointing, much promise and interest in novel targeted and immunotherapy strategies for 

PDAC remains given our emerging understanding of the role the immune system in 

pancreatic cancer [5].
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In pancreatic cancer, published studies have shown that the presence of tumor-infiltrating 

lymphocytes (TILs) in surgical resection specimens is associated with improved prognosis 

among patients who undergo surgical resection of their early stage cancers [6,7]. Infusion of 

T cells as treatment of solid tumors has been shown to be effective, as demonstrated by TIL 

therapy for melanoma, where complete remission (CR) was seen in up to 22% of patients 

with metastatic disease [8]. TIL therapy relies on the ability to isolate and expand tumor-

reactive T cells from within the patient tumor, which is challenging to implement. Progress 

in genetic engineering and a greater understanding of T-cell biology have allowed us now to 

translate the complex cytotoxic T-cell response into a synthetic molecule that can be 

introduced into T cells. Adoptive cell therapy using genetically engineered T cells is a 

promising approach that specifically targets cancer cells to eradicate tumor burden. The two 

main approaches currently used in the clinic to engineer T cells are to target a tumor antigen 

either via a T-cell receptor (TCR) or a chimeric antigen receptor (CAR). While TCRs are 

restricted to human leukocyte antigen (HLA), CARs directly bind to cancer cell-surface 

proteins, carbohydrates, or glycolipids, which allows them to be limited by HLA down 

regulation commonly seen in solid tumors [9]. First generation CARs were developed in 

1989 and consisted of a TCR stimulatory domain attached to a single chain variable 

antibody fragment [10]; the subsequent addition of a costimulatory domain (second 

generation CAR) has greatly enhanced its success by improving T-cell survival and 

proliferation upon encounter with antigen-expressing target cells [11]. Two costimulatory 

domains, CD28 and 4-1BB, were utilized by multiple investigators to link to CD3z domain, 

an intracellular signaling domain that imparts cytolytic ability to the T-cell. The addition of 

both costimulatory domains (CD28 and 4-1BB) to the CD3z domain, which is designated a 

third generation CAR, does not consistently perform better than the second generation CAR 

[12–14]; consequently, most clinical trials today use a second generation CAR (Figure 1). 

The use of CAR-modified T cells that target CD19, a B-cell receptor, has been shown to 

induce durable remissions in patients with chemorefractory B-cell malignancies.[15–17]. 

Patients with B-cell acute lymphocytic leukemia (ALL) treated with second generation 

CARs after lymphodepletion exhibit CR of 80–90% in relapsed and refractory patients [18].

The excitement generated by unprecedented responses and survival rates in otherwise 

incurable relapsed B-cell ALL patients in early phase CAR T-cell trials sets a very optimistic 

stage for solid tumors, which has yet to yield the same level of success [19]. In a first 

generation CAR T-cell clinical trial for neuroblastoma, CRs were observed in 3 of 19 

patients treated [20,21]. All 3 patients who achieved CR exhibited persistence of circulating 

CAR T cells for 46 weeks. Pancreatic cancer, which is still in early phase CAR T-cell 

testing, exhibits a number of tumor-specific antigens and, conceptually, is a promising 

candidate tumor for investigating CAR T-cell therapy. Herein, we summarize the 

opportunities, challenges, and current state of knowledge in using CAR T-cell therapy to 

target pancreatic cancer.

CLINICAL TRIALS

Multiple early phase CAR T-cell clinical trials for solid tumors, which include pancreatic 

cancer patients, are currently active across the United States and internationally. Target 

antigens in these trials include mesothelin (MSLN), prostate stem cell antigen (PSCA), 
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carcinoembryonic antigen (CEA), HER2, MUC1, and CD133. These trials differ in 

preconditioning regimens, concurrent drug delivery, route of administration, type of CAR, 

and dose (Table 1). All of the current trials utilize second or third generation CARs, as T 

cells transduced with either of these CARs persist longer than first generation CAR 

transduced T cells. In addition to delivering the CAR-transduced T cells, some trials 

incorporate co-delivery of additional drugs or molecules, such as IL-2 and rimiducid, to 

induce costimulatory domain expression or SIR Y-90 microspheres in patients with liver 

metastases (Table 1). Many of the available CARs utilize murine scFv elements, which have 

been shown to be effective in patients with ALL [18], but are potentially immunogenic and 

can lead to induction of neutralizing antibodies [22]. Additionally, cardiac arrest from an 

anaphylactic reaction to the murine-based CAR has been reported [23]. Aiming to increase 

persistence and reduce the potential for side effects from the mouse scFv-based CAR, 

investigators have been co-administering the CD19-targeting CAR to concomitantly 

eliminate the B cells that express CD19 and produce anti-mouse antibodies that are 

responsible for CAR T-cell elimination and side effects observed in prior patients. At our 

institution, we currently have ongoing human MSLN-targeted CAR T-cell clinical trials for 

patients with metastatic breast cancer, lung cancer, and pleural mesothelioma; we are 

expanding the trial to include pancreatic cancer patients.

