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Abstract  

Pancreatic cancer is usually advanced and drug resistant at diagnosis. A potential 

therapeutic approach outlined here uses nanoparticle (NP)-based drug carriers, which 

have unique properties that enhance intra-tumor drug exposure and reduce systemic 

toxicity of encapsulated drugs. Here we report that patients whose pancreatic cancers 

express elevated levels of Death Receptor 5 (DR5) and its downstream 

regulators/effectors FLIP, Caspase-8, and FADD had particularly poor prognoses. To 

take advantage of elevated expression of this pathway, we designed drug-loaded NPs 

with a surface-conjugated DR5 antibody (AMG 655). Binding and clustering of the DR5 

is a prerequisite for efficient apoptosis initiation, and the DR5-NPs were indeed found to 

activate apoptosis in multiple pancreatic cancer models, whereas the free antibody did 

not. The extent of apoptosis induced by DR5-NPs was enhanced by down-regulating 

FLIP, a key modulator of death receptor-mediated activation of caspase-8. Moreover, the 

DNA topoisomerase-1 inhibitor camptothecin (CPT) down-regulated FLIP in pancreatic 

cancer models and enhanced apoptosis induced by DR5-NPs. CPT-loaded DR5-NPs 

significantly increased apoptosis and decreased cell viability in vitro in a caspase-8- and 

FADD-dependent manner consistent with their expected mechanism-of-action. 

Importantly, CPT-loaded DR5-NPs markedly reduced tumor growth rates in vivo in 

established pancreatic tumor models, inducing regressions in one model. These proof-

of-concept studies indicate that DR5-NPs loaded with agents that downregulate or 

inhibit FLIP are promising candidate agents for the treatment of pancreatic cancer. 
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Introduction 

Death receptor 5 (DR5) is a member of the TNFα receptor superfamily that is capable of 

inducing apoptosis in cancer cells when activated. It is agonized endogenously by TRAIL 

(TNFα-related apoptosis-inducing ligand), which also binds to death receptor 4, 

osteoprotegrin and the decoy receptors 1 and 2 (1). DR5 has long been of interest as a 

target for oncology mainly due to its upregulation in many cancers and selective sensitivity 

of tumour cells to TRAIL (2).  

Pancreatic cancer has one of the worst 5 year survival rates and is therefore an area of 

urgent unmet need (3). The DR5 targeting monoclonal antibody AMG 655 

(conatumumab), has previously been investigated in a phase 2 clinical trial for the 

treatment of pancreatic cancer in combination with the standard-of-care 

chemotherapeutic agent gemcitabine (4). Ultimately, this study found that AMG 655 did 

not sufficiently improve survival to pursue further clinical investigation (4,5). AMG 655 and 

other ‘first-generation’, DR5 targeting antibodies have all been abandoned in clinical 

evaluations as although well-tolerated, these agents did not generate sufficient survival 

benefits to warrant their clinical approval (6). This is thought to be due at least in part to 

the requirement of DR5 crosslinking (“super-clustering”) to activate apoptosis efficiently. 

It was originally thought that Fcγ receptor engagement from Fcγ receptor-expressing cells 

would enable sufficient clustering to be achieved at the tumor site; however, this did not 

prove to be the case (5,7). More recent DR5-targeted therapeutics have been designed 

as multivalent agents for this reason whereas first-generation DR5 targeting antibodies 

are only bivalent (8–13).  

An alternative approach to enhance multivalency of antibodies is their attachment to the 

surface of NPs to promote clustering of antibody paratopes, and we have previously 

shown that efficient DR5 receptor clustering can be achieved through conjugation of AMG 

655 to PEGylated poly(lactic-co-glycolide) (PLGA) nanoparticles, leading to activation of 

apoptosis in colorectal models (14,15). Other groups have also shown that conjugation 

of monovalent recombinant TRAIL to the surface of multiple nanoparticle types causes 

an increase in its potency (16–19).  
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Upregulation of FLIP (Fas-associated death domain (FADD)-like IL-1β- converting 

enzyme-inhibitory protein) is a potential contributor to the lack of efficacy of DR5 targeting 

therapies through inhibiting caspase 8 activation (20). FLIP upregulation has been 

observed in many tumour types and correlates with disease progression (20–28). Many 

drugs have been shown to downregulate FLIP, which can help increase sensitivity to DR5 

therapeutics in the tumour (29).  

Here, we explore the use of a PEGylated poly(lactic-co-glycolide) (PLGA) nanoparticle 

with AMG 655 conjugated to the surface and the DNA topoisomerase 1 inhibitor 

camptothecin (CPT) entrapped (CPT DR5 NP) in the treatment of pancreatic cancer cell 

models. We demonstrate that the binding of AMG 655 to the surface of the nanoparticle 

renders it capable of DR5 agonism, unlike free antibody, suggesting improved avidity. We 

also show that the addition of CPT leads to enhances the efficacy of the formulation 

synergistically by causing down regulation of FLIP(L) and FLIP(S). This may sensitise 

previously resistant tumours to DR5 therapy and therefore provide more clinical options 

for patients. 

