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Nanocarrier Co-formulation for Delivery of a TLR7 Agonist 
plus an Immunogenic Cell Death Stimulus Triggers Effective 
Pancreatic Cancer Chemoimmunotherapy

Lijia Luo†,‡, Xiang Wang†,‡, Yu-Pei Liao†, Chong Hyun Chang‡, Andre E. Nel*,†,‡

†Division of Nanomedicine, Department of Medicine, University of California, Los Angeles, 
California 90095, United States

‡California NanoSystems Institute, University of California, Los Angeles, California 90095, United 
States

Abstract

Although toll-like receptor (TLR) agonists hold great promise as immune modulators for 

reprogramming the suppressive immune landscape in pancreatic ductal adenocarcinoma (PDAC), 

their use is limited by poor pharmacokinetics (PK) and off-target systemic inflammatory 

effects. To overcome these challenges as well as to attain drug synergy, we developed a lipid 

bilayer (LB)-coated mesoporous silica nanoparticle (silicasome) platform for co-delivery of the 

TLR7/8 agonist, 3M-052, with the immunogenic chemotherapeutic agent, irinotecan. This was 

accomplished by incorporating the C18 lipid tail of 3M-052 in the coated LB, also useful for 

irinotecan remote loading in the porous interior. Not only did the co-formulated carrier improve 

PK, but strengthened the irinotecan-induced immunogenic cell death (ICD) response by 3M-052-

mediated dendritic cell activation at the tumor site as well as participating lymph nodes. The 

accompanying increase in CD8+ T-cell infiltration along with a reduced number of regulatory 

T-cells was associated with tumor shrinkage and metastasis disappearance in subcutaneous and 

orthotopic KRAS-mediated pancreatic carcinoma (KPC) tumor models. Moreover, this therapeutic 

outcome was accomplished without drug or nanocarrier toxicity. All considered, dual-delivery 

strategies that combine chemo-immunotherapy with co-formulated TLR agonists or other lipid-

soluble immune modulators predict successful intervention in heterogeneous PDAC immune 

landscapes.
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We developed a co-formulated drug carrier that incorporates a TLR7 agonist in the lipid bilayer of 

silicasomes, which also allow remote import of the chemo-immunotherapeutic agent, irinotecan, 

through the bilayer. The generation of an immunogenic cell death response by irinotecan 

synergizes with dendritic cell activation by 3M-052, resulting in a robust immune response in 

a pancreatic ductal adenocarcinoma immune landscape.

Keywords

dual drug silicasome; TLR agonists; 3M-052; pancreatic cancer; dendritic cells; chemo-
immunotherapy

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer death in 

the United States, with a five-year survival rate of ~11%.1,2 The poor prognosis is due to 

late clinical presentation, as well as interference in drug delivery and drug resistance by 

an abundant dysplastic stroma.3 To improve the pharmacokinetics (PK) of drug delivery, 

a number of nanocarriers have been introduced for PDAC treatment recently, including 

the irinotecan-delivering liposome, Onivyde, and an albumin-paclitaxel nanocarrier, nab-

paclitaxel (Abraxane).4,5 While the principal consideration for nab-paclitaxel development 

was to overcome the toxicity of an incipient, Onivyde was developed to improve the 

efficacy of combination chemotherapy in patients with metastatic disease and who failed 

to respond to gemcitabine treatment. More recently, the pegylated irinotecan liposome 

was also approved as first-line therapy for untreated, locally-advanced, metastatic disease 

in combination with oxaliplatin, 5-fluorouracil, and leucovorin. However, while Onivyde 

improved therapeutic efficacy, the drug received a black box warning for severe diarrhea 

and neutropenia, most likely related to carrier leakage from the impact of plasma proteins, 

complement and circulatory shear forces on the intactness of the lipid bilayer (LB).4 These 

shortcomings were instrumental in the development of silicasomes, which make use of 

a supported LB for coating of mesoporous silica nanoparticles (MSNPs).6,7 Not only is 

the supported LB more stable, but also allows irinotecan remote loading and high drug 

import into the porous interior. This allowed us to accomplish improved irinotecan delivery 

to orthotopic KRAS-dependent pancreatic cancer (KPC) tumors compared to Onivyde, in 
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addition to demonstrating the absence of bone marrow toxicity, blunting of intestinal villi, 

and hepatotoxicity, which are seen during treatment with free or liposomal irinotecan.8

An exciting recent advance for silicasome use and irinotecan delivery is the demonstration 

that this chemo agent also induced immunogenic cell death (ICD), in addition to its role 

as a topoisomerase I inhibitor.9 The robust induction of ICD was explained by a collateral 

irinotecan effect on lysosomal alkalization, leading to interference in autophagy flux and 

generation of endoplasmic reticulum stress.10,11 This culminates in a robust generation 

of immune danger signals to assist the specialized cell death response, which promotes 

dying cancer cell uptake by bystander antigen-presenting cells (APCs). This action involves 

calreticulin (CRT) expression on the dying tumor cell surface, further assisted by high 

mobility group protein B1 (HMGB1) and ATP release, which function as adjuvant stimuli to 

promote dendritic cell (DC) activation and maturation.12,13 The ICD process can be likened 

to an endogenous tumor vaccination response, allowing tumor antigen presentation to naïve 

T-cells by DC in secondary lymphoid organs (lymph nodes and spleen). The activated CD8+ 

cytotoxic T-cells (CTLs) return to the primary tumor site to complete the cancer immunity 

cycle.14

Not only did irinotecan induce an ICD response, but could also be seen to promote 

PD-L1 expression as a consequence of endoplasmic reticulum stress.9 This allowed us to 

strengthen the ICD response by co-administration of a monoclonal antibody that blocks 

PD-L1 binding to PD-1. The combinatorial effect raised the possibility of using the 

multifunctional features of the silicasome to co-formulate immunomodulators, selected to 

intervene in a host of immune challenges in the PDAC immune landscape, resulting from the 

paucity of neoantigens, poor recruitment of APC, checkpoint receptor-mediated immune 

escape and immune suppressive cellular components in the tumor microenvironment 

(TME).15 A facile design emerging from this thinking was to use the packaging space 

for incorporation of ICD-inducing chemo agents (such as irinotecan) into the particle pores, 

while including synthetic lipid immunomodulators such as toll-like receptor (TLR) agonists 

or lipid-conjugated prodrugs into the LB to deliver adjuvant stimuli or interfere in immune 

checkpoint pathways (Figure 1).15

The ubiquitously expressed toll-like receptor (TLR) family functions as pattern recognition 

receptors (PRRs), capable of activating the innate immune system in response to 

pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns 

(DAMPs).16,17 All TLRs share a typical structural motif in the form of leucine-rich 

repeats, which upon dimerization by cognate ligands, induce recruitment of adapter 

and signaling molecules providing transcriptional activation in innate immune cells.18–20 

For instance, TLR7, an endosomal-expressed receptor, is capable of sensing viral single-

stranded (ss) RNA, leading to NF-κB/AP1 and IRF-mediated expression of type I IFNs, 

pro-inflammatory cytokines, and co-stimulatory molecules (e.g., CD80 and CD86) in 

antigen presenting cells (APC), including dendritic cells.21 This introduces TLR7 and 

a closely related endosomal homolog, TLR8, as attractive therapeutically assessable 

immune modulators for boosting innate immunity in the context of infectious disease 

and tumor immune landscapes. Historically, the first patent filing was for a drug known 

as imiquimod (a.k.a. R837) to treat genital warts and basal cell carcinomas, followed 
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by introduction of resiquimod (R848), which is 10-fold to 100-fold times more potent 

than R837.22,23 However, while these agents triggered robust immune activation during 

conducting of clinical trials, a major setback was the occurrence of systemic on-target/

off-tumor inflammatory reactions.20,24 Consequently, drug advancement focused on local 

or encapsulated drug delivery. For instance, 3M-052, an imidazoquinoline compound 

linked to a C18 lipid tail, was used to construct liposomal, polylactic co-glycolic acid 

(PLGA) and small lipid nanoparticles, to provide adjuvant stimuli for attempts at infectious 

disease vaccination.25–28 In addition, the small molecule TLR7 agonist, 1V209, was used 

for cholesterol conjugation (1V209-Cho) and incorporation into a nanocarrier capable of 

reaching lymph nodes and boosting immunotherapy responses in CT26 colorectal, 4T1 

breast cancer, and Pan02 PDAC tumor models.29 This included demonstration that that 

improved DC activation leads to the boosting of immune responses without systemic side 

effects.