In a MSLN-targeted CAR T-cell clinical trial at University of Pennsylvania, a patient with 

pancreatic cancer had stable disease after completing 3 weeks of intravenous CAR T-cell 

therapy. By FDG PET/CT imaging, a decrease in the maximum standardized uptake value 

(SUVmax) was seen transiently in all sites of disease after therapy, but the effect was not 

sustained on repeat imaging. Analysis of ascitic fluid on days 3 and 15 after start of therapy 

revealed a 40% decrease in the concentration of tumor cells that coexpressed MSLN and c-

Met [23]. Given that the CAR in this trial was expressed transiently by mRNA 

electroporation of T cells, as a cautionary measure, using a mouse hybridoma-derived scFv 

that could have been eliminated by an endogenous immune reaction [23], the transient tumor 

response exhibited here was exciting and encouraging.

PRECONDITIONING

The role of preconditioning prior to CAR T-cell treatment for solid tumors has not been well 

established, but experience from CAR-treated leukemia patients shows lymphodepletion 

prior to CAR T-cell therapy increases the expansion, persistence, inflammatory cytokine 

release, and efficacy of CD19-targeted CARs [24] [25]. TIL-treated melanoma patients 

experience similar benefits from lymphodepletion [26].

The rationale for lymphodepletion is multifold: 1) it allows infused CAR T cells, which are 

more differentiated than most of the endogenous circulating lymphocytes, to compete for 

cytokines and nutrients enough to engraft, expand, and reach the tumor in adequate numbers 

over adequate time; 2) it helps eliminate some of the protumor immune cells in the 

microenvironment such as Tregs and myeloid suppressor cells; 3) it may enhance 

endogenous immune functions such as antigen-presenting cell activation; and 4) it may have 

meaningful and direct antitumor or cytoreductive effects.
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The most common regimen includes cyclophosphamide or cyclophosphamide with 

fludarabine (Cy/Flu) [27]. The addition of fludarabine to cyclophosphamide improved CAR 

T-cell expansion and disease-free survival in B-cell ALL [28]. In prostate cancer, a Phase I 

study using Cy/Flu preconditioning (with IL-2 support) showed good CAR T-cell 

engraftment (defined as ≥20%) in 3 out of 5 patients [29] and a similar regimen has been 

used in many pancreatic cancer CAR T-cell clinical trials (Table 1).

While Cy and Flu are the most common preconditioning agents used in CAR T-cell trials, 

these agents have not been used to treat PDAC. Common PDAC chemotherapeutic agents 

include 5-FU, gemcitabine (GEM), and combination therapies such as FOLFIRINOX (5-FU, 

leukcovorin, irinotecan, oxaliplatin) [30]. These chemotherapeutic agents, as well as 

commonly used radiation regimens, can modify the tumor microenvironment and host 

immune responses via several underlying mechanisms, such as immunogenic cell death, 

local T-cell infiltration, and eradication of immunosuppressing Tregs and myeloid derived 

suppressor cells (MDSCs); this provides a rationale for their use neoadjuvantly in CAR T-

cell therapy [31]. The number of CD4+ and CD8+ cells increased significantly after 

neoadjuvant chemoradiation using gemcitabine and TS-1 in mice and higher CD4 count was 

shown to be a good prognostic marker [32]. Multimodal chemotherapy using GEM, 

cyclophosphamide, and taxane decreased Tregs in the PDAC microenvironment [33]. In 

PDAC patients, neoadjuvant treatment with chemoradiotherapy was associated with 

statistically lower Treg accumulation in the tumor, while the total number of CD4 and CD8 

T cells did not change [34]. The effect of chemotherapeutics on MDSCs is controversial—

Zheng et al. [33] showed that GEM and 5-FU have a direct killing effect on MDSCs, 

however, Takeuchi et al. [35] reported that GEM can increase MDSC numbers through 

increases in GM-CSF levels. Whether these specific chemotherapies or other treatments, 

such as radiation therapy, provide additional benefit to CAR T-cell therapy for patients with 

PDAC remains both intriguing and presently untested.

TARGET ANTIGENS

An ideal target antigen for solid tumor CAR T-cell therapy is overexpressed on tumor cells 

with limited or no expression on normal cells and is expressed in the majority of patients. 

Association with aggressiveness and evidence of spontaneous beneficial immune responses 

against a candidate antigen adds strength in selecting a target antigen for CAR T-cell 

therapy. Pancreatic cancer preclinical models thus far have focused on various cancer cell 

surface antigens—MSLN, CEA, MUC1, PSCA, CD24, HER2, and natural killer (NK) 

receptors.

Mesothelin

Mesothelin is a cell surface antigen [36] that is highly expressed in mesothelioma, ovarian, 

and pancreatic cancers [37]. In normal tissue, it is expressed at low levels only in the pleura, 

pericardium, and peritoneum [38]. In cancer cells, MSLN is involved in cell proliferation 

[39], adhesion [40,41], cell signaling [40], and metastases [42,43]. Mesothelin consists of 

two different proteins: membrane-bound MSLN and soluble MSLN-related peptide (SMRP) 

[44]. Soluble MSLN-related peptide cleaved from MSLN-expressing tumors can be 
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measured in serum [45,46]. Production of SMRP could be related to abnormal splicing 

events leading to synthesis of a secreted protein or to an enzymatic cleavage from 

membrane-bound MSLN; evidence exists for both mechanisms [47]. For the purpose of 

CAR targeting, the membrane-bound version of MSLN is most relevant, although serum 

levels may be useful as a screening and therapy response tumor marker indicative of the 

presence of MSLN-expressing tumor cells [48]. Mesothelin-targeting immunotoxin SS1P 

has shown in vivo specificity and antitumor activity [38,49], thus validating MSLN as a 

target. In a pancreatic cancer vaccine trial [50], patients with survival advantage had strong 

and consistent CD8+ T-cell response to MSLN epitopes [51]. Specific T-cell epitopes 

derived from MSLN were shown to activate human T cells to efficiently lyse human tumors 

expressing MSLN [52]. Therefore, there is strong evidence that adoptive immunotherapy 

using a MSLN receptor will be tumor-specific and beneficial for pancreatic cancer patients.