Results 

High expression of the canonical DR5 pathway is associated with poor prognostic 

pancreatic cancer.  Canonically, the DR5 (TRAIL-R2) pathway signals via the adaptor 

protein FADD to activate caspase-8 and initiate apoptosis; however, if expression of the 

caspase-8 regulator FLIP is high, DR5 activation fails to induce apoptosis and can instead 

drive tumor growth and metastasis (Figure 1A). Given that the majority of pancreatic 

cancer patients die from their metastatic disease, we interrogated the GEPIA website, 

which compares data from The Cancer Genome Atlas and the Genotype-Tissue 

Expression projects, to assess the impact of expression of the canonical DR5 pathway 

(DR5, Caspase-8, FADD and FLIP) on pancreatic cancer patient prognosis (30). The 

results were clear: stratification of patients based on these markers identified two 

populations with significantly different disease-free survival after the initial 20 months. 

Those patients with high DR5 pathway transcript expression had significantly worse 

disease-free survival (Figure 1B). Overall, patients with high expression of FLIP (HR = 

1.7, p = 0.026) and FADD (HR = 1.6, p = 0.033) had a significantly worse prognosis. For, 
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caspase-8 and DR5, the same trends were apparent but just failed to reach significance 

(HR = 1.6, p = 0.052; and HR = 1.5, p = 0.055). Moreover, highly significant correlations 

were observed between gene expression of all 4 of these DR5 pathway components 

(Figure 1 and Supplementary Figure 1), indicating that when one component of the 

pathway is high, the other 3 components are also elevated. It was also notable that high 

expression of the DR5 ligand, TRAIL, which is normally expressed by immune effector 

cells, was also more likely to be associated with poorer disease-free survival, although 

this failed to reach significance (HR = 1.5, p = 0.09; Supplementary Figure 1B). 

Expression of XIAP, an anti-apoptotic protein that regulates execution of apoptosis 

downstream of DR5 activation (31), was not associated with poorer prognosis 

(Supplementary Figure 1C). Overall, these results indicate that pancreatic tumors can be 

divided into those with high expression of the DR5 pathway, which have a poor prognosis, 

and those with low expression of the DR5 pathway, which have a better prognosis in 

those patients surviving beyond 20 months. 

 

Figure 1 The DR5 pathway is upregulated in pancreatic cancer and correlates with poorer 
prognosis. (A) Simplified schematic of the DR5 pathway (B) Disease free survival plots comparing high 
and low expressers of genes in the DR5 pathway including TNFRSF10B (DR5), CFLAR (FLIP), CASP8 
(caspase 8) and FADD (FADD) using RNAseq data from GEPIA.com showing poorer prognosis in high 
expressors. (C) Correlation plots comparing expression levels of apoptotic pathway genes using RNAseq 
data from GEPIA.com showing a positive correlation in expression between all genes investigated. 
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The DR5 pathway is maintained in pancreatic cancer cell models of pancreatic 

cancer and can be activated by DR5-targeted Nanoparticles.  In vitro models of 

pancreatic cancer retained expression of an intact DR5 pathway at the protein level, albeit 

with variable levels of expression of DR5 itself and FLIP in particular (Figure 2A). Given 

the expression and correlation of the DR5 pathway with poor prognostic disease in 

pancreatic cancer (Figure 1), we next began to assess whether the retention of this 

pathway could be therapeutically exploited. We therefore set out to generate a DR5-

targeted nanoparticle that could present a high density of anti-DR5 paratopes and thereby 

drive cell surface clustering of DR5 and initiate caspase-8-mediated apoptosis. 

Importantly for the viability of this approach, the DR5 detected by Western blot analysis 

was also detected on the cell surface of the pancreatic cancer cells (Figure 2B). 

Previously our group generated antibody-conjugated PLGA-based nanoparticles, where 

conjugation of the antibody was achieved through EDC functionalization of free carboxyl 

moieties on the surface of the nanoparticles (14). Whilst this approach proved successful, 

it involves several processing steps that may ultimately limit manufacturing options. In 

this work, we incorporated an NHS-modified PLGA in the polymer blend, which enables 

one-step conjugation to the antibody after preparation of the nanoparticles. Using this 

approach, we conjugated the first generation DR5 therapeutic antibody AMG 655 to the 

surface of PLGA-NPs. 