Based on this background as well as the awareness of poor dendritic cell function in human 

and murine PDAC microenvironments, we hypothesized that the 3M-052 lipid tail would 

be ideal for LB incorporation of irinotecan-delivering silicasomes, with the possibility of 

strengthening the chemoimmunotherapy response by DC activation. To test this hypothesis, 

we developed a method for 3M-052 incorporation into the LB being coated onto the 

surface of MSNP. The carrier was subsequently used for irinotecan remote loading before 

intravenous (IV) injection in PDAC tumor-bearing mice. We demonstrate generation of 

a synergistic anti-PDAC immune response by improved drug delivery, including through 

boosting of APC activity that also involve regional lymph nodes. This is in keeping with our 

blueprint for synergistic nanocarriers to interfere in heterogeneous immune landscapes.15

Results and Discussion

Development of Dual-drug Silicasomes that deliver Irinotecan plus 3M-052

The envisaged design principle for accomplishing a co-formulated silicasome carrier 

requires remote loading of irinotecan (IRIN) into the porous packaging space of the 

silicasome using a protonating agent, while incorporating 3M-052 (a.k.a. Telratolimod) 

into the lipid bilayer (LB) (Figure 1). To develop an appropriate bilayer composition, 

we experimented with a series of lipid biofilms to determine whether 3M-052 can be 

stably incorporated into a LB. The optimal lipid bilayer composition was achieved with 

DSPC/Chol/DSPE-PEG2000/3M-052 in the molar ratio of 55.5:38.5:2.7:3.3); this yielded 

liposomes with average size of 135.8 ± 2.2 nm and a 3M-052 loading capacity of 1.5% 

(Figure S1). We also demonstrated achievement of an IRIN remote loading capacity 

of 18.6% through the use of (NH4)2SO4 as trapping agent. Additional physicochemical 

characteristics of this carrier, designated 3M-liposome-IRIN, appear in Figure S1.

Successful establishment of a 3M-052 lipid bilayer allowed us to proceed with silicasome 

construction. Controlled synthesis of spherical MSNPs was accomplished using a heated 

CTAC solution for TEOS addition, as previously described by us.6–8 The particles were 

soaked in a trapping agent, TEA8SOS, before sonicating in a lipid solution of similar 

composition as described above (Figure 2A). Following removal of free TEA8SOS, IRIN 

remote loading and silicasome purification was accomplished as previously described by 
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us.8 This yielded a carrier, designated as 3M-silicasome-IR (also abbreviated as 3M-Si-IR). 

As a control, we also prepared a nanocarrier loaded with 3M-052 only, designated a 3M-

silicasome or 3M-Si. Cryo-electron microscopy (CyroEM) of both carriers confirmed the 

presence of MSNPs with a worm-like porous structure, coated with an intact LB (Figures 2B 

and C). Hydrodynamic size measurement showed sizes of 112.2 ± 1.0 and 127.0±2.9 nm for 

the 3M-silicasome and 3M-silicasome-IR carriers, respectively (Figure 2D). While a loading 

capacity of 2.1% could be achieved for 3M-052 in the single-drug carrier, the proportional 

loading capacity was reduced to 1.5% in the dual-delivery carrier, after consideration of the 

IRIN incorporation (at a loading capacity of 38%).

Demonstration of TLR7/8 Activation by Encapsulated 3M-052 in cellular studies

Both the TLR7 and TLR8 receptors are widely expressed in innate immune cells, including 

DC and macrophages. Their endosomal localization allows intracellular sensing of single-

stranded viral RNA, leading to receptor dimerization and triggering of transcriptional 

activation pathways involved in DC and macrophage activation and maturation (Figure 3A). 

More specifically, TLR7 and TLR8 dimerization leads to the recruitment of the adaptor 

protein, myeloid differentiation primary response 88 (MyD88), which triggers NF-κB/AP-1 

mediated signaling cascades that induce production of pro-inflammatory cytokines such as 

IL-6, IL-12p40, and TNF-α.

To confirm intracellular delivery and attainment of a TLR7 agonist effect by the 3M-

silicasome, we used a commercially available HEK-Blue™ cell line, which expresses the 

murine TLR7 gene and an NF-κB/AP-1-responsive SEAP (secreted embryonic alkaline 

phosphatase) reporter gene (Figure 3A). This allows detection of SEAP levels in the culture 

medium of the cells exposed to 0.01 to 10 μM free R848 (positive control), free 3M-052, 

or the 3M-silicasome for 20 h (Figure 3B). Quantification of SEAP levels, using the HEK-

Blue™ Detection kit, demonstrated differential dose-response relationships for R848 versus 

free and encapsulated 3M-052 at lower dose range, but became equivocal at 10 μM.

Having confirmed effective intracellular delivery of the TLR7 agonist, the next task was to 

determine the effect of the 3M-silicasome in the ex vivo activation of macrophages and DCs. 

These assays were performed in RAW264.7 macrophages and murine bone marrow-derived 

dendritic cells (BMDCs). RAW264.7 and BMDCs were treated with 10 μM each of R848 

(positive control), free 3M-052, or the 3M-silicasome for 21 hours before assessing CD80 

expression (Figures 3C and E). The flow cytometry assessment demonstrated a significant 

increase in cell surface expression of a maturation marker, regulated by NF-κB and AP-1 

response elements. We also quantified the release of two key pro-inflammatory cytokines, by 

ELISA in the same cell types, using similar stimuli. This confirmed significant cytokine 

release into the culture supernatants, demonstrating higher responsiveness to free and 

encapsulated 3M-052 than for R848 ((Figures 3D and F). These results are in accordance 

with previous studies. For instance, Wightman’s group has demonstrated that 3M-052 

induced higher expression of TNF-α in vitro compared to R848.25 Similarly, Pulendran’s 

group demonstrated a stronger immune response triggered by 3M-052 compared to TLR-7/8 

(R848) plus TLR-4 (MPL) combined.28
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To confirm cellular uptake of the 3M-silicasome in RAW264.7 and BMDC, a cellular study 

was performed, using a DiD-labeled 3M-silicasome carrier with the characteristics shown in 

Figure S2A. Flow cytometry was used to assess cellular fluorescence following incubation 

with a carrier dose range delivering incremental amounts of encapsulated 3M-052 (Figures 

S2B and C). This demonstrated a dose-related increase in cellular fluorescence with almost 

all cells engaging in particle association. There was no evidence of toxicity in response to 

encapsulated 3M-052 in RAW267.4 cells, as well as a pancreatic cancer cell line (KPC) 

derived from the genetically-engineered KRAS mouse pancreas cancer model (Pdx1-cre/

LSL-Kras G12D/p53R172H) (Figures S3A and B). To assess the impact of IRIN delivery 

on KPC cells, they were exposed to a wide dose range of free and encapsulated IRIN for 

48 h (Figure S3C). This demonstrated dose-dependent cytotoxicity, with a steeper decline 

in viability in response to the free drug (Figure S3C). Noteworthy, we have previously 

demonstrated that the KPC cell death response to IRIN involves a combination of nuclear 

damage (topoisomerase 1 inhibition) plus triggering of an endoplasmic reticulum (ER) 

stress response (Figure S3D).11 Collectively, this culminates in an ICD response, which is 

characterized by calreticulin (CRT) expression on the cell surface, as well as HMGB1 and 

ATP release from the dying cells (Figure S3D). CRT acts as a “eat-me” signal for APC 

processing while HMGB1 and ATP act as adjuvants for APC activation and maturation.12,13 

In vivo studies will further demonstrate the relevance of the mode of cell death to immune 

response boosting by 3M-052.

