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Abstract

Resiquimod (R848) is a toll-like receptor 7 and 8 (TLR7/8) agonist with potent antitumor and 

immunostimulatory activity. However, systemic delivery of R848 is poorly tolerated because of its 

poor solubility in water and systemic immune activation. In order to address these limitations, we 

developed an intravenously-injectable formulation with R848 using thermosensitive liposomes 

(TSLs) as a delivery vehicle. R848 was remotely loaded into TSLs composed of DPPC: DSPC: 

DSPE-PEG2K (85:10:5, mol%) with 100 mM FeSO4 as the trapping agent inside. The final R848 

to lipid ratio of the optimized R848-loaded TSLs (R848-TSLs) was 0.09 (w/w), 10-fold higher 

than the previously-reported values. R848-TSLs released 80% of R848 within 5 min at 42 °C. 

These TSLs were then combined with αPD-1, an immune checkpoint inhibitor, and ultrasound-

mediated hyperthermia in a neu deletion (NDL) mouse mammary carcinoma model (Her2+, 

ER/PR negative). Combined with αPD-1, local injection of R848-TSLs showed superior efficacy 

with complete NDL tumor regression in both treated and abscopal sites achieved in 8 of 11 tumor 

bearing mice over 100 days. Immunohistochemistry confirmed enhanced CD8+ T cell infiltration 

and accumulation by R848-TSLs. Systemic delivery of R848-TSLs, combined with local 

hyperthermia and αPD-1, inhibited tumor growth and extended median survival from 28 days 

(non-treatment control) to 94 days. Upon re-challenge with reinjection of tumor cells, none of the 

previously cured mice developed tumors, as compared with 100% of age-matched control mice. 
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The dose of R848 (10 μg for intra-tumoral injection or 6 mg/kg for intravenous injection delivered 

up to 4 times) was well-tolerated without weight loss or organ hypertrophy. In summary, we 

developed R848-TSLs that can be administered locally or systematically, resulting in tumor 

regression and enhanced survival when combined with αPD-1 in mouse models of breast cancer.

Graphical Abstract
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1. Introduction

Breast cancer is the second most common cause of death in women and there are few 

immunotherapeutic protocols available for advanced or metastatic breast cancer [1]. 

Recently, the combination of Tecentriq (atezolizumab, PD-L1 check-point inhibitor) and 

Abraxane (nab-paclitaxel) was the first cancer immunotherapy regimen approved for 

patients with metastatic triple negative breast cancer who express PD-L1 [2]. In clinical 

trials, this combination enhanced progression-free survival (PFS), compared to 

chemotherapy only (combination vs chemotherapy: 7.2 months vs 5.5 months). The clinical 

result is encouraging and paves the way toward the development of other immunotherapy 

protocols for metastatic breast cancer.

Toll Like Receptors (TLRs) play a major role in innate immunity by sensing foreign 

organisms and activating the host defense mechanism against pathogens [3]. Within the past 

3 years, 66 clinical trials have begun incorporating TLR agonists [4–6]. While TLR7/8 

agonists can be delivered intradermally, the direct delivery of TLR agonists to tumors yields 

an in situ vaccination that improves efficacy by exposing activated immune cells to cancer 

antigen [7–9]. These studies suggest that prolonged colocalization of antigen and TLR 

agonist improves antigen presenting cell (APC) co-uptake and therapeutic response [10]. 

Yet, many of these immunostimulants have poor pharmacokinetic profiles that limit their 

therapeutic efficacy, even when delivered intratumorally (i.t.) [10, 11]. Used alone [12] or 

combined with radiotherapy [13–15], chemotherapy [16–19], or other immunotherapeutic 

reagents [20, 21], TLR7/8 agonists enhanced the immune response in mouse models of 

lymphoma [17–19, 22, 23], breast cancer [24], gastrointestinal tumor [13], head and neck 

cancer [20, 25], and pancreatic cancer [12]. When injected systematically or administered 

orally, the plasma clearance of TLR 7/8 agonists is rapid. Side effects such as systemic 

inflammation and autoimmune responses have also been observed [26, 27].
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To address these issues, TLR7/8 agonists were incorporated into nanoparticles to improve 

therapeutic efficacy and tumor distribution. In a recent study, resiquimod (R848), a TLR7/8 

agonist, encapsulated in β-cyclodextrin nanoparticles facilitated the delivery of R848 to 

tumor-associated macrophages in vivo and improved immunotherapy response rates when 

used in combination with an immune checkpoint inhibitor, αPD-1 [28]. Moreover, systemic 

side effects were reduced [29, 30]. Further, TLR7/8 agonists encapsulated in polymeric 

nanoparticles were potent immune- adjuvants after subcutaneous injections [31]. Negligible 

cytotoxicity was observed after local injection of 1 μg of agonist into kidney tumors [31].

Liposomes are safe and effective drug carriers, due to the biocompatibility, drug loading 

capacity, ease of manufacturing, and potential for activation as well as surface modification 

[32]. R848-loaded liposomes were previously reported to be efficacious in treating 

Leishmanis donovani infection without significant spleen and liver toxicity [33]. A novel 

TLR7 agonist, TMX-202, which has a phospholipid moiety, has also been incorporated into 

liposome membranes [34]. Rarely have TLR agonists been combined with focal therapy. 

Imiquimod, a TLR7 agonist, formulated with photothermal micellar nanoparticle was highly 

effective against 4T1 syngeneic murine breast cancer after intravenous injections with a dose 

of 1.25 mg/kg, particularly when photothermal/immuno-therapy was given in combination 

with αPD-1 [35]. Here, in order to release the drug within the desired region of interest, 

thermosensitive liposomes (TSLs) were designed to release the encapsulated drugs rapidly at 

42 °C and slowly at body temperature (37 °C) [36]. Most recently, a number of 

chemotherapeutic drugs have been formulated into TSLs [37, 38] resulting in improved 

response to treatment as a result of enhanced tumor accumulation and drug release [39]. To 

the best of our knowledge, TLR agonists have not previously been combined with 

hyperthermia or ablation and therefore we evaluate this combination therapy. Here, a remote 

loading technique is used to encapsulate R848 into TSLs with an expected transition 

temperature of 42 °C (Fig. 1) [37, 38, 40]. Trapping agents are compared and the loading 

and stability are tuned.

We test R848-TSLs in murine breast tumor models induced through cell injection or 

allograft tumor transplantation in a multiple implantation model intended as a model of 

metastasis. While cell injection facilitates quantification of the injected cells and therefore 

results in consistent tumor growth, allograft tumor transplantation introduces an established 

tumor microenvironment including immune cells, fibroblasts and endothelial cells. In this 

paper, we study and compare these models to explore the possible anti-tumor mechanism of 

R848-TSLs.