Notably, compared to free AMG 655, the DR5 NPs activated cell death in each of the 4 

pancreatic cancer cell lines (Figure 2C). This was observed even in the PANC-1 model, 

where expression of DR5 was the lowest, suggesting that the absolute expression level 

of DR5 is not predictive of the efficacy of this therapeutic approach. Indeed, the most 

resistant model was AsPC-1, which expresses the highest levels of DR5 (Figure 2A/B); 

however, this model also expressed the highest levels of FLIP(S). FLIP(S) is an inhibitor 

that disrupts the formation of procaspase-8 homodimers, a prerequisite for caspase-8 

activation (29). Conversely, the long FLIP splice form FLIP(L) can either promote or inhibit 

DR5-mediated apoptosis depending on its stoichiometry within DISC (32).  
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Figure 2. The conjugation of AMG 655 to the surface of the nanoparticle renders it capable of 
inducing apoptosis and caspase activation in vitro. (A) Western blots of the relative expression of 
apoptotic proteins in pancreatic cancer cell lines. (B) Cell surface expression of death receptor 5 on 
pancreatic cancer cell lines. n=3 ± SD (C) Assessment of cell viability using CellTiter-Glo® reagent following 
treatment with varying concentrations of BLK DR5 NP and controls. Representative of n = 3 

 

FLIP inhibits cell death induced by multivalent TRAIL and anti-DR5 NPs.  Given the 

suggestion from AsPC-1 cells that FLIP(S) may inhibit the cell death-inducing capacity of 

DR5 NPs, we assessed the impact of downregulating FLIP splice forms on sensitivity of 

pancreatic cancer cells to multivalent DR5 agonists. Using splice form-selective FLIP-

targeted siRNAs and dual FLIP(L)/(S)-targeted siRNAs (Figure 3A), we found that 

downregulating FLIP(S) did indeed enhance the sensitivity of AsPC-1 cells to isoleucine 

zipper (IZ)-TRAIL, a multivalent recombinant form of TRAIL; however, the greatest degree 

of enhancement was observed in cells in which both splice forms were downregulated 

(Figure 3B). A similar effect was observed in MIA PaCa-2 cells. However, in PANC-1 

cells, downregulation of FLIP(L) alone had a similar effect to silencing of both splice forms; 

this may reflect the very low expression of FLIP(S) in the latter model (Figure 1A). In our 



8 
 

hands, BxPC-3 cells were highly sensitive to transfection with control siRNAs, so were 

not included in this analysis.  

Importantly, enhanced sensitivity to DR5 NPs was also observed in FLIP-depleted cells 

(Figure 3C). Similar to treatment with IZ-TRAIL, the enhancement was greatest in MIA 

PaCa-2 and AsPC-1 cells when both FLIP(L) and FLIP(S) were simultaneously 

downregulated. Nonetheless, in PANC-1 cells, silencing FLIP(L) alone was sufficient to 

drive maximal enhancement of DR5 agonist-induced cell death. 

 

Figure 3: FLIP downregulation increases response to BLK DR5 NP treatment in siRNA knockdown 
of FLIP (T) (refers to total, both long and short), FLIP (L) and FLIP (S) in AsPC-1, MIA PaCa-2 and 
PANC-1 cells: (A) Validation of siFLIP knockdown by western blot. (B) cell viability measured by CellTiter-
Glo® after 24 hours treatment with IZ-TRAIL of siFLIP knockdown pancreatic cancer cell lines. 
Representative of n = 3. (C) cell viability measured by CellTiter-Glo® after 24 hours treatment with BLK 
DR5 NP of siFLIP knockdown pancreatic cancer cell lines. Representative of n = 3. 

 

 



9 
 

Development and characterization of highly potent CPT-loaded DR5 NPs.  In order 

to find a pharmacologically relevant approach to downregulate FLIP expression in 

pancreatic cancer cell models, we screened a number of agents previously identified as 

modulators of FLIP expression and/or clinically relevant agents (Supplementary Figure 

3). The chemotherapeutic agents, cisplatin and gemcitabine had no effect on FLIP 

expression. Similarly, inhibitors of MAP kinase and PI3 kinase and PPAR ligands also 

had no effect despite studies linking these pathways to FLIP expression (Supp Figure 

3B). However, the topoisomerase-I inhibitor camptothecin (CPT) and the HDAC inhibitor 

SAHA both down-regulated expression of both FLIP splice forms in all 4 pancreatic 

cancer cell models (Figure 4A & Supplementary Figure 3C). We focused on CPT as this 

agent has the hydrophobic properties suitable for entrapment in PLGA NPs and initial 

attempts to encapsulate SAHA failed. CPT was efficiently entrapped, consistent with our 

previous studies (14,33,34). Notably, there was no significant difference in CPT 

entrapment between undecorated (“nude”) and DR5-conjugated NPs (Supp Figure 1C), 

and CPT was released from NPs in a first order manner, with ~50% of total drug released 

after 24 hours and ~80% total release by 72 hours (Figure 4B). Importantly, in all 4 cell 

lines, CPT-loaded DR5-NPs had more potent in vitro activity than either free CPT, nude 

CPT-loaded NPs or non-drug-loaded DR5-NPs (Figure 4C). This increase in potency 

was found to be synergistic, with combination indices of less than one observed in each 

cell line (Figure 4D). 