Demonstration of Carrier Therapeutic Efficacy and Immune Activation in a Subcutaneous 
KPC Tumor Model

KPC cells were subcutaneously injected into the right flank of female B6129SF1/J mice 

for in vivo experimentation. Following tumor growth to ~100 mm3, groups of 6–7 

animals received IV injection of saline, free 3M-052 (2 mg/kg), free IRIN (40 mg/kg), 

3M-silicasome (3M-052, 2 mg/kg) and 3M-silicasome-IR (3M-052, 2 mg/kg; IRIN, 40 

mg/kg) every 3 or 4 days for a total of four administrations(Figure 4A). Subcutaneous tumor 

sizes were monitored every 2 days. While all treatment modalities significantly impacted the 

tumor volumes at the harvesting stage compared to saline (p < 0.001), the effects of free 

3M-052 and free IRIN were significantly reduced compared to treatment with single-drug 

or dual-drug silicasomes (p < 0.01) (Figure 4B). Moreover, tumor volume reduction in 

mice treated with the dual-delivery carrier was significantly less (p < 0.05) than for the 

3M-silicasome. These findings were further corroborated by capture of photographic images 

displaying tumor size at the time of harvest (Figure 4C), as well as displaying the growth 

kinetics of individual tumors, displayed as spaghetti plots (Figure 4D). Differences in the 

response outcome between free 3M-052 and the 3M-silicasome suggested that encapsulated 

delivery is more efficacious in promoting the anti-PDAC immune response at the primary 

tumor site.

In order to investigate the specifics of the immune response induced at the primary 

cancer site, tumors were harvested from sacrificed animals on day 21 for performance 

of immunohistochemistry (IHC) analysis. We looked at the appearance of CD8+ T-cells, 

demonstrating that both the 3M-silicasome-IR as well as the 3M-silicasomes could induce 

significant CD8+ CTL recruitment compared to free IRIN or free 3M-052 (Figure 5A). 

Luo et al. Page 6

ACS Nano. Author manuscript; available in PMC 2023 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Representative IHC images are shown underneath the graphic, with the comprehensive data 

panel appearing in Figure S4 online. We also performed IHC staining to assess the presence 

of FoxP3+ expression on regulatory T-cells (Tregs), which contribute the to immune 

suppressive PDAC landscape.30–32 Quantification of FoxP3+ cell number demonstrated a 

highly significant reduction of this marker for all treatment modalities, the most robust 

contribution being that of the 3M-silicasome-IR (Figures 5A and S4). Additional display 

of the number of CD8+ vs. FoxP3+ T-cells, reflected as a ratio, confirmed that the biggest 

ratio increase occurred in the dual-delivery carrier compared to other treatment modalities. 

The magnitude of change is in favor of a synergistic response generation by co-delivery of 

irinotecan with the TLR7 agonist.

Subcutaneous tumor implantation in the rear animal flank allows lymphatic drainage to the 

regional inguinal lymph nodes (LNs), which were harvested to assess therapeutic impact 

on LN-resident dendritic cells (LN-DCs). This reasoning is premised on the possibility that 

LN participation in the cancer immunity cycle may be able to strengthen the ICD response 

by increased recruitment of newly-activated cytotoxic T-cells back to the principal tumor 

site. Following inguinal LN harvesting and cellular release, initial flow cytometry gating 

selected singlet live cells (Figure S5). Further gating on the CD11c+/CD45+ DC subset was 

used to quantify CD80 and CD86 expression, representative of the surface receptors on 

an activated DC subset that participate in T-cell activation. Flow analysis demonstrated an 

increase in the percentage of CD45+/CD11c+ LN-DCs in response to free or encapsulated 

3M-052 delivery (single and dual-drug carriers), compared to saline and free IRIN (Figure 

5B). Moreover, while CD80 and CD86 expression were up-regulated in response to 4 rounds 

of treatment with free or encapsulated 3M-052, the most significant increase was obtained 

for the 3M-052/IRIN silicasome (Figure 5C). All considered, the dual-drug silicasome 

was more effective than the free drug or single-drug silicasome for generating anti-PDAC 

immunity, which is in keeping with the notion that TLR7/8 activation is capable of boosting 

the IRIN-induced ICD response. We also obtained evidence that the response boosting 

involves LNDC participation as a key component of the cancer immunity cycle.

Noteworthy, these therapeutic outcomes were achieved without a significant change in 

animal body weight in any of the groups, which is in keeping with the absence of systemic 

toxicity (Figure S6). This notion was further confirmed by blood collection for white blood 

cell counting and assessment of kidney function (creatinine and urea levels), liver enzymes 

(ALP, AST, and ALT), blood calcium and phosphate levels, as demonstrated in Table S1. 

These results are also congruent with previous demonstration of improved safety of our 

IRIN nanocarrier, in which a supported LB is superior to a liposomal LB.8

Improved Pharmacokinetics of Drug delivery and Effective Silicasome Biodistribution to 
Orthotopic Tumors

The pharmacokinetics (PK) studies were performed in healthy B6129SF1/J mice (n=3) 

which received a single IV injection of free 3M-052 (2 mg/kg), free IRIN (40 mg/kg), 

and 3M-silicasome-IR (3M-052, 2 mg/kg; IRIN, 40 mg/kg), respectively. Plasma samples 

were collected at different time points over 24 h and used to measure the concentrations 

of 3M-052 and IRIN by HPLC. These results show that while free 3M-052 and IRIN were 
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rapidly cleared from the blood circulation, treatment with the dual-delivery carrier led to 

sustained increases in blood levels of both drugs for at least 24 h, confirming stable drug 

entrapment by the PEGylated LB (Figure 6).

In order to assess the particle biodistribution, a DiR-labeled dual-delivery carrier (3M-

silicasome-IR-DiR) was developed for IVIS imaging, as described in the Experimental 

Section. The particle characteristics are shown in Figure 7A. Biodistribution was assessed 

in the orthotopic KPC tumor model, derived by injecting stable luciferase-transfected KPC 

cells into the pancreas tails of female B6129SF1/J mice, as described by us.7 Orthotopic 

tumor-bearing mice (n=3–4) received a single IV injection of saline, free 3M-052 (2 mg/kg), 

free IRIN (40 mg/kg) and the DiR-labeled 3M-silicasome-IR (3M-052, 2 mg/kg; IRIN, 40 

mg/kg), before collection of IVIS images (Figure 7B). In vivo IVIS imaging demonstrated 

effective biodistribution to the tumor site after 24 and 48 h (Figure 7C). However, 

since pancreas images overlap with the liver, we also performed animal sacrifice and 

organ explantation to collect ex vivo IVIS images and quantification of DiR fluorescence 

intensity. The right-side panel in Figure 7D shows representative images of an animal 

selected from each group, with the rest of the animal images on display in Figure S7. 

Quantitative display of DiR intensities for both animal groups demonstrated 26.5% and 

23.6% label distribution to the primary tumor sites after 24 or 48 h, respectively (Figure 7D). 

Comparable liver biodistribution values were 37.0 % and 33.3 %, respectively, in addition 

to some fluorescence intensity appearing in the spleens and intestines. The spleen, similar to 

lymph nodes, acts as a secondary lymphoid organ in supplementing immune responses in the 

pancreas.

We also used the orthotopic KPC model to assess the IRIN content at the primary tumor 

site, using HPLC analysis. These results demonstrate that treatment with the labeled 3M-

silicasome-IR carrier could increase the IRIN content at the tumor site by 36- and 49-fold, 

respectively, after 24 and 48 h (Figure 7E). These results agree with the improved PK data 

in Fig. 6. It was not possible to quantify 3M-052 levels at the tumor site because the limited 

threshold of HPLC analysis for this substance.