Mesothelin is expressed in 80% of pancreatic cancers [53–55] and, among positive tumors, 

25–100% of cells express the antigen [56]. Among normal tissue in the abdomen, MSLN is 

expressed on the common bile duct and mesothelium [56]. While several clinical trials 

utilize MSLN CARs to target pancreatic cancer, preclinical justification extends primarily 

from research on other MSLN-expressing solid tumors [57–59]. We have demonstrated that 

MSLN CAR T cells administered regionally were more effective compared with 

systemically administered MSLN CAR T cells, even at a reduced dose. This therapeutic 

benefit has been shown to be CD4 CAR T-cell-mediated [60]. Serum SMRP neither 

interfered with MSLN CAR T-cell targeting to the tumor nor activated CAR T cells. In our 

ongoing clinical trial for patients with pleural malignancies, MSLN-targeted CAR T cells 

are delivered intrapleurally (NCT02414269).

In a preclinical model where T cells engineered to express an affinity-enhanced TCR against 

MSLN in a genetically engineered model of autochthonous PDAC, engineered T cells 

preferentially accumulate in PDAC and induce tumor cell death and stromal remodeling. 

However, TILs become progressively dysfunctional, a limitation successfully overcome by 

serial T-cell infusions that resulted in a near one-fold increase in survival without overt 

toxicities [61].

Carcinoembryonic antigen

Carcinoembryonic antigen is a glycoprotein expressed in nearly 75% of pancreatic cancers 

[62,63]. Expression is also observed in chronic pancreatitis and at lower levels on epithelial 

cells in the colon and other gastrointestinal organs, often in a luminal distribution [64]. In an 

immunocompetent transgenic mouse expressing CEA in the intestinal and pulmonary tracts, 

a single, second generation CAR T-cell injection of 10 million cells produced long-term 

tumor eradication in 67% of mice bearing established orthotopic pancreatic cancer [65]. 

Lymphodepletion was neither required for achieving therapeutic efficacy nor did it result in 

autoimmunity. T-cell targeting to the tumor site occurred even in the presence of soluble 

CEA at clinically relevant concentrations. The CAR T cells had a central memory phenotype 

and became activated at the targeted tumor site, however, they converted to an exhausted 

phenotype after prolonged persistence [65,66]. While pancreatic cancer-specific CAR T-cell 

trials targeting CEA have not been reported, preliminary results from a Phase I dose 
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escalation trial targeting a range of CEA-positive cancers (breakdown by disease not listed) 

using CAR T cells with high-dose IL-2 found that 7 out of 13 patients had stable disease 6 

weeks after treatment, while 6 patients progressed [67]. On a cautionary note, this trial was 

stopped at the second dose escalation level of 4 planned patients due to pulmonary toxicity 

[67,68].

CD24

The finding that not all cancer cells are equally capable of repopulating or growing a tumor 

and a small population of “cancer stem cells” may be responsible for the vast majority of 

tumor growth provided a rationale to target these progenitor cells with CARs specifically. 

CD24 is one cancer stem cell marker, along with CD44 and CD133 [69], that is believed to 

play a role in pancreatic carcinogenesis [70]. Using a second generation CAR targeting 

CD24 in an orthotopic human pancreatic cancer xenograft model, Maliar et al. successfully 

eliminated tumors where CD24+ cells were the minority [66]. In this study, 10 million CAR 

T cells were injected intratumorally or intravenously on 3 or 4 alternating days, and mice 

were given intraperitoneal IL-2 injections twice daily for 10 days with 2 Gy of radiation 

used for preconditioning. Interestingly, although more tumor cells expressed HER2 than 

CD24, the CD24 CAR was more effective at curing mice than the HER2 CAR and the 

majority of mice treated with HER2 CAR T-cell therapy that progressed still responded to 

CD24 CAR therapy [66].

HER2

While expression of the HER2/neu receptor tyrosine kinase on pancreatic cancer is 

somewhat controversial [71], some studies have found it on 20–60% of PDACs [72,73]. In 

the same CD24 study described above, a HER2-targeting second generation CAR using the 

scFv from the trastuzumab antibody was tested against human orthotopic pancreatic cancer 

in immunodeficient mice. The HER2 CAR dramatically reduced the size of the tumors 

within one week, even in cases of high tumor burden and multiple metastases [66]. The most 

effective treatment strategy was sequential treatment with the HER2 CAR, followed by the 

CD24 CAR 2 months later, leading to 90% survival at 14 weeks [66].