Here, in order to create an in situ vaccination, we evaluate two schemes for enhanced tumor 

delivery, local administration to the tumor (after which the drug is slowly released) and 

systemic administration combined with ultrasound-mediated hyperthermia of the tumor. The 

optimized R848-TSLs are characterized in vitro and in vivo in combination with αPD-1 

with the goal of achieving a complete response in breast cancer with local release of the 

agonist by ultrasound-induced hyperthermia.
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2. Materials and methods

2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2K) in chloroform were 

purchased from Avanti Polar Lipids (Alabaster, Alabama). R848 was purchased from 

Apexbio Technology LLC (Houston, TX). 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine (DiD) was purchased from Biotium (Fremont, CA). The neu 
deletion (NDL) metastatic mammary carcinoma cell line was gifted from the Alexander 

Borowsky Laboratory (UC Davis) [41, 42]. The checkpoint inhibitor, anti-mouse PD-1 

antibody (αPD-1) was purchased from Bio X Cell (West Lebanon, NH). Motolimod was 

purchased from MedChemExpress (Monmouth Junction, NJ). All other reagents were 

purchased from Sigma-Aldrich, unless otherwise stated.

2.2. Development of R848-TSLs

Liposomes were prepared with a thin-film and rehydration method. First, a lipid thin film 

was formed by mixing lipids in chloroform in a test tube, with a molar ratio of DPPC: 

DSPC: DSPE-PEG2K = 80: 15: 5, followed by gentle drying using nitrogen gas and 

lyophilization for at least two hours. Second, the dried lipid thin film was rehydrated with 

the trapping agent solution at 58 °C for 30 min, followed with sonication of 15 seconds and 

extrusion 21 passes through a 100-nm-diameter pore membrane at 55 °C on a mini extruder 

(Avanti Polar Lipids, Alabaster, AL) to obtain unilamellar liposomes. The medium was 

exchanged to PBS −/− (without calcium and magnesium, pH 7.4) using a Sephadex G-75 

column (GE Healthcare, NJ). The size of the liposomes was measured with a Nano-ZS 

particle analyzer (Malvern Instruments, Malvern, UK) and the phospholipid concentration 

was tested with the Phospholipids C kit (Wako Chemicals USA, Inc., VA). The transition 

temperature (Tm) of the lipids was measured by Differential Scanning Calorimetry (DSC). 

Unless otherwise specified, R848 (0.2 mg) was added to liposomes with 300 mM trapping 

agents shown in Table 1, respectively, at an initial R848 to lipid ratio of 1/5 (w/w) followed 

by 45 min incubation at 37 °C. After drug loading, the liposomes were further purified with 

Sephadex-G75 columns pre-equilibrated in PBS to remove the unencapsulated R848. The 

size of the resulting liposomes was measured using a Nano-ZS particle analyzer. The R848 

concentration was measured using HPLC-UV, with a standard curve between the UV 

absorption at 254 nm and injection dose (0–10 μg R848). RP-HPLC was performed using a 

C4 column (Phenomenex Jupiter 5 μm ID, 250 × 4.6 mm) analytical column with a running 

gradient with a mixture of Solvent A and Solvent B (Solvent A: water (0.05% v/v 

trifluoroacetic acid), Solvent B: acetonitrile) from 10 to 60% solvent B in 20 min, followed 

with a 4 min wash with 90% solvent B and return to 10% solvent B at a flow rate of 1.0 ml/

min.

2.3. Cryo-electron microscopy

Cryo-electron microscopy was performed as described previously [40] on a JEOL JEM 

2100F operating with a field-emission gun at 200kV. The grid preparation was described 

previously in [43]. Briefly, 2.5 μL of the solution containing the iron sulfate liposomes (w/ 
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and w/o R848) was placed on Quantifoil R2/2 Cu 300 mesh grids. The grids were pretreated 

with 20 mAmp of glow discharge for 30 seconds. After one-minute of on-grid incubation, 

0.5 μm of NP40 detergent was added for 5 seconds. The excess solution was removed and 

quickly plunged into liquid ethane using a FEI Vitrobot Mark III semi-automated cryo-

plunger. The liposomes were embedded into a thin layer of vitrified ice and transferred into 

the imaging chamber using a Gatan 626 cryo-transferring system. The grids were examined 

at 60,000x magnification and images were captured using a D20 direct-electron detector. 

The digital images were recorded with a pixel size of 0.99 Å using autofocusing scripts in 

the Serial-EM package, set to a defocus range of 0.5–2.5 nm. The digital images with 

minimum stigmatism or drift were selected for further statistical analysis and figure 

preparation.

2.4. Stability of R848-TSLs

A stability study of R848-TSLs in PBS or 50% fetal bovine serum (FBS) was conducted at 

37 or 42 °C. R848-TSLs labeled with DiD (1.5% mol) were mixed with heat-deactivated 

FBS (1:1 v:v) with a final concentration of 250 μg R848/mL, and incubated at 37 °C over a 

period of 30 min. At the given time points (5, 15, and 30 min), 300 μL of the mixture was 

collected, and passed through a Sepharose CL-4B column pre-equilibrated with PBS −/− to 

remove released drugs, and 150 μL of the liposomal fraction was collected. The percentage 

of drug retention was calculated by the formula, shown below, where [R848] was the 

concentration of R848 determined by the RP-HPLC method described above. [DiD] was the 

concentration of DiD as estimated by absorbance at 650 nm by a TECAN microplate reader 

(Morrisville, NC).

R848 retention (%) =
[R848]postpurification/[DiD]postpurification

[R848]t = 0/[DiD]t = 0
× 100%

2.5. RAW-Blue activation by R848-TSLs

The TLR activation properties of R848-TSLs and free R848 were quantified with a modified 

Quanti-Blue™ Assay by measuring the level of secreted embryonic alkaline phosphatase 

(SEAP) generated by TLR agonist activated RAW-Blue™ macrophages. RAW-Blue 

macrophages (raw sp, InvivoGen) were maintained according to the manufacturer’s 

instructions in a 37 °C humidified incubator with 5% carbon dioxide with growth medium 

composed of DMEM (11995, Gibco), 10% heat-inactivated FBS (FB-11, Omega Scientific), 

1% Penicillin/Streptomycin (15140, Gibco) and 200 μg/ml of Zeocin™ (ant-zn-1, 

InvivoGen). RAW-Blue macrophages were plated into a 96-well clear transparent flat bottom 

tissue culture plate (100,000 cells per well in 100 μL growth medium) and incubated for 24 

hrs in a 37 °C humidified incubator with 5% CO2. The medium was replaced with 100 μL of 

PBS +/+ (calcium/ magnesium) containing free R848 or R848-TSLs (1:5 serial dilutions 

from 100 μM to approximately 0.26 nM, in triplicate) and incubated at 37 °C for 5 hrs. After 

5 hr incubation, the medium was removed and all samples were washed twice with 100 μL 

of PBS +/+, then 200 μL test media (same as growth media, except without Zeocin™ 

selection antibiotic) was added into each well, and the cells were incubated at 37 °C for an 

additional 24 hrs. After 24 hr incubation, 50 μL of the solution from each well was 
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transferred into a new 96-well clear transparent flat bottom tissue culture plate containing 

QUANTI-Blue™ Solution (150 μL per well) and incubated at 37 °C for 3 hrs. After the final 

incubation, the absorbance at 625 nm was measured with a TECAN microplate reader, and 

the ratio of the absorbance between treated and untreated cell media was used to characterize 

TLR activation level.