Immunotherapy efficacy of Dual-delivery Silicasomes in the Orthotopic KPC Tumor Model

While helpful to observe the chemoimmunotherapy response in subcutaneous KPC tumors, 

this tumor model displays a modest stromal content, differing from the extensive dysplasia 

seen in human PDAC. This is of relevance in considering the stromal contributions to 

shaping the immune-suppressive PDAC immune landscape. While genetically engineered 

Pdx1-cre/LSL-Kras/G12D/p53R172H) mice display many similarities to human PDAC 

(including the G12D KRAS mutation and TP53 loss, extensive desmoplasia, and an immune 

suppressive TME), the logistical constraints of animal breeding prompted as to use of 

an orthotopic model, instead. We have previously shown that implantation of a luciferase-

expressing KPC cell line into the pancreatic tail of immunocompetent B6129SF1/J mice can 

be used to obtain tumor growth, with retention of human PDAC features, including a more 

robust stroma that resemble the heterogeneous immune landscape of the genetic animal 

models.15
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Orthotopic tumor-bearing B6129SF1/J female mice were established, as described in 

Figure 8A. After confirming tumor growth at the pancreatic site by IVIS imaging, the 

tumor-bearing mice (n=5/6) received IV injection with saline, free IRIN (40 mg/kg), 3M-

silicasome (3M-052, 2 mg/kg), silicasome-IR (IRIN, 40 mg/kg) and 3M-silicasome-IR 

(3M-052, 2 mg/kg; IRIN, 40 mg/kg) every 3 days for a total of 4 administrations (Figure 

7A). Characterization of the IRIN-silicacasome (silicasome-IR or Si-IR) appear in Figure 

S8B. Animals continued to be monitored by in vivo IVIS imaging on days 7, 15, 18, and 

21, as displayed in Figure 8B. Quantitative analysis of tumor bioluminescence intensity 

(“region of interest”) on day 21 demonstrated significant intensity decline in mice treated 

with the 3M-silicasome or 3M-silicasome-IR, compared to the saline control (Figure 8C). 

Moreover, the dual-drug silicasome had a statistically significant effect (p < 0.05) compared 

with the single-drug silicasome. These findings were further corroborated by photographs 

that display tumor size (Figure 8D), in addition to conducting tumor weight assessment 

(Figure 8E).

Following animal sacrifice on day 21, primary tumors and organs were harvested for IVIS 

imaging and for performing IHC analysis of the tumor immune landscape. Of note, ex 
vivo IVIS image analysis showed differences in the level of metastatic spread to the liver, 

kidneys, stomach, spleen, and intestines among the different treatment modalities (Figure 

8F). Thus, while there was evidence for splenic involvement in the representative example 

displayed in Figure 8F for free IRIN, there was scant evidence of metastatic spread during 

treatment with single or dual drug silicasomes (Figure 8F). The comprehensive list of ex 
vivo IVIS images appears in Figure S8A.

IHC analysis was performed to assess the expression of CD8+ T cells and FoxP3+ Treg cells, 

as demonstrated in Figure 8G. This demonstrate that the dual-drug silicasome showed the 

highest levels of CD8+ T-cell recruitment along with the largest decline in Treg cell numbers 

at the primary orthotopic tumor site (Figure 8G). This was also associated with the most 

statistically significant increase in the CD8+/ Treg ratio compared to the other treatments 

(Figure 8G). Representative IHC images appear in Figure S9. Body weight monitoring every 

2 days did not show any significant weight loss among all groups (Figure S10). There was 

also no evidence of toxicity elsewhere.

In this study, we demonstrate that the CD18 lipid tail of the TLR7/8 agonist, 3M-052, can 

be incorporated into the lipid bilayer (LB) of a mesoporous silica nanocarrier (silicasome), 

which can also be used for remote loading of the amphipathic chemotherapeutic agent, 

irinotecan. We hypothesized that co-delivery of the TLR7/8 agonist with irinotecan may 

be able to mount a synergistic anti-PDAC immune response, based on boosting of APC 

function of dendritic cells receiving an enriched supply of tumor antigens as a result of 

the ICD response. We demonstrated effective TLR7 activation in a HEK-Blue™ mTLR7 

reporter cell line, in addition to accomplishing activation and maturation of macrophage and 

BMDCs. This was followed by in vivo experimentation, demonstrating effective generation 

of an anti-PDAC immune response in a subcutaneous KPC tumor model, showing evidence 

of enhanced tumor shrinking, increased CD8+/Treg ratios and increased LNDC activation 

in response to the dual-delivery carrier. Moreover, further experimentation in a robust 

orthotopic KPC model confirmed the ability of the dual-delivery carrier to trigger a 
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synergistic immune response, backed by data showing improved drug delivery and tumor 

biodistribution. Not only do these results demonstrate the efficacy of a co-formulated drug 

carrier, but expand the scope of employing a chemoimmunotherapy approach for PDAC and 

other cancers, as recently reviewed by us.15

The key advance demonstrated in this communication is the impact of a co-delivered 

TLR7/8 agonist on a PDAC immune landscape, characterized by a paucity of neoantigens, 

poor antigen presentation, and interference in cytotoxic T-cell killing by a variety of immune 

escape or immune suppressive mechanisms. This includes dampening of the supply of 

conventional DC progenitors and their action as APC at the primary tumor site.33 This 

is also in agreement with the poor prognosis of PDAC patients expressing a reduced 

number of circulatory DC, thereby necessitating therapeutic intervention to improve APC 

supply and DC activation at the cancer site.34 While encapsulated irinotecan improves tumor 

antigen delivery to DC through its ICD effect, additional adjuvant stimuli are required for 

DC activation, maturation and APC function at the primary tumor as well as secondary 

lymphatic organ sites. It is therefore of major significance that the TLR family is widely 

expressed at the PDAC site and capable of improving DC function in response to danger 

signals. Moreover, a number of TLR agonists are available for therapeutic intervention, 

including synthetic imidazoquinoline agonists capable of ligating endosomal TLR7 and 

TLR8 receptors. This approach can be used for silicasomes and liposomes.15

Protected delivery of TLR7/8 agonists provides an ideal opportunity for preventing 

inflammatory side effects, known to include manifestations such as pyrexia, fatigue, 

chills, decreased lymphocyte counts, nausea, or pain at the injection site.20 To overcome 

this problem localized administration of 3M-052 (MEDI-9197), either as a monotherapy 

or in combination with checkpoint blockade, has been attempted.35 However, in spite 

of minimal systemic effects in mouse models, severe systemic effects were observed 

in a human phase I clinical trial, leading to abandonment of phase II trials.20 This 

triggered nanocarrier development, including by absorbing 3M-052 to lipid-decorated alum 

oxyhydroxide nanoparticles, used as an adjuvant during tuberculosis vaccination.36 Another 

approach was to encapsulate 3M-052 in PLGA nanoparticles, capable of providing even 

and more effective vaccination response to an HIV antigen than alum-TLR7.28 Moreover, 

Wightman et al. showed that liposomal encapsulation of 3M-052 could also serve as a 

vaccine adjuvant for antibody generation against viral proteins.25 While able to develop an 

in-house 3M-052 liposome (Figure S1), we prefered to develop a carrier with a more stable 

supported LB, as previously demonstrated for obtaining toxicity reduction for a liposomal 

irinotecan carrier.8 We confirmed the safety of the silicasome carrier, showing no impact 

on animal weight or an impact on white blood cell counts, liver and kidney function, blood 

calcium, or phosphate (Table S1).

The efficacy of dual drug delivery by the 3M-silicasome-IR was demonstrated by more 

effective tumor shrinkage, compared to the response to the irinotecan- or 3M-silicasomes 

only (Figures 4B and 8C). Moreover, evidence was provided that this outcome is 

accomplished by immune activation, as demonstrated by the synergistic increase of CD8+/

Treg ratios in animals treated with the dual-delivery compared to single-drug carriers 

(Figures 5A and 8G). Nonetheless, the 3M-silicasome had a significant effect on its own 

Luo et al. Page 10

ACS Nano. Author manuscript; available in PMC 2023 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the subcutaneous and orthotopic KPC tumor models (Figures 4 and 8), demonstrating 

the utility of the TLR7/8 pathway on its own accord for PDAC. These results are also 

in agreement with the findings of Michaelis et al., who demonstrated effective tumor 

shrinkage, improved survival, and attenuation of cachexia in murine PDAC models treated 

with R848.37 This outcome was also accompanied by increased CD8+ T-cell infiltration 

and a reduction in the number of Tregs at the tumor site. Moreover, these authors used a 

TLR knockout model to show that the major R848 impact was on a stromal TLR7-mediated 

immune response, rather than an impact on cancer cells.