MUC1

MUC1 is a mucin overexpressed in roughly 90% of pancreatic cancers [74] and is 

glycosylated in a predictable way (O-linked glycosylation) in pancreatic and other cancers 

[75]. A second generation CAR targeting glycosylated MUC1 on pancreatic cancer was 

tested in an orthotopic human pancreatic cancer xenograft model. In this test, administration 

of 500 000 CAR T cells led to 100% survival (6/6 mice) at 16 weeks compared with 40% 

survival (2/5 mice) among mice treated with untransduced T cells [76], thereby establishing 

MUC1 as a promising target for pancreatic cancer.

Prostate stem cell antigen

Prostate stem cell antigen is a glycoprotein of unknown function [77] expressed by 60–80% 

of PDAC tumors [78,79] with low basal expression in prostate epithelium, urinary bladder, 

kidney, esophagus, stomach, and placenta [80]. A theoretical benefit of targeting PSCA is 
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that it appears to be upregulated early in pancreatic cancer development, even in the 

premalignant PanIN stage [81]. Prostate stem cell antigen-targeted CARs have been created 

and tested against pancreatic cancer by 2 groups, both showing efficacy [14,82]. 

Interestingly, a second-generation CAR containing CD28 induced a more potent antitumor 

effect than a third generation CAR containing CD28 and 41BB in this human pancreatic 

cancer mouse model [14].

Natural killer receptors

Natural killer cells interact with their targets via a complex array of inhibitory and activating 

receptors, and, similar to T cells, are capable of directly killing tumor cells. NKp46 is 

thought to be the main activating receptor for human NK cells [83], which recognizes 

heparan sulfate proteoglycans that are aberrantly expressed on transformed cell types, 

including pancreatic cancer [84]. The NKp46 extracellular signaling domain was used to 

create a second generation CAR that was effective in vitro against several tumor types, 

including pancreatic cancer cells [85].

STROMAL TARGETING

Pancreatic cancer is characterized by an intense stromal reaction that is believed to promote 

tumor growth and act as a barrier to the delivery of effective agents. Therefore, stromal 

targeting in PDAC has been an important goal for therapy. The stroma includes 

myofibroblasts, endothelial cells, immune cells, and cytokines within a complex 

extracellular matrix [86]. Pancreatic stellate cells are located in the periductal and periacinar 

regions and are critical in stromal biosynthesis [87]. When activated by cytokines secreted 

by PDAC, stellate cells transform into myofibroblasts that generate ECM proteins [88], 

which in turn act on the PDAC to promote epithelial–mesenchymal transformation (EMT) 

and a stem cell phenotype in the cancer cells. This promotes their dissemination, recurrence 

and resistance to chemotherapy and radiation [89].

Fibroblast activation protein (FAP) is a marker of a major subset of cancer associated 

stromal cells and depletion of these cells using CAR T cells targeting FAP reduced 

extracellular matrix proteins, decreased tumor vascular density, and restrained growth of 

syngeneic murine pancreatic cancers [90]. On a cautionary note, FAP-targeted CARs have 

been tested in the context of other tumor models where they were also found to recognize 

multipotent bone marrow stromal cells, thus causing lethal bone toxicity and cachexia [91]. 

However, novel mechanisms for targeting the stroma in pancreatic cancer remain an active 

area of investigation. A method for overcoming the physical limitations of the tumor 

microenvironment is to engineer CAR T cells to overexpress heparanase [92]. This approach 

was tested in melanoma and neuroblastoma solid tumors, and resulted in increased 

extracellular matrix degradation, improved T-cell infiltration, and increased antitumor 

activity [92]. An additional strategy to further enrich CAR T-cell accumulation in solid 

tumors is to engineer CAR T cells to coexpress chemokine receptors that attract the T cells 

to tumor sites, as has been demonstrated in neuroblastoma [93], Hodgkin lymphoma [94], 

and mesothelioma [95].
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TOXICITY

The major CAR T-cell toxicities seen in solid tumors differ somewhat from those seen in 

liquid tumors. The major side effects observed thus far in solid tumor studies have been on-

target, off-tumor effects [96,97], or an immune reaction to a murine-based CAR design [98]. 

This exemplifies the care required when choosing a target antigen. In ALL patients, cytokine 

release syndrome (CRS) and neurotoxicity are the most common severe side effects. 

Cytokine release syndrome has been associated with disease burden, CAR T-cell dose, and 

response to therapy in ALL patients [15,17,99], and is sometimes seen in CAR-treated solid 

tumor patients. The symptoms of CRS include hypotension, fevers, coagulopathy, 

respiratory/renal insufficiency, myalgias, and neurological complications. Physiologically, 

CRS is potentially caused by the release of inflammatory cytokines produced by large 

numbers of activated CAR T cells [15] and endogenous myeloid cells [100], and C reactive 

protein levels correlate with the severity of CRS in leukemia [101]. Treatment includes high-

dose steroids, vasopressors, ventilatory support, supportive care [15], and potentially anti-

IL-6R antibody (tocilizumab), which has been beneficial in some [15,17], but not all CRS 

patients [16]. The generally reversible, but occasionally severe, neurological toxicity 

sometimes seen in leukemia-treated patients [15,102], the pathophysiology of which is 

currently not known, has fortunately not been observed in pancreatic cancer or other CAR T-

cell treated solid tumor patients. However, neurotoxicity has been observed in TIL-treated 

melanoma patients [103], characterized pathologically by multifocal necrotizing 

leukoencephalopathy and thought to be due to cross-reactivity against intracerebral MAGE-

A12 antigen, once again exemplifying the importance of careful target selection.