10 
 

 

Figure 4: CPT downregulates FLIP (L), FLIP (S) and XIAP in a dose dependent manner and increases 
the efficacy of AMG 655 synergistically: (A) Western blots of FLIP and XIAP post treatment with the 
concentrations of CPT shown or DMSO controls for 24 hours on AsPC-1, BxPC-3, MIA PaCa-2 and PANC-
1. Images representative of n = 3. (B) Camptothecin release from nanoparticles over time. Representative 
of n = 3 (C) Assessment of cell viability using CellTiter-Glo® reagent following treatment with varying 
concentrations of CPT DR5 NP and controls at a 48-hour time point. Representative of n = 3 (D) 
Combination indices for the range of concentrations used in C of CPT DR5 NP compared to BLK DR5 NP 
and CPT NUDE NP controls at 48 hours. Calculated using CompuSyn. n = 3 ± SD. 

 

In vitro confirmation of the mode of action of CPT-loaded DR5-NPs.  To examine 

the mechanism-of-action of the CPT-loaded DR5-NPs in more detail, we focused on the 

MIA PaCa-2 and PANC-1 models. Consistent with the effects of free drug, both nude and 

DR5-conjugated CPT-loaded NPs down-regulated expression of both FLIP(L) and 

FLIP(S) (Figure 5A). Notably, a 43 kDa version of FLIP (p43-FLIP(L)) was observed from 

BLK DR5 NP and CPT DR5 NP and is evidence of DISC formation as p43-FLIP(L) is an 

intermediate form of FLIP(L) only formed through cleavage with procaspase 8 at the DISC 

(Figure 5A). Moreover, the enhanced efficacy of the DR5-conjugated, CPT-loaded NPs 

was found to correlate with enhanced apoptosis induction (Figure 5B), which itself 

correlated with enhanced mitochondrial outer membrane permeabilization (MOMP, 
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Figure 5C), a critical point in the commitment of cells to undergo apoptosis (35). Moreover, 

enhancement of caspase-8 and caspase-3 processing (Figure 5D) and activity (Figure 

5E) were observed in response to DR5-conjugated CPT-loaded NPs compared to nude, 

CPT-loaded NPs and DR5-conjugated blank. 

 

Figure 5: In vitro confirmation of the mode of action of CPT DR5 NP. (A) Western blots of FLIP splice 
forms post treatment of 0.2 mg/ml CPT DR5 NP and appropriate controls for 24 hours on MIA PaCa-2 and 
PANC-1 cells (B) Apoptosis was identified using Annexin V/PI staining analyzed by flow cytometry after 24- 
or 48-hour treatment with CPT DR5 NP and appropriate controls. n = 3 ± SD (C) CPT DR5 NP treatment 
causes mitochondrial membrane depolarization. Post 24-hour treatment with CPT DR5 NP cells were 
incubated with 25 µM tetra-methyl-rhodamine ethyl ester (TMRE). n = 3 ± SD. (D) CPT DR5 NP treatment 
(0.2 mg/ml) induces cleavage of procaspase 8 and procaspase 3 as shown through western blot and 
validated by (E) Caspase-Glo® assays. Black dotted lines = crop 

 

To probe the mechanism of cell death induction activated by DR5-conjugated CPT-

loaded NPs further, we developed pancreatic cancer cell models in which either the 

critical adaptor protein FADD or effector enzyme caspase-8 of the DR5 pathway were 

deleted (Figure 6A). The CRISPR knockout cells retained expression of the other pathway 

components, although there were alterations in the levels of expression of some proteins 

compared to the control (EV) cell line, most notably a reduction in FLIP(L) expression in 
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both caspase-8 knockouts; this suggests a role for procaspase-8 in regulating FLIP(L) 

expression. In MIA PaCa-2 or PANC-1 cells lacking either FADD or caspase-8, the 

effectiveness of the DR5-conjugated CPT-loaded NPs was significantly reduced (Figure 

6B). In fact, in the FADD and caspase-8 KO models, the efficacy of the DR5-conjugated 

CPT-loaded NPs was identical to that of free CPT and nude CPT-loaded NPs. This is 

consistent with the mechanism-of-action of the DR5-conjugated CPT-loaded NPs 

operating by enhanced activation of DR5-induced, FADD- and caspase-8-mediated 

apoptosis as a result of FLIP downregulation. 