Importantly, our subcutaneous KPC data demonstrate the importance of TLR7 on co-

stimulatory receptor (CD80 and CD86) expression on lymph node-derived CD11c+ dendritic 

cells (Figure 5C). This agrees with the importance of lymph node participation in the cancer 

immunity cycle, including the irinotecan immunogenic response. Following calreticulin-

mediated uptake of tumor antigens present in dying PDAC cells, participating DCs 

migrate to secondary lymphoid organs, where instruction of naïve T-cells allows activated, 

mature cytotoxic CD8+ T-cells to return to the tumor site. Not only do we demonstrate 

that encapsulated 3M-052 delivery is capable of boosting DC activation at the site and 

regional lymph nodes in the subcutaneous model, but also that the DiR-labeled 3M-Si-IR 

biodistributes to the spleen (Figures 7C and D). This finding is commensurate with the 

demonstration that conjugation of a TLR7 small-molecule, 1V209, to cholesterol could be 

used to construct a liposome, capable of distributing to lymph nodes in CT26 colorectal 

cancer, 4T1 breast cancer, and Pan02 pancreatic ductal cancer models.29 Moreover, the 

encapsulation of resiquimod (R848) in PLA nanoparticles was capable of regional lymph 

node targeting and DC uptake to enhance immunotherapy for skin cancer.38

In addition to impacting DC function, there are other cell types in the PDAC TME that 

could be impacted by TLR7 agonists. For instance, it has been shown that R848 reduces 

immune suppression by inducing differentiation of MDSC into macrophages and DCs.39 

The same applies to tumor-associated macrophages, including demonstration that R848 

and 3M-052 are potent drivers of the M1 differentiation, including during nanoparticles 

delivery.40 In addition to an expanded range of cell targets, it is appropriate to consider 

combining TLR7/8 with other TLR agonists, including CpG oligonucleotides, polyinosinic-

polycytidylic acid, monophosphoryl 3-deacyl lipid A (3D-PHAD or 3D(6-acyl)-PHAD) for 

activation of TLR9, TLR3 and TLR4, respectively.20 Moreover, several of these agonists 

are available as lipophilic agents for silicasome LB incorporation. This is in agreement with 

the demonstration that a TLR combination strategy can lead to synergistic DC activation, 

e.g., combining R848 with either a TLR4 agonist or a TLR3 agonist to activate multiple 

human DC subsets.41 It is also possible to combine TLR7/8 agonists with other classes 

of immune-modulatory agents, such as the combined use with antibodies to checkpoint 

receptors, EGFR, HER2/neu or OX-40, as well as photothermal therapy.20

In addition to chemotherapy-induced immunogenic cell death, there are also radiation or 

other physical stimuli that can be used to induce ICD (also referred to as and abscopal 

effect). This includes therapeutic modalities such as radiotherapy (RT), photothermal 

therapy (PTT), and photodynamic therapy (PDT), which are all currently used for boosting 

immunotherapy.42 RT has been shown to induce the expression of CRT, HMGB1 and HSP 
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70 on the surface of dying tumor cells towards accomplishing an abscopal therapeutic 

effect.43,44 PTT is capable of killing tumor cells through a hyperthermia response that 

leads to DNA damage, protein denaturation, and disruption of the cellular membrane. This 

allows the release of tumor antigens, heat shock proteins, and pro-inflammatory cytokines 

that promote immune activation.45 In contrast, the impact of PDT involves damage to 

the tumor cells by the generation of highly reactive oxygen species including superoxide 

anion, hydroperoxide radicals, and hydroxyl radicals.46 These oxidative stress stimuli induce 

tumor cell death in combination with cell stress responses that provide danger signals to 

the immune system. Since a number of nanocarriers have been developed for generating 

RT, PTT, and PDT-mediated immune responses, it is theoretically possible to combine the 

delivery of TLR7/8 agonists with these carriers. For instance, liposomes could be designed 

to allow a lipophilic agent such as 3M-052 loaded into the lipid bilayer of carrier that also 

include self-assembled photothermal gold nanoparticles or a photothermal dye (Figure S1).

Conclusions

In summary, we developed a synergistic drug carrier to co-deliver a chemotherapeutic 

agent with a TLR7/8 agonist for augmenting the ICD-inducing effect of irinotecan by 

the DC activating effect of 3M-052, including at participating lymph nodes. Based on 

the fact that we have already achieved upscale manufacturing of a single drug silicasome 

platform, these results hold great promise for strengthening this platform for use in the 

treatment of PDAC and other cancers. Where necessary, combination therapy can also 

be achieved by synthesizing liposomes that combine irinotecan and 3M-052. Moreover, 

it is also possible to load other ICD-inducing chemotherapeutic agents (e.g., doxorubicin, 

mitoxantrone, oxaliplatin) into these carriers, where the chemoimmunotherapy effects can be 

combined with co-delivered TLR agonists, small-molecule PD1 inhibitors, GSK3 inhibitors 

and TGF-beta inhibitors to intervene in multiple cancer types.

Methods

Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol (Chol) and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium 

salt) (DSPE-PEG2000) were purchased from Avanti Polar Lipids, USA. Fetal 

bovine serum (FBS) was purchased from Gemini Bio Products. Dulbecco’s 

modified Eagle medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640 

medium, penicillin, streptomycin, DiD’ solid (DiIC18(5) solid (1,1′-Dioctadecyl-3,3,3′,3′-
Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt)) and DiR’ (DiIC18(7) 

(1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindotricarbocyanine Iodide)) were purchased from 

Invitrogen. 3M-052 (a.k.a. Telratolimod) and Cell Counting Kit-8 (CCK-8) were purchased 

from MedChemExpress, USA. Irinotecan hydrochloride trihydrate was purchased from LC 

Laboratories, USA. ACK Lysing Buffer was purchased from Thermo Fisher Scientific Inc., 

USA. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), dextrose, DNase I, and 

Collagenases (Type II and IV) were purchased from Sigma-Aldrich, USA. Recombinant 

Murine granulocyte-macrophage colony-stimulating factor (GM-CSF) was purchased from 
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PeproTech, USA. ELISA kits for quantitative measurement of murine IL-12/IL-23 p40 and 

TNF-alpha levels were purchased from R&D Systems, Inc., USA. The murine assay for 

assessing TLR-induced reporter gene activity in HEK 293 cells (HEK-Blue™ Detection) as 

well as R848 (Resiquimod) were purchased from InvivoGen, USA. Anti-mouse CD16/32 

antibody, Zombie Violet™, Cell Staining Buffer, FITC anti-mouse CD11c antibody, anti-

mouse CD80 antibody, PerCP/Cyanine5.5 anti-mouse CD45.2 antibody, anti-mouse CD11c 

antibody, PE anti-mouse CD80 antibody, and FITC anti-mouse CD86 antibody were 

purchased from BioLegend, USA.

Synthesis, Purification, and Characterization of 3M-silicasome-IR

Bare MSNPs were synthesized and purified by extensive acidic ethanol washing to remove 

the CTAC detergent, previously described by us.8 The trapping agent, TEA8SOS, was 

prepared from a commercially available sucrose octasulfate (SOS) sodium salt through an 

ion-exchange chromatography procedure, previously described by us.7 This was followed 

by particle coating with a lipid bilayer, which serves three purposes: (i) providing a 

stable encapsulating bilayer that protects drug leakage as previously described by us;7 

(ii) facilitating remote loading of irinotecan through the bilayer, with assistance of the 

protonating agent in the porous interior; (iii) using the bilayer for inclusion of a second 

lipophilic drug, 3M-052. The success of the alcohol-exchange coating strategy can be 

attributed to the rapid aggregation of the lipid components onto the MSNP surface, assisted 

by strong van der Waals and electrostatic interactions, which are responsible for rapidly 

encapsulation of the entire surface area in a bilayer with reduced lipid flux and high 

stability.8 For the synthesis of the 3M-silicasome, a mixture of 50 mg of 3M-052 and 

lipids (DSPC/Chol/DSPE-PEG2000/3M-052, in the molar ratio of 55.5:38.5:2.7:3.3) was 

dissolved in 0.1 mL pure ethanol at 65 °C. Then, 1 mL of a preheated (65 °C) solution, 

containing 40 mg MSNP soaked in 80 mM TEA8SOS trapping agent, was poured into the 

lipid solution and mixed with a pipette. This mixture was treated by probe sonication with a 

15/15 s on/off working cycle and a power output of 32.5 W. After 15 min, the sample was 

purified by size-exclusion chromatography, using a Sepharose CL-4B column with a HEPES 

(5 mM HEPES, 5% dextrose, pH 6.5) buffer elution to remove the free trapping agent.