Concern for toxicity from genetically modified T cells inspired the development of multiple 

sophisticated suicide gene systems, such as herpes simplex virus thymidine kinase, 

Escherichia coli nitroreductase, inducible Caspase9, CD20, OmomycER, and EGFRt [104]. 

The price of including a suicide system is the genetic space it occupies, which is limited in 

current transduction strategies, and the fact that any non-human gene introduced may be 

immunogenic and lead to premature elimination of the CAR T cells and/or toxicity [105]. 

Additional safety strategies include dual targeting where binding of two separate tumor 

antigen targets is required for full activation of the CAR T-cell [106–108] or where binding 

to a normal tissue antigen inhibits CAR activation [109]. It is also possible to sterically 

block the tumor-binding scFv domain of the CAR with a substrate that is cleaved in the 

presence of matrix metalloproteinases that are enriched within the tumor microenvironment 

as a way to limit functionality outside of the tumor microenvironment [110]. Additionally, 

the opposite of a suicide switch has been created and tested in mice where the antigen-

binding and intracellular-signaling domains of a receptor are separated into two components 

that assemble and function only in the presence of a small-molecule dimerizer (i.e., an “on 

switch”) [111]. While suicide genes are often incorporated as an additional safety measure 

in current clinical trials, their deployment in clinical practice has not yet been required.

Pancreatic cancer-specific considerations

Many pancreatic cancer-specific characteristics have been cited as possible contributors to 

the poor response exhibited thus far in immune checkpoint blockade for PDAC patients, 
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which may similarly affect CAR T-cell therapy. PDAC is well known for having a dense 

fibrous stroma that raises the question of whether this physical barrier excludes T cells 

[112]. Immunohistochemical analysis of resected normal pancreas and PDAC reveals the 

number and percentage of T cells infiltrating tumors actually increased relative to normal 

pancreatic tissue controls [113], thereby suggesting that infiltration is possible and can occur 

naturally. The observation that patients with higher levels of CD4 and CD8 T-cell infiltration 

are associated independently with increased survival is further evidence that the infiltrating 

T cells are functionally active and important [6].

Despite this, greater immune cell infiltration may not equate universally with better 

response. T cells can become inactive due to intrinsic mechanisms such as by activation 

without costimulation (leading to anergy) or through expression of inhibitory receptors. 

Fortunately, second generation CAR T cells are endowed with simultaneous stimulation and 

costimulation, which overcoming the natural tendency toward anergy. However, expression 

of inhibitor receptors, such as PD-1 or CTLA-4, is an expected outcome of activation and 

may limit the ability of CAR T cells in the tumor [114]. PDAC is known to directly express 

both PD-L1 [115] and CTLA-4 receptors [116]. CTLA-4 is a CD28 receptor family member 

that increases on conventional T cells after activation. CTLA-4 competes with CD28 to bind 

with B7, which, in turn, reduces costimulation of the T-cell and suppresses response. Given 

this mechanism, it is interesting to speculate whether second generation BBz CAR T cells 

have exhaustive properties that differ from 28z CAR T cells. PD-1 binds to inhibitory 

ligands, PD-L1 or PD-L2, and is expressed on APCs and cancer cells. PD-1 is also an 

activation marker and, while its presence often indicates exhaustion, it is also a reassuring 

indication that the T-cell has been reacting to a target and further immune response may be 

possible.

T cells may also become deactivated by extrinsic influences, mainly through cytokines 

produced by Tregs or MDSCs. Increased Treg populations, both within the tumor and 

peripherally, are associated with decreased tumor grade and survival in PDAC [117]. Both 

Tregs and myeloid cells are enriched in pancreatic tumors relative to normal tissue [118]. 

Tregs can arise from a subset of thymocytes that bypass negative selection in the thymus 

despite self-recognition or from naïve CD4 T cells in the periphery that differentiate in the 

presence of cytokines such as TGF-β. Tregs suppress CAR T cells, endogenous T cells, and 

a multitude of other immune cells primarily by secreting inhibitory cytokines such as TGF-β 
and IL-10. One mechanism by which PDAC accumulates Tregs is by upregulating 

chemokine receptor type 5 (CCR5), which is involved in Treg homing and activation [119]. 

Additionally, PDAC can directly secrete TGF-β and, thereby, inhibit T-cell activation while 

promoting Treg differentiation [120,121].

M2 macrophages, one subset of MDSCs, are associated with increased tumor growth and 

poorer prognosis [122]. While the mechanism by which M2 macrophages exert strong 

immunosuppressive influences remains only partially understood, infiltration of MDSCs into 

the tumor correlates with a lack of CD8+ CTLs that are capable of killing tumor [123]. The 

presence of M2 macrophages at the tumor periphery is associated with increased metastasis, 

increased recurrence rate, and decreased survival [124,125], and the level of circulating 

MDSCs correlates with PDAC disease stage [126]. The strong presence of these 
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immunosuppressive cells and cytokines are challenges to CAR T-cell therapy for PDAC that 

will need to be overcome.