2.6. Tumor model

All animal experiments were conducted under a protocol approved by the Stanford 

University or the University of California, Davis, Institutional Animal Care and Use 

Committee (IACUC). The Neu deletion (NDL) mouse model of breast cancer was tested, 

and in total, 80 bilateral NDL tumor-bearing mice were used in this study. All mice were 

female FVB mice (6 to 9 weeks old, 20–25 g, Charles River, Wilmington, MA). Mice were 

orthotopically either transplanted with an NDL tumor fragment (1 mm3) or injected with 

NDL cells (1 × 106 cells in 25 μL PBS −/−) into the bilateral #4 and #9 inguinal mammary 

fat pads [44]. Therapy was started when tumors reached ~4 mm in the largest diameter 

(approximately 20 days post transplantation or 14 days after cell injections).

2.7. Pharmacokinetic studies

Pharmacokinetic studies were conducted in six female FVB mice: mice were treated by 

intravenous injections of free R848 or R848-TSLs (n=3 for each group) at a dose of 6 

mg/kg, and 150 μL of blood was collected from retro-orbital sinus at selected time points (1, 

5, 20 min for free R848, and 1, 20, 60, and 120 min for R848-TSLs) into an EDTA-K3 tube 

followed by centrifugation at 12,000 rpm for 10 min to obtain the plasma. 50 μL of plasma 

was spiked with 350 μL cold acetonitrile (0.1% TFA) containing 250 ng/mL motolimod as 

an internal standard (IS). The mixture was then centrifuged (4 °C) at 20,000g for 10 min. 

The supernatant was further diluted with MeOH/MeCN (90/10, vol/vol) and centrifuged for 

another 10 min at 20,000g. 5 μL diluted supernatant was injected on U(H)PLC-MS/MS for 

quantitative analysis. The U(H)PLC–MS/MS system consists of a ZORBAX sb-c18 HPLC 

column (4.6 × 150 mm), an Agilent 1290 Infinity Binary Pump, a 1290 Infinity Sampler, and 

an Agilent Technologies Triple Quad mass spectrometer. A gradient mobile phase was 

composed of solvent A (Milli-Q water with 0.1% formic acid) and solvent B (acetonitrile 

with 0.1% formic acid) at a flow rate of 0.3 mL/min with the designed gradient program (0 

min, A/B (95/5); 0.8 min, A/B (95/5); 8.5 min, A/B (5/95); 8.6 min, A/B (5/95); 10 min, 

A/B (95/5)). Detection of R848 and the IS was monitored in ES+ mode using a daughter ion 

(m/z = 251.2 for R848 and m/z = 330.4 for the IS). All data was acquired using the Agilent 

Mass Hunter. PK parameters including t1/2, Cmax, and AUC (area under the curve) were 

obtained by non-compartmental analysis using PKSolver [45].

2.8. Tumor drug retention studies

Nine bilateral NDL bearing mice were studied to determine the drug concentration within 

the tumors. The mice were randomly assigned to three groups (n=3 each group): free R848 

i.t. (10 μg), R848-TSLs i.t. (10 μg), or R848-TSLs i.v. (6 mg/kg) combined with ultrasound-

induced hyperthermia (HT). Both treated and distant tumors were harvested 2 hrs post-

injection. Harvested tumors were weighed and mixed with cold PBS to obtain 100 mg of 

tumor/mL followed by 40 sec x 2 homogenization. 50 μL of tumor homogenate was mixed 
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with 350 μL cold acetonitrile and then centrifuged (4°C) at 20,000g for 10 min. The 

supernatant was dried and reconstituted with 100 μL MeOH/MeCN (90/10, vol/vol). 5 μL of 

the reconstituted supernatant was injected for drug analysis with the above-mentioned 

U(H)PLC-MS/MS system.

2.9. Therapeutic efficacy comparison after short treatments of R848-TSLs alone, R848-
TSLs with αPD-1, free R848 with αPD-1, and R848-NTSLs with αPD-1

Twenty cell-injected bilateral tumor mice (4 mm, 11 days after tumor inoculation) were 

randomly sorted into five groups: 1) non-treatment control (n=3); 2) R848-TSLs (n=4); 3) 

αPD-1 + R848-TSLs (n=5); 4) αPD-1 + free R848 (n=4); or 5) αPD-1 + R848-NTSLs 

(n=4). R848-loaded non-temperature sensitive liposomes (R848-NTSLs) was prepared based 

on the previous preparation method [46]. Liposomal or free R848 were injected i.t. (10 μg in 

17 μl of PBS each injection) into one tumor twice per week with two treatments in total, and 

αPD-1 was injected i.p. (200 μg in 50 μl of PBS each injection) once per week with one 

injection in total. One week after the first treatments, tumors were harvested for 

immnunohistochemistry.

2.10. Therapeutic efficacy comparison between extended treatment with R848-TSLs and 
free R848, each combined with αPD-1

Sixteen transplantation bilateral tumor mice (4 mm, 21 days after tumor inoculation) were 

randomly sorted into three groups: 1) non-treatment control (n=5); 2) αPD-1 + free R848 

(n=4); or 3) αPD-1 + R848-TSLs (n=7). Liposomal or free R848 were injected i.t. (10 μg in 

50 μL of PBS each injection) into one tumor twice per week with four treatments in total, 

and αPD-1 was injected i.p. (200 μg in 50 μL of PBS each injection) once per week with 

three injections in total. Tumors were measured with an ultrasound system (Siemens Acuson 

Sequoia C512, DE) and the tumor size (mm3) was calculated with the following equation:

Tumor volume (mm3) = a ∗ b ∗ c
6 π

Where a, b, and c are the lengths (mm) of the major, minor, or vertical axis, respectively. 