 

Figure 6: Knockout of FADD and caspase 8 stops conjugated AMG 655 efficacy. (A) Western blots 
validating knockout of FADD and procaspase 8 in MIA PaCa-2 and PANC-1 cell lines (B) Cell viability of 
MIA PaCa-2 and PANC-1 CRISPR FADD, Caspase 8 knockout clones and empty vector in response to 
CPT DR5 NP and controls measured using CellTiter-Glo® at a 48-hr time point. Representative of n = 3 

 

In vivo assessment of CPT-loaded DR5-NPs.  To determine whether the in vitro 

potency of CPT-loaded DR5-NPs was retained in vivo, we generated PANC-1 and MIA 

PaCa-2 xenografts and compared the effects of intravenous delivery of CPT-loaded nude 

NPs with CPT-loaded DR5-NPs. BxPC-3 was not pursued in vivo due to its KRas wild 

type status which is unlike the vast majority of pancreatic cancers. In the PANC-1 cell 

line, both CPT-loaded NP formulations retarded tumor growth, with a significant additional 

inhibitory effect for the DR5 coated NPs (Figure 7A). The effects were more dramatic in 

the MIA PaCa-2 cell line where delivery of CPT-loaded DR5-NPs caused significant 

tumor regressions, whereas the CPT-loaded nude NPs only caused a growth retardation 

(Figure 7B). Moreover, the CPT-loaded nude NPs were well-tolerated as indicated by 



13 
 

monitoring mouse behavior and weight (Figures 7C/D). We have previously found that 

free CPT is toxic in mouse models and therefore it was considered unethical to use this 

control. Collectively, these in vitro and in vivo studies demonstrate the potential of CPT-

loaded DR5-NPs for the treatment of pancreatic cancer.  

 

 

Figure 7.  Tumor volume change over time of cell line xenografts in SCID mice during and after 6 
treatments of CPT DR5 NP and appropriate controls. Cells were implanted subcutaneously into SCID 
mice and allowed to reach 300 mm3 before being randomized into separate treatment groups (n=6 per 
group). Tumor volumes were monitored during and after treatment. Treatment was 2 mg (100 mg/kg) of 
nanoparticle or appropriate control delivered intravenously via tail vein. The lower panels show animal 
weight ratios and Kaplan-Meier survival curves. (broken red line represents 80% weight cut off). Dashed 
lines are treatment days 
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Discussion 

Pancreatic cancer (PDAC) is the 4th leading cause of cancer deaths. Most patients have 

advanced disease at diagnosis, and 2-year survival is a dismal 6%. Multiple factors hinder 

treatment. One is tumor genetic heterogeneity and the presence of tumor cell populations 

that are prone to metastasis and intrinsically resistant to chemotherapy. A second is poor 

tumor drug penetration because of stromal amplification, low micro density, and poor 

vascular perfusion/permeability. These characteristic features constitute a formidable 

drug delivery barrier and create the difficult clinical reality that even drugs active against 

the cancer cells may fail clinically because of poor tumor deposition. Thus, radical 

pharmacological approaches are needed for the treatment of this disease. 

When bound by its ligand TRAIL (expressed by immune effector cells) or by agonistic 

therapeutic antibodies, the DR5 death receptor forms a complex known as the DISC 

(death-inducing signaling complex) at which the adaptor protein FADD recruits 

procaspase-8. Homo-dimerization of procaspase-8 at the DISC leads to its processing 

into its active form, which then cleaves substrates such as procaspase-3 and BID to 

initiate apoptosis. However, the caspase-8 paralog FLIP can also be recruited into the 

DISC disrupting formation of procaspase-8 homodimers, thereby inhibiting apoptosis 

induction. In the presence of FLIP, alternative non-apoptotic signaling pathways can be 

activated, such as the NFB and MAP kinase pathways (36). These tumor-promoting 

effects have been confirmed in vivo, with therapeutic administration of TRAIL promoting 

metastasis to the liver of pancreatic cancer xenografts (37). Moreover, murine death 

receptor has been shown to promote growth and metastasis of autochthonous mutant 

KRAS-driven models of non-small cell lung cancer (NSCLC) and pancreatic cancer (38). 

These findings are consistent with our finding (Figure 1) that high expression of DR5 and 

the rest of the core DISC components correlated with poor prognosis of pancreatic cancer 

patients. This is also consistent with the findings of others that high DR5 expression 

correlates with lymphatic invasion of pancreatic cancers. 

We hypothesized that we could take advantage of the maintenance of high expression of 

the DR5 pathway in pancreatic cancer by devising a NP-based therapeutic that would 
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activate the receptor to promote apoptosis rather than metastasis and growth of PDAC 

cells.  

This approach required a NP that would induce: (1) sufficient clustering of the receptors; 

and (2) downregulation of FLIP (39). Lack of DR5 super-clustering (a prerequisite for 

efficient apoptosis induction) and failure to overcome FLIP-mediated inhibition (FLIP 

being frequently overexpressed in multiple poor prognosis tumor types) were two of the 

main reasons for the failure of the 1st generation of DR5 agonists, including AMG 655. 