For IRIN remote loading, 20 mg irinotecan was dissolved in 2 mL HEPES-buffered 

dextrose, before mixing and incubation of the TEA8SOS-loaded 3M-silicasome at 65 °C 

for 30 min. The reaction was quenched on ice water for another 30 min, following which 

the irinotecan-loaded silicasome, designated 3M-silicasome-IR, was washed three times by 

centrifugation at 15 000 rpm for 30 min in a HEPES-buffered NaCl solution (4.05 mg/mL 

HEPES, 8.42 mg/mL NaCl, pH 7.2). In addition to the synthesis of dual-delivery particles, 

we also constructed particles capable of delivering IRIN only by eliminating 3M from the 

lipid suspension.

In experiments requiring particles for the performance of in vitro and in vivo imaging, 

DiD and DiR labeling was performed by adding 0.2 mg DiD or DiR into the mixture of 

50 mg of 3M-052 and lipids (DSPC/Chol/DSPE-PEG2000/3M-052, in the molar ratio of 

55.5:38.5:2.7:3.3). The procedure used for DiD-3M-silicasome or DiR-3M-silicasome-IR 

was the same as that of 3M-silicasome-IR.
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For the characterization of the nanocarriers, loading capacity was determined by calculating 

the weight ratio of 3M-052 or IRIN relative to the total particle composition. MSNP 

mass was determined by TGA. The concentrations of 3M-052 and IRIN were determined 

by the UV-vis absorbance at 320 nm and 360 nm respectively (M5e, Molecular Device, 

USA). Particle hydrodynamic size, size distribution, and zeta potential were measured by a 

ZETAPALS instrument (Brookhaven Instruments Corporation). The uniformity and integrity 

of the lipid-coated particles containing 3M-052, with or without IRI remote loading, were 

characterized by the performance of cryoEM, using a TF20 FEI Tecnai-G2 instrument.

Cell Culture

KRAS transformed murine pancreatic adenocarcinoma (KPC) cells, derived from a 

spontaneous tumor originating in a transgenic KrasLSL-G12D/+; Trp53LSL-R172H/+; 

Pdx-1-Cre mouse model, was used for stable transfection with a luciferase-based lentiviral 

vector to derive KPC-luc cells. The cells as well as the murine macrophage-like cell line 

(RAW264.7) cells were cultured in DMEM with 10% (v/v) FBS, 100 units/mL of penicillin, 

and 100 mg/mL of streptomycin under 37 °C with 5% CO2.

Bone marrow-derived dendritic cells (BMDCs) were prepared according to our established 

procedure, with a slight modification.47 Bone marrow cells flushed from the femur and tibia 

of B6/129 mice were collected and red blood cells were lysed by incubating in ACK Lysing 

Buffer. On the 1st day, cells were cultured in a 24-well plate with 1 mL/well of RPMI-1640 

medium supplemented with 10% (v/v) FBS, 100 units/mL of penicillin, 100 mg/mL of 

streptomycin and 20 ng/mL GM-CSF under 37 °C with 5% CO2. On the 3rd and 5th day, 

the culture medium was replaced to include GM-CSF for an additional 2 days. Immature 

BMDCs were acquired by using non-adherent or loosely adherent cells for centrifugation at 

1400 rpm for 5 min.

Commercially acquired HEK-Blue™ mTLR7 cells, derived from the human embryonic 

kidney HEK293 cell line, were used to confirm the generation of TLR7 signaling by free 

and encapsulated 3M-052, demonstrating NF-κB/AP1-induced activation of the transgene 

promotor leads to release of secreted embryonic alkaline phosphatase (SEAP). These cells 

were cultured in DMEM medium supplemented with 10% (v/v) FBS, 100 units/mL of 

penicillin, 100 mg/mL of streptomycin, and 10 μg/ml of Blasticidin, and 100 μg/ml of 

Zeocin.

Cellular response of TLR7 reporter cell line

A suspension of 2.2 × 105 cells/mL was prepared in HEK-Blue™ Detection medium, 

following which 180 μL aliquots (around 4 × 104 cells/well) were dispensed into the wells 

of a 96-well plate. This was followed by the addition of 20 μL PBS (negative control), R848 

(positive control), free 3M-052, and 3M-silicasome to achieve a concentration range of 0.01 

to 10 μM. Cells were incubated at 37 °C in 5% CO2 for 20 h. The release of SEAP into the 

supernatant was determined, using a microplate reader at 630 nm.
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Assessment of RAW264.7 and BMDC responses to TLR7 activation

RAW264.7 cells (1 × 105 cells/well) were cultured in 48-well plates for 24 h, before the 

addition of PBS or 10 μM concentrations of R848, free 3M-052 or the 3M-silicasome for 

a further 21 h. Immature BMDCs (5 × 105 cells/well) were cultured in 24-well plates, 

receiving the same dose of R848, free 3M-052, and 3M-silicasome for 21 h. The cellular 

suspensions from each well were collected and centrifuged to obtain supernatants for ELISA 

analysis. This included measurement of murine IL-12p40 and TNF-α levels, using each 

vendor’s protocol.

For flow cytometry analysis of surface markers, cells were washed with cell staining 

buffer, before staining RAW264.7 cells with anti-CD80 or BMDCs with FITC-conjugated 

anti-CD11c and anti--CD80 on ice, according to the manufacturer’s instructions. The 

assessment of the differentiation and activation markers were evaluated by flow cytometry 

(LSRFortessa; BD Biosciences), analyzed by FlowJo software.

Cell viability test, cellular uptake and in vitro killing effects

For cell viability testing, KPC and RAW264.7 cells were seeded in 100 μL culture medium 

in 96-well plates at a density of 3–5 × 103 cells per well for 24 h, before the addition of 

100 μL fresh medium containing the 3M-silicasome at 3M-052 concentrations of 2, 4, 8, 

16, 20, 30, 40 μM for a further 48 h. After removal, MTS was added in fresh medium 

at a concentration of 317 μg/mL for an additional 1 to 2 h, before the determination of 

UV-visible absorption at 490 nm in a microplate reader. Cell viability (%) was calculated 

using the formula: (ODsample − ODblank)/(ODcontrol − ODblank) × 100.

To assess cellular nanocarrier uptake, the DiD-3M-silicasome was incubated with 

RAW264.7 cells (1 × 105 cells/well) to deliver concentrations of 2, 5, and 10 μM for 21 

h. The same procedure was followed for immature BMDCs (5 × 105 cells/well), incubated 

with the same concentration range of the DiD-3M-silicasome for 21 h in a 24-well plate. 

The cells were harvested and washed before assessing DiD fluorescence in a flow cytometer, 

using FlowJo software.

To verify KPC cytotoxicity, cells seeded in 96-well plates were incubated with different 

concentrations (50, 100, 200, 300, 400, and 500 μM) of free IRIN and the 3M-silicasome-IR 

for 48 h. 20 μL of CCK-8 solution was added to each well and the plates were incubated for 

an additional 1–2 h in an incubator. The absorbance of each well was assessed at 450 nm in 

a microplate reader. Cytotoxicity (% dead cells) was calculated using the formula: (ODsample 

− ODblank)/(ODcontrol − ODblank) × 100.

Assessment of 3M-052 and IRIN pharmacokinetics

All animal experimental protocols were approved by the UCLA Animal Research 

Committee. The PK study was carried out in 8–10-week-old healthy female B6129SF1/J 

mice which received one IV injection of free 3M-052, free IRIN, and 3M-silicasome-IR 

at dose equivalents of 2 mg/kg and 40 mg/kg for 3M-052 and IRIN, respectively. Blood 

collections were performed at 1, 5, 24, and 48 h post-injection, and the plasma was collected 

by centrifuging at 3500 rpm in plasma collecting tubes. Free 3M-052 and IRIN were 
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extracted by methanol and measured by HPLC. The details are described in the HPLC 

analysis section.