The tumor growth was calculated with the following equation, where the V is the tumor 

volume:

Tumor growth (%) = V − VDay0 /VDay0 * 100

2.11. Survival studies

Survival studies were performed with both transplanted and cell-injection bilateral tumor 

mice, as listed in Table 2.

R848-TSLs were administered either i.t. (10 μg R848 in 50 μL of PBS each injection) or 

intravenously (6 mg/kg) twice a week with four treatments in total, and αPD-1 was injected 

intraperitoneally (200 μg in 50 μL of PBS −/− each injection) once per week with three 

injections in total. Mice were euthanized when either the tumor size limit was reached (the 
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combination of the largest dimension of all the lesions reach 17.5 mm), or when ulceration 

was detected.

2.12. Hyperthermia

For the mice treated with hyperthermia, one tumor from each mouse was treated with 

hyperthermia to trigger the local release and the contralateral tumor served as a control. The 

tumor insonation was started 5 min prior to administration of R848-TSLs at 42 °C, and 

continued for an additional 20 min post injection. Image-guided hyperthermia was 

performed using a programmable ultrasound system (Vantage 256, Verasonics, Kirkland, 

WA) with a setup developed for activatable delivery of nanoparticles [40, 47]. Tumor heating 

was generated with a custom 128-element 1.5 MHz therapeutic array designed for rodents 

[48]. Heating was performed with ultrasound bursts of 1.8 MPa peak negative pressure, with 

a pulse repetition frequency of 100 Hz and burst duration ranging from 0 to 8 ms as 

controlled by a proportional integral derivative (PID) controller (duty cycle ranging from 0 

to 0.8) set to maintain the core tumor temperature at 42 °C. A hypodermic needle 

thermocouple (HYP1–30-1/2-T-G-60-SMP-M, Omega Engineering) provided the 

temperature feedback for the PID controller.

2.13. Tumor re-challenge

Mice cured from the previous NDL transplantation (n=4) or cell injection (n=4) studies were 

re-challenged by injecting 1×106 NDL cells into the untreated side fat pad, and age-matched 

naive mice (n=4) were used as control. Tumor size and body weight were monitored and 

euthanization was performed with the criteria described above in Section 2.11.

2.14. Histological analysis

Tissues for microscopic analysis were fixed overnight in 20% buffered formalin and 

transferred to 70% ethanol the next day. A Tissue-Tek VIP autoprocessor (Sakura, Torrance, 

CA) was used to process samples for paraffin-embedding. Tissue blocks were then sectioned 

to 4 μm, sections mounted on glass slides. Hematoxylin and Eosin (H&E) staining was 

performed at the University of California, Davis, Dept. of Pathology and Laboratory 

Medicine. Immune cells were stained with specific antibodies based on the manufacturer’s 

instructions. Anti-mouse CD8 (1:500 dilution; 14–0808, eBiosciences) was used as CD8 

marker. Anti-mouse CD68 (1:700 dilution; PA1518, Boster) was used to stain macrophages. 

Anti-mouse OX40 antibody (1:2000 dilution; ab229021, abcam) was used to label the 

activated T cells. Anti-mouse CD206 (1:2000 dilution; ab64693, abcam) was used as a 

marker for M2 macrophages. Detection of the primary antibodies was performed using the 

appropriate isotype specific species secondary antibody with the Vectastain ABC Kit Elite 

Kit and a diaminobenzidine Peroxidase Substrate Kit (Vector Labs, Burlingame, CA) for 

amplification and visualization of signal. Stained slides were scanned on an AT2 Scanscope 

(Leica Biosystems), and digital images viewed using the Imagescope software.

2.15. Statistical analysis

Statistical analyses were performed using Prism 8 software (GraphPad Software Inc.). 

Results are presented as mean ± SEM unless otherwise indicated. For analysis of 3 or more 
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groups, a one-way ANOVA test was performed followed by a Tukey’s multiple comparison 

correction in GraphPad Prism. Analysis of differences between 2 normally distributed test 

groups was performed using an unpaired t-test assuming unequal variance. P values less than 

0.05 were considered significant.

3. Results

3.1. Optimization of R848 loading in thermosensitive liposomes

R848 was remotely loaded into the TSLs with trapping agents (Table 1) under the same 

incubation conditions (37 °C for 45 min) with an R848 to lipid ratio of 1/5 (w/w). The 

loading capacity was greatest with 300 mM FeSO4 among the trapping agents tested, 

including copper sulfate, ammonium sulfate, ammonium citrate, and aluminum sulfate (Fig. 

2A). To decrease the membrane stress caused by hyper-osmolarity inside the liposomes and 

therefore enhance stability [49, 50], we studied loading R848 with a lower FeSO4 

concentration. The reduction of FeSO4 concentration from 300 to 100 mM decreased the 

loading efficiency from 0.13 ± 0.01 to 0.09 ± 0.01 mg/mg (Fig. 2B); however, the resulting 

mass of drug was found to be sufficient for efficacy in early studies (not shown). Therefore, 

R848-encapsulated liposomes with 100 mM FeSO4 were used to conduct the in vitro and in 
vivo studies described in this study.

3.2. Characterization of R848-TSLs

As shown in Table 3, loading R848 into thermosensitive liposomes with 100 mM FeSO4 did 

not significantly change the liposome size and zeta potential as compared to the empty 

liposome. The resulting R848-TSLs have an average diameter of 110.3 ± 19.8 nm with 

narrow polydispersity index (PDI) < 0.05. Liposomal size was monitored up to 3 weeks at 4 

°C and the size and PDI were unchanged over this period. The final drug to lipid ratio of 

R848-TSLs was 0.09 (w/w) with ~50% R848 encapsulation.

Iron oxide precipitation was evident near the inner leaflet of the bilayer membrane on cryo-

EM images of R848-TSLs, but was not detected in empty liposomes (Fig. 2 C and D). 

Morphology and zeta potential of the loaded and empty liposomes were similar, with an 

average size of ~110 nm. However, the standard deviation of the mean diameter on light 

scattering and cryoEM micrographs were greater for empty liposomes.

3.3. Suitability of R848-TSLs for triggered drug release

In the in vitro stability study (Fig. 2E), drug release from R848-TSLs was 12% over 30 min 

in PBS at 37 °C. However, in 50% serum, 60% of the drug was released in the first 5 min 

and the remaining drug (~40%) was retained in the liposomes over 30 min at 37 °C. At 42 

°C, rapid drug release (~80%) occurred within 5 min, which was consistent with the 

transition temperature (Tm: 43.12 °C) of R848-TSLs, as confirmed by DSC (Fig. S1). The 

results indicate that R848-TSLs are thermosensitive and drug release can be triggered in 

response to mild hyperthermia (42 °C).
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3.4. RAW-Blue™ macrophage activation by R848-TSLs

We verified that the R848-TSLs retained potency in the activation of RAW-Blue™ 

macrophages. As shown in Fig. 2F, a slightly lower EC50 concentration was required for 

R848-TSLs to induce NF-ĸB activity in RAW-Blue™ macrophages than free R848 (19.6 vs 

68.9 nM).