FUTURE PERSPECTIVES

Despite the aforementioned promising advances in treatment, pancreatic cancer is still a 

disease that responds poorly to conventional therapy and has had no major improvements in 

survival over the last several decades. CAR T-cell therapy has thus far been effective against 

pancreatic cancer in cell culture and mice. In humans, impressive CR rates of 80–100% in 

relapsed B-cell ALL have generated optimism that CAR T-cell therapy may provide new 

hope for metastatic pancreatic cancer patients. However, it is clear that solid tumors have 

additional challenges compared with liquid tumors and the success of CAR T-cell therapy in 

pancreatic cancer and other solid tumors may require more sophisticated strategies. For 

example, co-administration of checkpoint blocking antibodies [127] or cell intrinsic PD-1 

resistance mechanisms, such as expression of a dominant negative receptor [64,128], may 

further improve CAR T-cell efficacy in pancreatic cancer (Figure 1).

In leukemia patients, higher tumor bulk appears to be associated with worse response to 

CAR T-cell therapy; therefore, it is conceivable that ablative approaches, such as radiation, 

cryoablation, radiofrequency ablation (RFA), and even debulking surgery, may improve 

CAR T-cell outcomes. Radiation therapy has additional theoretical benefits such as 

potentiating an immune response to tumors, forming an in situ vaccine, and overcoming 

tumor microenvironment immunosuppression [129,130]. Similar theoretical benefits have 

been posited for RFA [131] and it will be interesting to see whether these modalities 

improve CAR T-cell efficacy against PDAC.

While a higher ratio of TH2 to TH1 subtypes in PDAC has been associated with worse 

survival [132], the optimal ratio of infused CAR TH2 to TH1 T cells for pancreatic cancer 

patients is currently unknown. Additionally, factors, such as IL-12 and IL-27, promote TH1 

differentiation [133] and CAR T cells that express these cytokines may improve efficacy 

[134].

Depleting Tregs may become an important aspect of CAR T-cell therapy for PDAC. This can 

be achieved via preconditioning with traditional agents, such as cyclophosphamide and/or 

fludarabine, or through novel approaches. CTLA-4 inhibition reduced Treg accumulation in 

mice with PDAC [135] and it is a rational combinatorial approach with CAR T cells. CD25-

targeting has also been used for Treg depletion and similar to how combining 

cyclophosphamide with an anti-CD25 monoclonal antibody enhanced vaccine efficacy in a 

PDAC mouse model [136], a comparable benefit may be afforded to CAR T-cell therapy.

Small molecule drugs used traditionally in benign diseases may have new uses with CAR T-

cell therapy for cancer. For example, rosiglitazone (a treatment for diabetes) significantly 

reduced PDAC progression and metastases in mice, and limited early MDSC and 

intratumoral Treg accumulation [137]; this provided the rationale for combining 

rosiglitazone with CAR T-cell therapy to treat PDAC. Another intriguing combination with 

CAR T-cell therapy is metformin (a common diabetes medication), which increases the 
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number of CD8(+) TILs and protects them from apoptosis and exhaustion in mice [138]. 

Metformin has also been associated with improved survival in PDAC patients [139].

The ability to generate armored CARs that secrete cytokines opens the door to a plethora of 

opportunities. Given the numerous immunosuppressive mechanisms of TGF-β, it is not 

surprising that inhibiting TGF-β with a stable siRNA injected IV promotes systemic immune 

activation in mice and prolongs their survival [140]. Efficacy was dependent on CD8 T cells 

in this model and provides a strong rationale for combining this therapy with CAR T cells 

[140]. TNF-a agonism may be another beneficial approach as intrapleural administration of 

an agonistic anti-glucocorticoid-induced TNF receptor monoclonal antibody suppressed 

Treg function and inhibited tumor growth in a mouse PDAC model [141].

Activated macrophages present antigens and can promote tumor elimination. Blocking CSF1 

can increase macrophage activation in mice [142] and, since macrophages constitute a large 

portion of PDAC tumors, CAR T cells co-delivered with, or directly expressing, a CSF1 

inhibitor may be an effective treatment strategy for PDAC. Similarly, since CCR2 is 

important in recruiting M2 macrophages to the tumor microenvironment and they are 

currently being tested in PDAC patients who are not receiving CAR T-cell therapy [143], co-

administration or expression of a CCR2 inhibitor with CAR T cells may be even more 

potent.

Successfully targeting the PDAC stroma may be accomplished in multiple novel ways other 

than targeting FAP or expressing heparinase, as described above. If additional enzymes 

capable of ECM degradation, such as hyaluronidase, are expressed by T cells, they may 

prove efficacious as systemic administration of this enzyme normalizes the high interstitial 

fluid pressure of tumors in mice, re-expands the microvasculature, and permanently 

remodels the tumor microenvironment, which then leads to a doubling of overall survival 

that was achieved with gemcitabine treatment [144]. Secreted protein acidic and rich in 

cysteine (SPARC) is produced by tumor-associated fibroblasts in PDAC and its 

overexpression is associated with an adverse prognosis [145]. SPARC has a strong affinity 

for albumin, which provides a rationale for attaching albumin to agents in order to enhance 

accumulation within the tumor. Justifying this approach, a Phase III study using an albumin-

bound formulation of paclitaxel (nab-paclitaxel), in combination with GEM, in PDAC 

patients with advanced disease had improved survival compared with GEM alone [3], while 

the addition of non-albumin-bound paclitaxel was not associated with any benefits. It stands 

to reason that a similar strategy, such as co-expressing albumin (or its derivatives) on the 

CAR T-cell surface, may enhance CAR T-cell efficacy in PDAC patients.