Assessment of carrier efficacy, using a subcutaneous KPC tumor model

A subcutaneous KPC tumor model was established in immunocompetent B6129SF1/J mice, 

using protocols approved by the UCLA Animal Research Committee. Briefly, 100 μL of a 

DMEM/Matrigel (1:1 v/v) suspension, containing 1 × 106 KPC cells, was subcutaneously 

injected into the right flank of female B6129SF1/J mice, 8–10 weeks old. Tumor-bearing 

mice were randomly assigned into 5 groups (n = 6–7), which received IV injections of 

saline, free 3M-052, free IRIN, 3M-silicasome, and 3M-silicasome-IR, respectively, when 

tumor sizes reached ~100 mm3. Injections were given every 3–4 days, using the dosing 

schedule that delivers the equivalent of 2 mg/kg and 40 mg/kg, respectively, for 3M-052 and 

IRIN. Subcutaneous KPC tumor size and animal weight were monitored every 2 days. The 

tumor size was calculated according to the formula: (Width2 × Length)/2.

Following animal sacrifice, photographs were obtained of the harvested tumors, which 

were subsequently fixed in 10% formalin for IHC staining by the UCLA Translational 

Pathology Core Laboratory. Image processing was performed using Aperio ImageScope 

software (Leica). IHC analysis was performed to assess tumor staining intensity for CD8 and 

FoxP3. Additionally, we assessed the immune response in the draining inguinal lymph nodes 

(LNs) harvested from the sacrificed animals. The lymph nodes were washed in PBS, before 

slicing into small fragments. These fragments were placed into a 6-well plate, incubated 

in 5 mL digestion medium (1 mg/mL collagenase, type II, 1 mg/mL collagenase, type IV 

and 0.2 mg/mL DNase, Type I) at 37°C for 2–3 h. Single-cell suspensions were obtained 

by passing the tissue digests through a 70 mm cell strainer, followed by washing in a 

cell staining buffer. For the performance of flow cytometry analysis, cells were stained 

on ice with PerCP/Cyanine5.5-CD45 and anti-CD11c antibodies to analyze the number of 

activated DCs, in addition to the use of PE-CD80 and FITC-CD86 antibodies to assess DC 

maturation. The flow cytometry procedure for the analysis of these phenotypes, with the use 

of FlowJo software, is explained in Figure S5.

We also collected blood for separating serum after centrifugation at 3500 rpm for 20 min. 

The following biochemical parameters were assayed by UCLA Division of Laboratory 

Animal Medicine (DLAM) diagnostic laboratory services: white blood cell (WBC), alkaline 

phosphatase (ALP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), 

blood urea nitrogen (BUN), creatinine, calcium, and phosphorus.

Assessment of nanocarrier and drug biodistribution in an orthotopic KPC-luc tumor model

A DiR-labeled 3M-silicasome-IR nanocarrier was prepared for biodistribution assessment 

in a KPC-derived orthotopic tumor model in immunocompetent B6129SF1/J mice, as 

previously described by us.7 The animal protocol received institutional approval. Briefly, 

a 50 μL suspension of DMEM/Matrigel (6:4 v/v), containing 8 × 105 KPC-luc cells, 

was injected into the pancreas tail of female B6129SF1/J mice, using a limited surgical 

procedure under anesthesia. After 15 days, tumor-bearing mice were randomly assigned 

into 5 treatment groups (n = 3–4), designed to receive one IV injection of saline, free 
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IRIN, and DiR-3M-silicasome-IR. The dose equivalent for IRIN was 40 mg/kg. The in vivo 
fluorescence intensity of the DiR label group was performed in a Xenogen IVIS imaging 

system 24 and 48 h after IV injection. Following animal sacrifice, tumors and major organs 

were harvested from the DiR-3M-silicasome-IR treated group, and also used for ex vivo 
IVIS imaging and quantitative analysis. In addition, tumors were also collected from all 

groups to determine IRIN contents by HPLC analysis.

Assessment of the therapeutic efficacy in the orthotopic KPC-luc tumor model

50 μL of a DMEM/Matrigel (6:4 v/v) suspension, containing 8 × 105 KPC-luc cells, was 

injected into the tail of the pancreas in female B6129SF1/J mice by a survival surgery 

procedure. One week after the surgery, IVIS imaging was used to confirm the establishment 

of bioluminescent tumors, following which animals were randomly assigned into 5 treatment 

groups (n = 5), earmarked for IV injection of saline, free IRIN, 3M-silicasome, silicasome-

IR, and 3M-silicasome-IR, respectively, every 3 days. The dose equivalents of 3M-052 and 

IRIN were 2 mg/kg and 40 mg/kg per dose, respectively. Animal weight was monitored 

every 2 days.

To perform the bioluminescence imaging of the luciferase-expressing tumors, mice were 

injected intraperitoneal with 50 mg/kg D-Luciferin on day 7, 15, 18, and 21. Ex vivo IVIS 

images of tumors and major organs, collected from sacrificed animals, were obtained on 

day 21. In addition, we also obtained photographs and weighed the harvested tumors, which 

were subsequently fixed in 10% formalin for the performance of IHC staining. IHC analysis 

was the same as described above.

HPLC Analysis

The harvested tumor and organ samples, collected in the drug biodistribution experiment, 

were weighed and homogenized. The collected plasma, tumor, and organ homogenates 

were extracted in methanol, using 1:5, 1:4, and 1:3 v/v dilutions, respectively. The extracts 

were vortexed for 20 s and centrifuged at 13000 rpm for 10 min, following which the 

drug-containing supernatants were filtrated through 0.22 μm filters to perform HPLC 

analysis. The HPLC system is operated by a Knauer Smartline Pneumatic Pump, C18 

column, K-2600 spectrophotometer, and Gina data acquisition software. The mobile phase 

consisted of mobile phase A (0.01% trifluoroacetic acid in water) and mobile phase B 

(0.01% trifluoroacetic acid in methanol) as 70% A and 30% B (v/v). A 20 μL of the sample 

was injected to measure the 3M-052 and IRIN absorptions at 320 and 360 nm. The 3M-052 

and IRIN standard curves were generated over the maximal concentrations of 40 and 100 

μg/mL respectively.

Statistical Analysis

Differences among groups were estimated by one-way ANOVA analysis. Data were 

expressed as mean ± standard deviation (S.D.), representing at least three independent 

experiments. A statistically significant difference was considered at *p < 0.05; **p < 0.01; 

***p < 0.001; #p < 0.05; ##p < 0.01 and ###p < 0.001, as indicated in the figure legends.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic explaining the key design features for co-formulated drug delivery by lipid 
bilayer coated silicasomes and liposomes.
The basic approach to drug coformulation is to use the hydrophilic interior of these carriers 

for remote loading of amphiphilic drugs, such as irinotecan, while employing the lipophilic 

bilayer to incorporate synthetic lipid moieties and prodrugs. The lipid moieties include 

synthetic agents with immune stimulatory activity, such as 3M-052 (a.k.a. Telratolimod). 

3M-052 contains a C18 lipid tail that facilitates bilayer incorporation, which tested in 

a liposome to obtain optimal LB composition before applying that to the design of 

the MSNP bilayer. The schematic also shows that, in addition to 3M-052, the LB can 

be used, to incorporate a list of lipid-conjugated prodrugs that can provide immune 

checkpoint blockade or interfere in the immunometabolic IDO-1 pathway, as previously 

described by us22. Irinotecan remote loading is accomplished by using ammonium sulfate or 

sucralose octasulfate for import into the aqueous interiors in the liposome or silicasome, 

respectively. These trapping agents allow amphipathic weak basic molecules (such as 

irinotecan, doxorubicin, and mitoxantrone) to cross the LB for protonation inside these 

carriers, where they collect as slowly dissolving drug precipitates. The hypothesis for the 

experimentation carried out in this communication is that the generation of immunogenic 

cell death by irinotecan will be boosted by co-delivery of 3M-052, leading to improved 

dendritic cell activation. Adapted with permission from ref 15. Copyright 2022 American 

Chemical Society.
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Figure 2. Development of a co-formulated silicasome drug carrier to deliver a combination of 
3M-052, plus the ICD-chemotherapeutic agents IRIN.
(A) Schematic to outline the synthesis steps for constructing the silicasome. Briefly, MSNP 

was soaked in TEA8SOS trapping agent at 65 °C (step 1), prior to adding to preheated 