3.5. In vivo pharmacokinetics of free R848 and R848-TSLs after intravenous injection

R848-TSLs increased the drug half-life by 2.5 fold, the area under the curve (AUC) by 22 

fold, and Cmax by 9 fold, compared to free R848, as shown in Fig. 2G and Table 4.

3.6. R848-TSLs retain drug 2h after intra-tumoral injection or intra-tumoral release of 
drug

Two hours post intra-tumoral injection of 10 μg free R848 or R848-TSLs, the concentration 

of R848 in R848-TSL injected tumors was 37 fold higher than achieved with the direct i.t. 

injection of free R848, and the distant tumor concentration was 19 fold higher when R848-

TSLs were injected as compared with free drug (Fig. 2H). For local injection of R848-TSLs 

and free R848, the local concentration was 20 and 39 fold higher than the distant tumor 

concentration, respectively, suggesting that in each case the drug was absorbed into the 

vasculature.

We also evaluated the injection of 6 mg/kg (~120 μg for a 20 g mouse) of R848-TSLs i.v. 

coupled with release by ultrasound hyperthermia. Here, the tumor drug concentration was 3 

times higher in the insonified tumor as compared with the contralateral, suggesting that a 

fraction of the drug remained sequestered. With this protocol, the intratumoral drug 

concentration achieved was similar to that resulting from direct i.t. free drug administration 

and the concentration in the distant tumor was similar to that resulting from direct i.t. 

injection of R848-TSLs.

3.7. Local injection of R848-TSLs, in combination with systemic injection of αPD-1, 
increases CD8+ T cells and macrophages

To study the mechanism of the R848-TSL treatment, we compared the tumor histology after 

treatments with R848 (free, in non-temperature sensitive liposomes (NTSLs), or in TSLs), 

with or without αPD-1 (Fig. 3). CD8+ T cell density with (R848-TSLs + αPD-1) treatment 

was significantly higher than the non-treatment control (NTC), (free R848 + αPD-1) and 

(R848-NTSLs + αPD-1), while OX40+ T cell density after (R848-TSLs + αPD-1) treatment 

was significantly higher than (R848-TSLs alone). R848-TSLs combined with αPD-1 

significantly increased CD68+ macrophage density, while the CD206+ macrophages 

(marking the M2 polarized subset) did not change significantly with either R848-TSLs alone 

or (R848-TSLs + αPD-1), indicating an increase in CD68+/CD206− macrophages.

3.8. Local injection of R848-TSLs results in complete tumor regression of treated and 
distant transplanted NDL tumors

To evaluate the antitumor efficacy of R848-TSLs, we first compared i.t. injection of R848-

TSLs vs free R848, each combined with αPD-1 treatment. (Fig. 4A). αPD-1 alone did not 
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result in significant tumor regression, as compared with the non-treatment control (Fig. 4B, 

C). Tumor regression was faster and more consistent with R848-TSL treatment as compared 

with free R848 (Fig. 4 B–E). Eleven of twelve tumors (including treated and distant) 

regressed after the first or second dose of R848-TSLs, and the 12th tumor regressed on the 

third dose. The majority of tumors (5 of 8) treated with free R848 required three or more 

doses, with one tumor not responding after the 4th dose (Fig. 4 G, H). The area under the 

curve (AUC) of tumor growth was therefore reduced by the R848-TSL treatment as 

compared with free R848 (p = 0.021) (Fig. 4F).

3.9. αPD-1 combined with R848-TSLs increased T cells infiltration in both treated and 
distant tumors and improved antitumor activity

A majority of the treated and distant tumors completely regressed after 4 i.t. administrations 

of R848-TSLs (combined with αPD-1) within a 1-week period. Most tumors were not 

detected by ultrasound or optical inspection after necropsy. Immunohistochemistry was 

performed on the tumors that did not regress completely. Low or no detectable viability was 

observed on H&E staining compared with the NTC (pink vs purple color in the H&E 

images, Fig. 5A, D, G and magnified Fig. 5B, E, H). CD8+ T cell infiltration was enhanced 

in both treated and distant tumors in the R848-TSL cohort (Fig. 5C, F, I, J).

3.10. Efficacy study

3.10.1. Local injection of R848-TSLs eradicated all transplanted NDL tumors
—We first assessed efficacy in a model of tumor transplantation, as we have observed that 

such models are particularly advantageous for cancer immunotherapy due to the reduction in 

the fibrosis and immune response frequently seen with cell-injected tumors. With the 

treatment regimen depicted in Fig. 4A (4 intra-tumoral injections of R848-TSLs and 3 i.p. 

injections of αPD-1), tumors started to regress after the second treatment, similar to the 

results in Fig. 4 (Fig. 6 A–D), while αPD-1 treatments alone did not slow tumor growth 

(Fig. 6A–B). When combined with αPD-1, all R848-TSL treated and distant tumors 

regressed completely before or on Day 42 post tumor inoculation (24 days after the first 

treatment), and tumor recurrence was not observed. Tumor growth required humane 

euthanasia in the control cohorts (no-treatment control, or αPD-1 group) within 38 days 

after tumor inoculation (Fig. 6 A, B, E). No body weight loss was observed during or after 

treatment with the combination therapy or αPD-1 only (Fig. 6F). Individual tumor volume 

and growth plots are detailed in Fig. 6G–N.

3.10.2. Local injection of R848-TSLs resulted in a complete response in the 
majority of mice with cell-injected tumors—We next assessed both i.t. and i.v. 

injections of R848-TSLs in a cell injection model using the treatment regimen presented in 

Fig. 7A. Reduced tumor growth and volume and enhanced survival was demonstrated for the 

combined treatments without loss of body weight (Fig. 7B–S). In the R848-TSL (i.t.) 

treatment group (Fig. 7 J, P), all treated tumors regressed after the first injection and 6 of 7 

continued to regress after the second or third injection. Tumors were eradicated before or on 

Day 45 post tumor inoculation (or 32 days after the first treatment), and ~ 50% of treated 

tumors (4 of 7) did not recur within 150 days. Most of the distant tumors (5 of 6) regressed 

completely by Day 45 after tumor inoculation and 4 of them did not return (Fig. 7K, Q).
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For the tumors treated with R848-TSLs i.v. + HT (Fig. 7 L, R), all (5 of 5) regressed within 

24 days after the first treatment (Day 37 after tumor inoculation) and most were too small to 

be detected. However, most of the treated tumors (4 of 5) returned 2–6 weeks later, with 

slow tumor growth observed over the following 30 to 50 days. Tumor regrowth was also 

observed in 4 of 5 distant tumors (Fig. 7 M, S). The median survival of NTC, αPD-1, 

(αPD-1 + R848-TSLs i.t.), and (αPD-1 + R848-TSLs i.v. + HT) cohorts was 28.5, 34, 

greater than 100, and 94 days, respectively.