To address the first issue (receptor super-clustering), we formulated a nanoparticle 

conjugated to AMG 655. The conjugation of AMG 655 to the surface of the nanoparticle 

massively enhanced its ability to induce apoptosis of PDAC cells when compared to its 

free form. These results are significant in light of the phase 2 trial that used unconjugated 

AMG 655 in pancreatic cancer patients. The results from this trial were ultimately 

disappointing with only small improvements observed in 6 months survival (4). Second 

generation multivalent DR5 binding agents are now emerging that induce receptor super-

clustering. These highly potent 2nd generation DR5 agonists mirror the effects we have 

achieved by conjugating AMG 655 to the surface of NPs, thereby presenting a high 

density of anti-DR5 paratopes that drive cell surface clustering of DR5 and initiate 

apoptosis. Moreover, with scalable manufacturing in mind, we have devised a simplified 

one-step conjugation method for attaching antibodies to the surface of PLGA NPs using 

an NHS-modified PLGA in the polymer blend. 

To address the second issue (high FLIP expression), we assessed the impact of a number 

of chemotherapeutics and targeted therapeutics on expression of FLIP in pancreatic 

cancer cells. Although previously reported to downregulate FLIP, none of the MAP kinase 

and PI3-kinase inhibitors we examined, nor PPAR ligands had any effect on FLIP. We 

found here that CPT could downregulate both FLIP isoforms across all cell lines examined 

and, as hydrophobic molecules, were efficiently entrapped in PLGA NPs. A more potent 

topo-I inhibitor than its derivative irinotecan, which is approved for the treatment of 

pancreatic cancer as a component of the FOLFIRINOX regimen, CPT has poor 

bioavailability and considerable systemic toxicity. For these reasons, novel delivery 

approaches are needed to capitailize on the potent anti-tumor properties of CPT. Notably, 
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we found that the entrapment of CPT improved the potency of the DR5-NPs in vitro and 

in vivo, with tumor regression observed in the MIA PaCa-2 model. The mechanism-of-

action was confirmed to involve FLIP down-regulation and enhanced FADD- and 

caspase-8-mediated apoptosis. 

The use of active targeting as a strategy in nanomedicine remains unproven as no actively 

targeted nano-formulation has yet reached the market, unlike non-targeted formulations, 

which mainly take advantage of the enhanced permeability and retention (EPR) effect 

and which have been on the market for over 20 years. Wilhelm et al. conducted a meta-

analysis of the current literature and reported that overall, actively targeted nanoparticles 

accumulated in the tumor 50% more efficiently compared a separate set of passively 

targeted nanoparticles in in vivo models (i.e. 0.9% vs 0.6% ID) (40). Moreover, antibody-

conjugated nanoparticles are an attractive alternative to antibody-drug conjugates as they 

offer reduced toxicity due to their less potent drug payloads (41,42). There is also potential 

added benefit when the targeting strategy induces its own therapeutic effect as has been 

observed in this study where the nanoparticle delivers a chemotherapy that synergizes 

with the targeting antibody that can induce apoptosis. However, the potential offered by 

these approaches can only be overcome with improved manufacturing and 

characterization techniques.  

While the in vivo models used here can only be considered proof-of-concept, it will be 

important to explore biodistribution in a pancreatic model that exhibits more pancreatic 

tumor microenvironment-like characteristics.  However, on the basis  that the potential of 

nanotechnology in pancreatic cancer has already been exemplified by the approval of 

Nab-paclitaxel (Abraxane®) and liposomal irinotecan (Onivyde®) (43,44), the approach 

explored here may have potential for the treatment of DR5-positive, poor prognostic 

pancreatic cancer.  
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Materials and methods 

Nanoparticle formulation – single emulsion method 

Polymeric nanoparticles were formulated using the single emulsion evaporation method. 

Polymer blends (20 mg, 75% PLGA RG502H, 25% PLGA-PEG-NHS (Polyscitech® AI64) 

or PLGA-PEG-COOH (Polyscitech® AI34)) were dissolved in 1 ml of dichloromethane. 

Camptothecin (200 µg in vitro, 600 µg in vivo) dissolved in DMSO at 10 mg/ml was added 

to the organic phase and mixed if required. This solution was then injected into 7 ml of 

PVA (2.5% w/v polyvinyl alcohol in MES 50 mmol/l buffer at pH5) stirring at 600 rpm to 

form an emulsion. The emulsion was the sonicated using a sonicator probe controlled by 

a Fischer automated sonicator for 90 seconds pulsing at 50% amplitude. After sonication 

the emulsion was left overnight stirring at 600 rpm. The nanoparticles were then isolated 

by centrifugation at 20,000 x g at 4°C for 20 minutes and resuspended in MES buffer (50 

mmol/l, pH5) using brief sonication. This was then repeated another 2 times. If antibody 

conjugation was required, particles were then resuspended at 1mg/ml in MES buffer. 50 

µg of antibody per mg of polymer was then added to this solution and left to conjugate for 

2½ hours stirring at 90 rpm. This was then centrifuged as above and resuspended in PBS. 