Tyrosine kinase inhibitors (TKI) enjoyed a wave of anti-cancer success before 

immunotherapies emerged and, although both strategies can be very effective, the 

combination of TKIs with CAR T cells has not been tested. Bruton tyrosine kinase (BTK) is 

a non-receptor enzyme of the Tec kinase family that is expressed on B cells, myeloid cells, 

and mast cells. BTK inhibitors promote M1 antitumor macrophage differentiation over M2 

macrophages and block the release of IL-8, MPC-1, and TNFα from mast cells, all of which 

play a role in fibrosis. The BTK inhibitor ibrutinib showed efficacy against pancreatic 
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insulinoma in mice through its immune modulating mechanism [146], thus providing a 

rationale for combining a BTK inhibitor with PDAC CAR T cells.

Although CAR T-cell therapy has advanced within the last decade, its application as a 

treatment for PDAC remains in its infancy, albeit with promising potential. Strategies that 

overcome local immunosuppressive myeloid cells, inhibitory cytokines secreted by the 

tumor or surrounding host cells, regulatory T cells, hypoxia, nutrient deprivation, 

stimulatory cytokine depletion, immunosuppressive upregulation, cytotoxic receptor 

upregulation, and physical barriers of the dense stroma are all currently being implemented 

by various groups. We are optimistic that these approaches, alone or in combination, will 

allow CAR T cells to provide the same level of benefit to pancreatic cancer patients as they 

do for liquid tumor patients.
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Synopsis

Adoptive T-cell therapy, which redirects a patient’s own T cells against a tumor antigen 

using chimeric antigen receptor (CAR) gene transfer technology, has had remarkable 

success in hematological tumors within the past several years. Herein, we review the 

current progress and future perspectives, both clinical and preclinical, of CAR T-cell 

therapy for pancreatic cancer.
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Figure 1. CAR T-cell therapy for pancreatic cancer
Second and third generation CAR T cells, containing the CD3z domain with 1 or 2 

cosignaling domains, respectively, are being used in active clinical trials for pancreatic 

cancer. “Enhanced CAR T cells,” coexpressing or secreting additional molecules with the 

CAR, such as dominant negative PD-1, checkpoint inhibitor antibodies, costimulatory 

molecules, cytokines, or other proteins, are being tested in solid tumors. Combining CAR T-

cell therapy with additional local and systemic therapies may further enhance efficacy.

D\elm et al. Page 21

J Surg Oncol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

D\elm et al. Page 22

Ta
b

le
 1

C
A

R
 T

-c
el

l C
lin

ic
al

 T
ri

al
s 

fo
r 

Pa
nc

re
at

ic
 C

an
ce

r

Ta
rg

et
In

st
it

ut
io

n
P

re
co

nd
it

io
ni

ng
C

os
ti

m
 d

om
ai

n
H

um
an

/M
ou

se
 s

cF
v

P
op

ul
at

io
n

E
st

im
at

ed
 c

om
pl

et
io

n
R

ou
te

O
ut

co
m

es
R

ef
er

en
ce

M
es

ot
he

lin
N

C
I

C
y/

Fl
u

C
D

28
M

ur
in

e
PD

A
C

, o
va

ri
an

, a
nd

 m
es

ot
he

lio
m

a
20

19
IV

N
/A

N
C

T
01

58
36

86

M
es

ot
he

lin
M

SK
C

C
C

y
C

D
28

H
um

an
PD

A
C

, b
re

as
t, 

m
es

ot
he

lio
m

a
20

18
IV

N
/A

N
C

T
02

79
21

14
 P

en
di

ng

M
es

ot
he

lin
U

Pe
nn

N
on

e
4-

1B
B

M
ur

in
e

C
he

m
o-

re
fr

ac
to

ry
 m

et
as

ta
tic

 P
D

A
C

20
15

IV

1 
PD

A
C

 p
at

ie
nt

s 
re

po
rt

ed
; n

o 
of

f 
ta

rg
et

 to
xi

ci
ty

; 
tr

an
si

en
t P

E
T

 
re

sp
on

se
 a

nd
 

te
m

po
ra

ry
 

re
du

ct
io

n 
in

 
as

ci
te

s 
tu

m
or

 
bu

rd
en

.