In summary, both i.t. and i.v. plus HT treatments of R848-TSLs, combined with αPD-1, 

delayed tumor growth where i.t. treatment eradicated both treated and distant tumors (Fig. 7 

B–E). Compared to the no-treatment control or αPD-1 cohorts, both R848-TSLs treatments 

prolonged the survival of NDL tumor bearing mice (Fig. 7F).

3.10.3. αPD-1 combined with R848-TSLs generated systemic tumor-specific 
immunity against NDL—To understand whether a specific adaptive immune response 

could be generated by our proposed combination therapy (αPD-1 + R848-TSLs i.t.), we re-

challenged the mice cured from the efficacy studies (NDL cell injection & NDL 

transplantation) by injecting NDL cells into the untreated side fat pad at 153 days after the 

first tumor inoculation. After tumor re-challenge, zero of eight R848-TSL-treated mice grew 

tumors at 100 days (the longest observed time). In contrast, all mice from an age-matched 

control group developed tumors upon inoculation and were euthanized by 60 days post re-

challenge due to tumor volume (Fig. 8).

4. Discussion

In this paper, we set out to evaluate the efficacy of immunotherapeutics with delivery 

strategies that concentrate the dose in the tumor microenvironment, yet efficiently release the 

contents. We evaluated two approaches: directly injecting the R848-TSLs in the tumor and 

injecting R848-TSLs systemically and releasing the drug in the tumor. We compared these 

approaches with the injection of free drug and the injection of long-circulating liposomes in 

a subset of studies. We added αPD-1 as our previous work has shown that CD8+ T cells in 

this model express PD-1 (immune checkpoint) and efficacy is enhanced with the addition of 

αPD-1. Our central goal in this study was to demonstrate that the two approaches of interest 

each result in a rapid and sustained regression. The rate and reproducibility of the response 

was superior for these approaches as compared with the injection of free drug.

At the dose of 10 μg per i.t. injection (40 μg in total dose in the entire treatment regimen), 

R848-TSLs induced a slightly faster and more consistent response in both treated and distant 

tumors than free R848. One possible explanation for the enhanced effect is that liposomes 

increase the tumor retention of R848 [51], as evidenced by the 37 fold higher R848 

concentration in the R848-TSL-treated vs free R848-treated tumors. R848-TSLs retain the 

same biological activity and induced TLR activation in RAW-Blue™ macrophages in a 

manner similar to free R848. This cell line expresses all TLRs (except for TLR5) and 

therefore provides a good environment for the assessment of TLR agonists. When tested in 

PBS +/+, R848-TSLs induced TLR activation at a slightly faster rate (a slightly lower EC50 

than free R848). This may result from enhanced cellular uptake by endocytosis as shown in 
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Supplementary Information Figure S3, which facilitates the delivery of R848 to TLR 7 and 8 

on the endosomal membrane [52].

TLR agonist treatments have been reported to generate long-term immunological memory, 

protecting animals against specific tumor re-challenge [14, 15, 18, 20, 22, 28, 53–60]. 

However, most small TLR 7/8 agonists such as resiquimod (R848) are poorly water soluble, 

resulting in limited therapeutic efficacy and drug delivery [61]. In recent studies, R848 was 

encapsulated into conventional liposomes, composed of saturated lipids and cholesterols 

with a transition temperature above 55 °C, by passive or remote loading to improve drug 

delivery as well as its solubility [33, 62]. However, loading via passive techniques results in 

low loading efficiency. When ammonium sulfate was used as a drug trapping agent, loading 

was increased five-fold, yet the formulation stability was limited. Here, we used FeSO4 as a 

trapping agent to improve loading.

While we chose to study R848 here, many agonists can be similarly loaded and locally 

delivered in future studies. To the best of our knowledge, this is the first reported study of a 

temperature-sensitive liposomal formulation for R848. In a long-term survival study, i.t. 

injections of R848-TSLs cured 9 of 11 NDL mice and tumors did not develop on re-

challenge. No significant body weight loss or irregular behavior was observed during or after 

the treatment regimen, demonstrating that the combination therapy was safe to use. 

Therefore, we believe TSL-mediated delivery of immunotherapy agents can be an effective 

and safe approach to advance agonist cancer immunotherapy.

Combined with high frequency ultrasound or hyperthermia, TSLs have been frequently 

utilized to assist the locally effective release of chemotherapeutics such as doxorubicin in 

solid tumors with significantly improved therapeutic outcomes in preclinical and clinical 

studies [63, 64]. Heat-triggered delivery of drug overcomes dependence on passive 

extravasation of drug-carrying nanoparticles through the enhanced permeation and retention 

(EPR) effect [65]. Most importantly, such vehicles deliver large fractions of the injected 

dose. For a human tumor with a 2 cm radius, 5% blood volume, 10 second blood transit time 

and 5 L full blood volume, the fraction of the injected dose delivered is ~ 8% for 40 minutes 

of heating. This is orders of magnitude greater than the dose delivered to human tumors by 

any other systemic method, which is typically 0.01% of systemically-injected drug [37, 40, 

47, 66–69]. Therefore, ultrasound mediated local release of R848 from TSLs was explored 

here to amplify the local immune response without unwanted systemic side effects.

4.1 Tumor model

We also observed differences in efficacy between NDL cell-injection and transplantation 

tumor models. Tumors induced by NDL cell injection grew faster than transplanted tumors 

(13 vs 18 days to reach 4mm in diameter) and were less responsive to R848-TSLs i.t. 

treatment (57% vs 100% survival over the course of 100 days, respectively). While the cell-

injected tumors contain only tumor cells, transplanted tumors include tumor cells, 

fibroblasts, and immune cells. We hypothesize that the resident immune cells within the 

transplanted tumors may enhance immunotherapeutic response. Given that the transplanted 

tumors more closely mimic the human breast cancer [70], the complete response of the 
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transplanted NDL tumors treated with i.t. injections of R848-TSLs (100% survival and no 

tumor growth upon re-challenge) is encouraging.