Nanoparticle characterization 

Nanoparticle size and polydispersity were analyzed by dynamic light scattering using a 

NanoBrook Omni (Brookhaven Instruments Corporation, NY, USA). The particles were 

resuspended in dH2O at a concentration of 0.1 mg/ml and pipetted into a cuvette. Zeta 

potential was measured by phase analysis light scattering, resuspending the 

nanoparticles as above. Nanoparticle size was also measured by nanoparticle tracking 

analysis using the NanoSight NS300 (Malvern Instruments, UK) in PBS at a concentration 

of 0.1 mg/ml in PBS. The nanoparticles were imaged by scanning electron microscopy 

(SEM) by washing and resuspending in dH2O (5 mg/ml) this was then added dropwise to 

double sided copper tape affixed to aluminum stubs and allowed to dry overnight in a 

laminar flow cabinet. The next morning nanoparticle were sputter coated with gold and 

imaged using a FEI Quanta 250 FEG - Environmental Scanning Electron Microscope (E-

SEM). 
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Validation and quantification of antibody conjugation 

Antibody conjugation was confirmed and quantified using a Micro BCA Protein Assay Kit 

obtained from ThermoFisher Scientific, UK. Nanoparticles were resuspended at 1 mg/ml 

and 50 µl of sample was added per well of a clear non-sterile 96well plate and a standard 

curve was prepared using blank particles and free antibody. 100 µl of Micro BCA reagent 

was added to each well. This was then left to develop for 1 hour incubated at 370C. The 

sample was then read at a wavelength of 562 nm using a BioTek synergy HT plate reader.   

Tissue culture 

PANC-1 and MIA PaCa-2 cells were obtained from ATCC and cultured in DMEM 

supplemented with 10% fetal bovine serum (Gibco), 50 units/ml penicillin streptomycin 

and 1 mM sodium pyruvate. BxPC-3 cells, obtained from ATCC and were cultured in 

RPMI supplemented with L-glutamine, 10% fetal bovine serum, 50 unit/ml penicillin 

streptomycin, 1 mM sodium pyruvate and 10 mM HEPES. AsPC-1 cells were obtained 

from ATCC and were cultured in RPMI supplemented with L-glutamine, 10% fetal bovine 

serum and 50 unit/ml penicillin streptomycin. 

Cells were grown in t25, t75 or t175 flasks. Cells were allowed to reach 70-95% 

confluency depending on the line. They were kept in an environment of constant 

temperature at 37°C and 5% CO2.   

Western blot 

Cells were lysed in RIPA buffer and analyzed for protein content using a BCA assay 

(ThermoFischer Scientific, UK). Gel electrophoresis was performed using tris-glycine gels 

of varying percentages depending on the size of the protein of interest. Gels were run at 

125 V for 90 minutes. Semi-dry transfer was used to transfer protein onto an activated 

polyvinylidene difluoride membrane. Nonspecific binding sites were blocked in blocking 

buffer for 1 hour at room temperature. The membrane was then incubated in primary 

antibody at 4OC overnight under agitation. The blot was then washed for 5 minutes 6 

times in TBS tween and incubated for one hour in HRP (horseradish peroxidase) 

conjugated secondary antibody. The wash steps were repeated and pierce ECL plus kit 

protocol was followed to image blot using a BioRad XRS+ imager. 
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Assessment of cell viability by CellTiter-Glo assay 

CellTiter-Glo® luminescent cell viability assay uses a luciferase reaction in the presence 

of ATP and oxygen. Spent media was aspirated to leave 25 µL of media in 96 well white 

tissue culture treated plates (Corning 734-1665). This was then combined with 25 µL of 

CellTiter-Glo reagent and mixed on plate shaker for 3 minutes to ensure cell lysis. 

Luminescence was then read using a BioTek Synergy HT plate reader. 

Caspase 3/7 and 8 activity assays 

Caspase-Glo® 8 and 3/7 are also luciferase-based assays. Spent media was removed 

from the wells to be analyzed on 96 well white tissue culture treated plates (Corning 734-

1665) leaving 25 µL of media. This was then incubated with 25 µL of Caspase-Glo® 

reagent for 45 minutes under gentle agitation at room temperature and protected from 

light then the luminescence was read using a BioTek Synergy HT plate reader. 