N
C

T
01

89
74

15

M
es

ot
he

lin
U

Pe
nn

W
ith

/w
ith

ou
t C

y
4-

1B
B

M
ur

in
e

PD
A

C
 f

ai
le

d 
at

 le
as

t o
ne

 tr
ea

tm
en

t
20

17
IV

N
/A

N
C

T
02

15
97

16

M
es

ot
he

lin
, C

D
19

U
Pe

nn
, U

C
SF

C
y

4-
1B

B
M

ur
in

e 
M

es
ot

he
lin

 w
ith

 
H

um
an

iz
ed

 C
D

19
PD

A
C

20
18

IV
N

/A
N

C
T

02
46

59
83

M
es

ot
he

lin
R

en
ji 

H
os

pi
ta

l, 
C

hi
na

C
y

4-
1B

B
N

/A
PD

A
C

, n
on

-s
ur

gi
ca

l c
an

di
da

te
 f

ai
le

d 
at

 le
as

t o
ne

 
tr

ea
tm

en
t

20
18

T
ra

ns
-c

at
he

th
er

 a
rt

er
ia

lly
 in

fu
se

d
N

/A
N

C
T

02
70

67
82

M
es

ot
he

lin
Sh

an
gh

ai
 C

an
ce

r 
H

os
pi

ta
l, 

C
hi

na
N

/A
N

/A
N

/A
PD

A
C

 s
pr

ea
d 

to
 li

ve
r, 

no
n-

su
rg

ic
al

 c
an

di
da

te
, f

ai
le

d 
at

 le
as

t o
ne

 c
he

m
o

20
18

In
tr

at
um

or
al

 in
je

ct
io

n 
or

 v
as

cu
la

r 
IR

 
de

liv
er

y
N

/A
N

C
T

01
89

74
15

M
es

ot
he

lin
C

hi
ne

se
 P

L
A

 G
en

er
al

 H
os

pi
ta

, 
C

hi
na

N
/A

N
/A

N
/A

R
el

ap
se

d 
or

 r
ef

ra
ct

or
y 

m
es

ot
he

lin
 p

os
iti

ve
 c

an
ce

r
20

18
IV

M
T

D
N

C
T

02
58

07
47

PS
C

A
B

ay
lo

r 
Sa

m
m

on
s 

C
an

ce
r 

C
en

te
r

N
/A

A
P1

90
3 

in
du

ci
bl

e 
M

yD
88

/C
D

40
N

/A
N

on
-r

es
ec

ta
bl

e 
PD

A
C

20
20

IV
N

/A
N

C
T

02
74

42
87

C
E

A
R

og
er

 W
ill

ia
m

s 
M

ed
ic

al
 C

en
te

r, 
R

I
N

/A
C

D
28

N
/A

C
E

A
 e

xp
re

ss
in

g 
ca

rc
in

om
as

 w
ith

 li
ve

r 
m

et
s

20
17

H
ep

at
ic

 a
rt

er
y

N
/A

N
C

T
02

85
05

36
, N

C
T

02
41

64
66

C
E

A
So

ut
hw

es
t H

os
pi

ta
l, 

C
hi

na
N

/A
N

/A
N

/A
R

el
ap

se
d 

or
 r

ef
ra

ct
or

y 
C

E
A

 p
os

iti
ve

 P
D

A
C

20
19

IV
N

/A
N

C
T

02
34

97
24

M
uc

1
H

ef
ei

 B
in

hu
 H

os
pi

ta
l, 

C
hi

na
C

y/
Fl

u
C

D
28

/4
-1

B
B

M
ur

in
e

PD
A

C
 w

ith
ou

t c
ur

at
iv

e 
op

tio
ns

; n
on

-R
1 

re
se

ct
ed

 
PD

A
C

20
18

N
/A

N
/A

N
C

T
02

58
76

89

C
D

13
3

C
hi

ne
se

 P
L

A
 G

en
er

al
 H

os
pi

ta
, 

C
hi

na
N

ab
-P

ac
lit

ax
el

 a
nd

 C
y

4-
1B

B
M

ur
in

e
R

ef
ra

ct
or

y 
or

 r
el

ap
se

d 
C

D
13

3 
po

si
tiv

e 
ca

nc
er

20
18

N
/A

M
T

D
N

C
T

02
54

13
70

H
E

R
2

So
ut

hw
es

t H
os

pi
ta

l, 
C

hi
na

N
/A

N
/A

N
/A

R
el

ap
se

d 
or

 r
ef

ra
ct

or
y 

H
E

R
2 

po
si

tiv
e 

ca
nc

er
20

19
IV

M
T

D
N

C
T

02
71

39
84

D
ef

in
iti

on
s:

 C
E

A
, c

ar
ci

no
em

br
yo

ni
c 

an
tig

en
; P

SC
A

, p
ro

st
at

e 
st

em
 c

el
l a

nt
ig

en
; M

uc
1,

 m
uc

in
 1

; H
E

R
2,

 h
um

an
 e

pi
de

rm
al

 g
ro

w
th

 f
ac

to
r 

re
ce

pt
or

 2
; M

T
D

, m
ax

im
um

 to
le

ra
te

d 
do

se
; C

y,
 c

yc
lo

ph
os

ph
am

id
e;

 F
lu

, f
lu

da
ra

bi
ne

J Surg Oncol. Author manuscript; available in PMC 2018 July 01.


	Abstract
	INTRODUCTION
	CLINICAL TRIALS
	PRECONDITIONING
	TARGET ANTIGENS
	Mesothelin
	Carcinoembryonic antigen
	CD24
	HER2
	MUC1
	Prostate stem cell antigen
	Natural killer receptors

	STROMAL TARGETING
	TOXICITY
	Pancreatic cancer-specific considerations

	FUTURE PERSPECTIVES
	References
	Figure 1
	Table 1