4.2 Loading and stability

To improve loading, we first optimized the trapping agent. Among these tested trapping 

agents, we found that 300 mM FeSO4 achieved the highest drug encapsulation (13%, w/w) 

and the result was significantly higher than previously reported values of 1.1% by passive 

loading [33, 62] or 4.4% by active loading [62], where conventional liposomes were used. In 

contrast to conventional liposomes with a high transition temperature (> 55 °C), TSLs are 

composed of low transition temperature lipids (~41 °C, slightly higher than the body 

temperature) and are relatively fluidic and less stable. It is therefore more difficult to 

encapsulate and retain hydrophobic drugs such as R848. With our drug loading approach, 

R848 can be efficiently encapsulated into TSLs with improved formulation stability (< 15% 

drug leakage in 30 min at 37 °C in PBS) and higher drug encapsulation than previously 

reported [51]. In order to reduce the membrane stress caused by hyperosmolarity of 300 mM 

FeSO4, a lower concentration of FeSO4 was ultimately tested for loading R848, and we 

found that 100 mM FeSO4 could load 0.09 (w/w) R848.

During drug loading, the color of the liposome-R848 mixture turned brown from light blue, 

indicating iron ions were directly or indirectly involved in R848 encapsulation. Fe 

precipitation was observed on cryo-EM of R848-TSLs in the vicinity of lipid membranes. 

One possible reason for this observation is the oxidation of Fe2+ to Fe3+ by the elevated pH 

during the R848 loading, resulting in the formation of insoluble Fe(OH)3 precipitates. 

Previous cryo-EM studies of TSLs containing doxorubicin [37], gemcitabine [40], and other 

hydrophobic drugs [71–73] reported higher electron density and crystallization inside 

liposomes. Here, this was not observed. For CuSO4, the trapping agent with the 2nd highest 

R848 loading tested here, lowering the concentration from 300 to 100 mM caused a 3 times 

decrease of the R848 loading (0.09 vs 0.03 w/w, data not shown). We also tested 100 mM 

copper gluconate with triethanolamine (pH 8.4), which was used as the trapping agent for 

doxorubicin [37] and gemcitabine [74] TSLs. As compared with doxorubicin or 

gemcitabine, the combination of copper gluconate and triethanolamine (pH 8.4) loaded 

R848 at a drug to lipid ratio of 0.01, far lower than that achieved with FeSO4 (0.09 mg/mg). 

This indicates the internal pH might also affect the loading efficiency in addition to drug-

metal complexation or metal precipitation. Also, iron ions seem to have higher affinity to 

R848 than copper ions as evidenced by UV absorption enhancement with increasing iron 

concentrations in Fig. S2, and better stabilize encapsulated R848 and minimize the drug 

leakage from TSLs. Less than 10% drug release was observed at 4 °C in 1 month (data not 

shown) and less than 15% of drug release was detected at 37 °C for 30 min. However, 60% 

burst release was detected from R848-TSLs when incubated in 50% serum at 37 °C within 

the first 5 min, suggesting that R848 might reside partially at the inner liposomal membrane 

(easier to release) and partially inside the liposomes (more stable). The membrane 

association was also suggested by our cryo-EM results. Nevertheless, R848-TSLs release 

more than 90% of the cargo in serum with mild hyperthermia (40–43 °C), indicating the 

drug release is heat-triggerable.
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4.3 Anti-tumor mechanism of R848-TSLs

Resiquimod, a TLR7/8 agonist, has direct anti-tumor efficacy through both myeloid 

differentiation primary-response 88 (MYD88) dependent or MYD88-independent pathways. 

For details of the direct anti-tumor molecular mechanisms of R848, please refer to [75, 76]. 

In the study reported here, R848-TSLs did not significantly reduce NDL and RAW-blue 

macrophage growth at the concentration found within the tumors (Supplementary 

Information Fig. S4). At 2hr post intra-tumoral injections of R848-TSLs, the R848 

concentration decreased to 3.8 μg/g, which is significantly below the EC50.

Compared with free R848, R848-TSLs increased tumor accumulation over 37 fold (Fig. 

2H), increased the infiltration of CD8+ T cells (Fig. 3C), and increased the rate and reduced 

the variance in tumor growth (Fig. 4F). We also observed that R848-TSLs were efficiently 

internalized by RAW-blue macrophages through clathrin-mediated endocytosis, as 

chlorpromazine blocked clathrin-mediated endocytosis (Supplementary Information Fig. 

S3). This provides a second potential mechanism for enhanced intracellular delivery and 

efficacy.

The combination of R848-TSLs with αPD-1 increased OX40 expression and CD68+/

CD206- macrophages. Similar to [28, 77, 78], we found that R848-TSLs combined with 

αPD-1 increased the non-M2 macrophage population.

4.4 Limitations of the study

A minimum set of controls was explored given the complexity: 2 administration routes (IV 

with ultrasound vs IT injection) for 3 formulations (free drug, TSLs, non-temperature 

sensitive liposomes), with and without αPD-1, two tumor models. There are clearly many 

additional controls and studies that can be pursued in the future.

Many preclinical and clinical studies have suggested that the route of administration can 

impact the therapeutic efficacy of TLR agonists [79], and understanding these effects is 

crucial to the success of liposomal R848 development. In the cell injection model, few 

immune cells are present within the tumor at the start of treatment. In the tumor transplant 

model, a full tumor microenvironment is quickly established. With cell-injected NDL 

tumors, the injection route (i.t. or i.v.) impacted the treatment outcome. The fraction of mice 

that exhibited rebound tumor progression increased from 18% with i.t injection (10 μg per 

injection) to 100% with i.v. injection (120 μg per injection) + HT at 60 days post-treatment. 

This increase in tumor rebound rate likely results from the lower local drug availability 

resulting from instability of R848-TSLs in systemic circulation. Despite the improved in 
vivo half-life of R848-TSLs (2.5 fold longer) in our current formulation the delivered dose 

may be insufficient [80] in some models.

Future studies will be focused on improving the serum stability of R848-TSLs. In addition, 

the effective tumor R848 i.v. dose delivered by TSLs, and the interaction between R848-

TSLs and immune cells will be studied further to maximize the therapeutic efficacy of the 

combination of HIFU and R848.
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5. Conclusions

We developed a thermosensitive liposome formulation with high drug payload for local and 

systemic delivery of R848. Despite moderate drug release in 50% serum, local delivery of 

the R848-TSLs combined with αPD-1 treatment can effectively eradicate NDL transplanted 

tumors (both treated and distant tumors) via enhanced tumor infiltration of CD8+ T cells 

with no recurrence over 100 days with 100% survival (4 out of 4). In a more aggressive 

tumor model developed by tumor cell injection rather than transplantation, i.t. injection of 

R848-TSLs regressed all treated and distant tumors, and 4 out of 7 were tumor free over 100 

days. R848-TSLs injected i.v. combined with local hyperthermia and αPD-1 increased the 

median survival by ~3 fold when compared with non-treatment control or αPD-1 treatment 

only. All of the tumor-free mice from the local delivery of the R848-TSLs combined with 