Flow cytometry – cell surface staining 

Cells were seeded in a 6-well plate at 200,000 cells/well and left to adhere overnight in a 

5% CO2 incubator at 37°C. The next morning spent media was aspirated and the cells 

were washed with ice cold PBS three times. After detachment and isolation by 

centrifugation, cells were resuspended in 400 µl of ice cold 5% FCS (fetal calf serum) in 

PBS and incubated for 30 minutes on ice with 5 µl (0.25 µg) DR5 PE stained antibody 

(ebiosciences 12-9908), with 5 µl (0.5 µg) of PE stained IgG1k isotype control antibody 

(ebiosciences 12-4714) or are left untreated. Post incubation the cells were then 

centrifuged as above and resuspended in 1 ml of ice cold 5% FCS PBS and this is 

repeated twice before samples are read by the BD FACS Calibur flow cytometer or a BD 

Accuri C6 plus flow cytometer. 

Flow cytometry – Annexin V/PI 

Cells seeded at 400000 cells per well in a 6 well plate were treated with 0.4 mg/ml CPT 

DR5 NP or equivalent control for 24 hours. Media and cells detached using a scraper 

were stained with 3 µl Annexin V FITC antibody (BD pharmingen) and 2 µl of propidium 

iodide. The samples were then analyzed using a BD Accuri C6 plus flow cytometer. 
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Flow cytometry – TMRE 

Cells were seeded at 400000 cells per well in a 6 well plate and treated with 0.4 mg/ml 

CPT DR5 NP. Cells were stained with 25 nM Tetramethylrhodamine (TMRE) for 15 

minutes at 37OC, then gently detached using a cell scraper and washed once in PBS. 

The samples were then analyzed using a BD Accuri C6 flow plus cytometer. 

Cell line xenografts 

All animal studies were performed in collaboration with the Straubinger group in Roswell 

Park Cancer Institute (RPCI) and State University of New York at Buffalo. All experiments 

were carried out in line with New York state and US federal law. SCID mice were obtained 

from an in-house colony in RPCI. MIA PaCa-2 and PANC-1 cells were implanted 

subcutaneously with Matrigel into SCID mice and treatment commenced upon tumors 

reaching sufficient size. Mice were randomized into groups based on tumor size. Where 

nanoparticles were used as monotherapy, treatment was administered intravenously on 

day 0,3,6,14,17 and 20. Tumor volumes were measured on alternate days and plotted 

over time. Mice were sacrificed when tumors reached a threshold volume. 

 

Generation of FLIP (L), FLIP (S) and XIAP knockdowns using siRNA 

 

FLIP (L) and FLIP (S) siRNAs were purchased from Eurofins. FLIP(T) and XIAP was 

purchased from Dharmacon. Transfections were performed using lipofectamine 

RNAiMAX (Life Technologies). Initially 900000 cells were seeded in a p90 and left 

overnight. The next morning 9 µl of RNAiMAX was added to 600 µl of OptiMEM while 1.8 

µl (10nM stock) of siRNA was added to 600 µl of OptiMEM. Both solutions were mixed 

together and left to incubate at room temperature for 15 minutes. After incubation, 2.4 ml 

of growth medium was added to the mixture and was added to cells once spent media 

was aspirated. 

This transfection media was incubated with the cells for 4 hours then 6.4 ml of normal 

growth media was added to the cells and left incubating at 37ºC until harvested. 
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Generation of CRISPR FADD and caspase 8 knockout cell lines 

MIA PaCa-2 and PANC-1 FADD (guide seq: GCGGCGCGTCGACGACTTCG) and 

Caspase 8 (guide seq: AAGTGAGCAGATCAGAATTG) CRISPR knockouts were 

generated using lentiviral infection using pLentiCRISPRV2. Initially, HEK 293T cells were 

seeded in P90’s and left overnight. The next day vector, envelope and packaging DNA 

were transfected using GeneJuice® (MerckMillipore, UK) and left for 6 hours. The 

transfection medium was then removed, and normal growth medium was added and left 

to incubate for 48 hours. The resultant media was then collected and stored at -20ºC. 

This media was then added to the desired cell line and left overnight. The next morning 

cells were washed with PBS twice and media added with puromycin as a selecting 

reagent. Once a reference plate has been completely killed by puromycin clones were 

generated for each gene knockout and selected for favorable protein expression levels in 

comparison to the empty vector mixed population. 

Gene correlation plots and calculation of disease-free survival 

Disease free survival was calculated using GEPIA.com which compares RNAseq data 

from The Cancer Genome Atlas Program to The Genotype-Tissue Expression project 

(30). Disease free survival was calculated using a median group cutoff. Correlation plots 

were calculated using the Pearson correlation coefficient. 

 

Data analysis 
 

Statistical tests were carried out with GraphPad Prism software version 7.0. Parametric 

tests were used where data was normally distributed and of sufficient sample size. To 

assess significance between two groups the students t-test was employed. Where three 

or more groups were to be assessed for significant difference one way or two-way 

analysis of variance (ANOVA) were employed. The null hypothesis was rejected when p 

< 0.05. Levels of significance were indicated as follows: * p < 0.05, ** p < 0.01, *** p < 

0.001. Combination indexes were calculated using CompuSyn software (45). 
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