(65 °C) pure ethanol, into which we dissolved a mixture of 3M-052 and lipids (DSPC/Chol/

DSPE-PEG2000/3M-052, in the molar ratio of 55.5:38.5:2.7:3.3) (step 2). This mixture was 

sonicated to provide LB coating (step 3). For IRIN remote loading, irinotecan was dissolved 

in HEPES-buffered dextrose, before mixing and incubation of the purified TEA8SOS-loaded 

3M-silicasome at 65 °C (step 4). After quenching in ice water, the 3M-silicasome-IR was 

purified (step 5). As a control, we also synthesized a silicasome that incorporates 3M-052 

only, without irinotecan loading (3M-silicasome-IR). CryoEM visualization of the (B) 3M-

silicasome and (C) 3M-silicasome-IR. The bar is 100 nm. (D) Physicochemical properties 

of both silicasomes, including hydrodynamic size, polydispersity index (PDI), zeta potential, 

and drug loading capacities.
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Figure 3. Demonstration of TLR7/8 agonist effect of the 3M-silicasome in vitro.
(A) Schematic illustration of the TLR7-mediated signaling pathway, as portrayed for the 

HEK-Blue™ mTLR7 cell line. (B) Dose-dependent (fold) increase in activation of the 

SEAP transporter gene in HEK-Blue™ cells in response to treatment with a dose range of 

free R848, free 3M, and 3M-silicasome. (C) Flow cytometry analysis to quantify CD80 

expression in the RAW264.7 macrophage cell line in response to the same stimuli, used 

at 10 μM. (D) ELISA results in the same cell line for IL-12p40 and TNF-α release in 

response to 10 μM of the same stimuli. (E) Flow cytometry analysis for CD11c expression 

on BMDCs by the same stimuli. (F) ELISA results for the same cytokines in cytokines in 

BMDCs as for (D). Data represent mean ± SEM, n = 3. ***p < 0.001, ##p < 0.01, ###p < 

0.001.
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Figure 4. Therapeutic impact on tumor growth in a subcutaneous KPC model.
(A) Experimental timeline to assess the therapeutic impact of single and dual delivery 

carriers in subcutaneous KPC tumor-bearing mice. (B) Averaged tumor growth kinetics 

(n=6–7) through assessment of tumor volume in animals treated with saline, free 3M-052, 

free IRIN, 3M-silicasome, and 3M-silicasome-IR at dose equivalents of 2 mg/kg and 40 

mg/kg for 3M-052 and IRIN, respectively, every 3–4 days, for a total of 4 IV injections. 

Please notice that the inhibition of tumor growth by free 3M-052, free IRIN, 3M-silicasome, 

and 3M-silicasome-IR is statistically significant compared to the saline control (p<0.001) on 

day 20. Although limited animal availability during COVID-19 precluded the inclusion of 

a carrier delivering encapsulated IRIN only, we have previously shown the advantage of an 

IRIN silicasome over liposomal or free drug delivery in KPC tumors.7–9 (C) photographic 

images of harvested tumors at the same magnification on day 21. (D). Spaghetti plots to 

depict the individual tumor growth kinetics over the course of the study. These plots further 

depict that inhibition of tumor growth by 3M-silicasome becomes statistically significant 
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compared to free 3M-052 (p<0.05), from day 18 onwards. Moreover, inhibition of tumor 

growth by 3M-silicasome-IR becomes statistically significant from free IRIN and the 3M-

silicasome (p<0.01) from day 8 onwards, and from free 3M-052 (p<0.01) from day 10 

onwards. Data represent mean ± SEM. #p < 0.05, ##p < 0.01, ###p < 0.001.
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Figure 5. Evidence of therapeutic anti-PDAC immunity in the subcutaneous pancreatic cancer 
model.
KPC tumor-bearing mice were euthanized on day 21, followed by harvesting of the primary 

tumors and regional draining inguinal lymph nodes. (A) Representative IHC images and 

the quantification of CD8+ and FoxP3+ cell numbers at the primary tumor sites of different 

animal groups. 5 primary tumors in each group were analyzed. 3 fields were randomly 

selected for counting and the average cell number in each mouse was shown in the graphics. 

Bar is 100 μm. Data represent mean ± SEM. (B) Representative flow cytometric analysis 

for quantitation of CD45+ dendritic cells in the lymph nodes, using the gating procedure 
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described in online Figure S6. (C) Flow cytometry analysis of the percentage CD80+CD86+ 

cells in CD11c+/CD45+ population. Data represent mean ± SEM, *p < 0.05; **p < 0.01; 

***p < 0.001, ###p < 0.001.
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Figure 6. Pharmacokinetics and drug delivery by silicasomes versus free drugs.
Healthy B6129SF1/J mice received one IV injection of free 3M-052, free IRIN, and 

3M-silicasome-IR at dose equivalents of 2 mg/kg and 40 mg/kg for 3M-052 and IRIN, 

respectively. Blood collection was performed at 1, 5, 24, and 48 h post-injection (n=3). 

Free 3M-052 and IRIN were extracted by methanol, and plasma drug concentrations were 

measured by HPLC, as described in the experimental section. While free IRIN (panel A) and 

free 3M-052 (panel B) rapidly disappeared from the blood (i.e., < 60 min, prompting the 

inserted graphs display), the 3M-silicasome-IR significantly increased both plasma IRIN and 

3M-052 concentrations.
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Figure 7. Use of DiR-labeled dual-drug silicasomes to assess in vivo biodistribution in an 
orthotopic KPC model.
A DiR-labeled 3M-silicasome-IR nanocarrier was prepared for biodistribution assessment in 

an established KPC-derived orthotopic tumor model in B6129SF1/J mouse model. Tumor-

bearing mice received one IV injection of saline, free IRIN, and DiR-3M-silicasome-IR at 

a dose equivalent of 40 mg/kg for IRIN. The in vivo and ex vivo IVIS imaging in the DiR 

label group were performed 24 and 48 h after IV injection, as well tumors were collected 

from all groups to determine IRIN contents by HPLC analysis. (A) Physicochemical 

properties of the DiR-labeled3M-silicasome-IR, including hydrodynamic size, PDI, and 

zeta potential. (B) Experimental timeline for the drug biodistribution study in orthotopic 

KPC tumor-bearing mice (n=3 or 4 animals). (C) In vivo and ex vivo fluorescence imaging 

and B6129SF1/J mice, 24 and 48 h after IV particle injection. The ex vivo IVIS image is 

representative of one of the animals in each of the 24 and 48 h animal groups. Additional ex 
vivo images appear online in Figure S7. (D) Normalized fluorescence intensities, expressed 

as radiant efficiency, were calculated for all the explanted organs 24 and 48 h after IV 

injection. (E) The IRIN contents at the primary tumor sites were determined by HPLC 

analysis, as described in the experimental section. Data represent mean ± SEM. ***p < 

0.001.

Luo et al. Page 30

ACS Nano. Author manuscript; available in PMC 2023 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Luo et al. Page 31

ACS Nano. Author manuscript; available in PMC 2023 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Demonstration of synergistic drug effects in an orthotopic pancreatic cancer model.
(A) Experimental timeline for tumor inhibition in orthotopic KPC tumor-bearing mice 

(n=5). (B) IVIS images of individual tumors in each treatment group were obtained on days 

7, 15, 18, and 21. (C) Use of IVIS software to calculate the average tumor bioluminescence 

intensity for each group on day 21. (D) Photographs and calculation of (E) average primary 

tumor weights in each group were obtained on day 21. (F) Ex vivo IVIS imaging of 

explanted organs from the orthotopic tumor-bearing mice were obtained on day 21. (G) 
Representative IHC images and the quantification of CD8+ and FoxP3+ cell numbers in the 

different treatment groups. 4 to 5 primary tumors in each group were analyzed. 3 fields were 

randomly selected for counting and the average counting number in each mouse was shown 

in the graphics. Bar is 100 μm. Data represent mean ± SEM. **p < 0.01; ***p < 0.001, #p < 

0.05, ##p < 0.01, ###p < 0.001.
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