αPD-1 treatment developed specific immunity against NDL cells, and did not grow tumor 

after NDL tumor re-challenge. Together, R848-TSLs combined with αPD-1 could be a 

promising therapeutic strategy for enhanced cancer immunotherapy.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

APC antigen-presenting cells

AUC area under curve

DiD 1,1′-dioctadecyl-3,3,3′,3′- tetramethylindodicarbocyanine

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine

DSC Differential Scanning Calorimetry

DSPE-PEG2K 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt)

HPLC high-performance liquid chromatography

HT hyperthermia

i.t. intratumoral

i.v. intravenous

i.p. intraperitoneal
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NDL neu deletion (mouse breast tumor model)

NTSL non-temperature sensitive liposomes

PBS phosphate buffered saline

PDI polydispersity index

R848 resiquimod

TLR Toll-like Receptor

Tm melting temperature

TSL Thermosensitive liposomes

UV ultra-violet
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Highlights:

• Iron sulfate (100 mM) was used to trap poorly water-soluble resiquimod 

(R848) in thermosensitive liposomes (R848-TSLs).

• The R848 to lipid ratio of R848-TSLs could reach 0.09 (w/w).

• > 80% of the encapsulated drug was released from R848-TSLs within 5 min 

at 42–43 °C.

• Infiltrating CD8+ T cells in neu deletion mouse breast tumors increased after 

treatment with R848-TSLs and αPD-1.

• Superior tumor regression, long-term survival, and specific tumor immunity 

memory were achieved with of R848-TSLs and αPD-1.
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Figure 1. 
Scheme for triggered release of R848 from R848-TSLs with mild hyperthermia (42 °C).
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Figure 2. 
Optimization of R848 loading in TSLs and characterization of R848-TSLs. A) Effect of 

various trapping agents on R848 loading. B) Effect of FeSO4 concentration on the drug 

loading; C) and D) cryo-EM images of TSLs before (C) and after (D) R848 loading, where 

the black arrows point to iron-R848 co-precipitate. E) Stability of R848-TSLs in PBS at 37 

°C, in 50% serum at 37 °or 42 °C. F) NF-ĸB activation by R848-TSLs in RAW-Blue™ 

macrophages. Data = mean ± SD (n = 3). G) In vivo pharmacokinetics of free R848 and 

R848-TSLs after i.v. injection. H) Tumor concentration of R848 (log scale) 2hrs after intra-

tumoral injection of free R848 or R848-TSLs, or after i.v. injections of R848-TSLs. One-

way ANOVA applied for A, B. Two-way ANOVA applied to H. * p<0.05; **p<0.01; 

***p<0.001. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Figure 3. 
Local injection of R848-TSLs, in combination with systemic αPD-1, activates the immune 

system in directly-treated transplanted NDL tumors and increases CD8+, OX40+, and 

CD68+ cells. A) Treatment regimen. B) Typical immunohistology images of no treatment 

control (NTC, 1st row), R848-TSLs (2nd row), R848-TSLs + αPD-1 (3rd row), free R848 + 

αPD-1 (4th row), and R848-NTSLs + αPD-1 (5th row) treated tumors (n= 3 each group), 

with H&E (low magnification on 1st column, higher magnification on 2nd column), CD8 (3rd 

column), OX40 (4th column), CD68 (5th column), and CD206 (6th column) staining. C-E) 
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Area fraction of positive IHC in tumor for CD8 (C), OX40 (D), CD68 and CD206 (E) 

expression. The scale bars in the low-magnification H&E images are 2 mm, and in other 

images are 200 μm. Black arrows indicate examples of positive cells. One-way ANOVA 

applied for C, D, two-way ANOVA for E. * p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4. 
Local injection of R848-TSLs regresses transplanted NDL tumors. A) Treatment regimen. 

B, C) Tumor volumes (B) and tumor growth (C) of the non- treatment control (NTC, n = 5), 

αPD-1 alone (n = 4), R848-TSLs with αPD-1 (n = 7) and free R848 with αPD-1 (n = 4) 

treated and distant tumors. D, E) Magnified tumor volumes (D) and tumor growth (E) from 

the magnified-boxes in B, C of R848-TSL and free R848-treated tumors, each combined 

with αPD-1 treatment. F) Tumor growth area under the curve for R848-TSL and free R848-

treated mice over 0-–17 days of treatment. G-N) Tumor volume (G-J) and tumor growth (K-

N) for each tumor in the groups of R848-TSL treated (G, K), R848-TSL distant (H, L), free 

R848 treated (I, M), and free R848 distant (J, N). “*”, compared with NTC. One-way 

ANOVA applied for B, C. * p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. 
For the treatment plan depicted in Fig. 4A, typical histology images of non-treatment-

control (A-C), R848-TSL treated (D-F) and distant (G-I), tumors. H&E images with lower 

(A, D, G) and higher (B, E, H) magnifications. CD8 antibody-stained images (C, F, I) and 

CD8 area quantification in tumors (J). Mice received 4 injections of R848-TSLs and 3 

injections of αPD-1 in total. The scale bars on the lower magnification images are 2 mm, 

and the scale bars on the higher magnification images are 200 μm. **, p < 0.01.
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Figure 6. 
With the treatment plan depicted in Fig. 4A, i.t. injection of R848-TSLs resulted in complete 

regression in an NDL tumor transplantation model: A-D) tumor volume (A, C), and tumor 

growth (B, D) for the entire period (A, B), magnified for the early days, (C, D); E) survival 

plot; F, body weights of the mice; G-N) the tumor volume (G-J) and growth (K-N) of each 

tumor in the groups of NTC (G, K), αPD-1 (H, L), αPD-1 + R848-TSLs i.t. treated (I, M), 

and αPD-1 + R848-TSLs i.t. distant (J, N), “*”, compared with NTC; “+”, compared with 

αPD-1; * p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 7. 
With the treatment protocol depicted in Fig. 7A, i.t. or i.v. injections of R848-TSLs 

combined with hyperthermia delayed tumor growth and increased survival of mice with 

NDL tumors injected in the mammary fat pads. A) Treatment regimen, hyperthermia was 

applied to one tumor followed by R848-TSL injection i.v. B-E) Tumor volume (B, D) and 

tumor growth (C, E) for 100 days (B, C) and 28 days after tumor inoculation (D, E). F) 

Survival plot. G) Body weights over the survival study. H-S) Tumor volume (H-M) and 

growth (N-S) of each tumor in the NTC (H, N), αPD-1 (I, O), αPD-1+R848-TSLs i.t. 

treated (J, P), αPD-1 + R848-TSLs i.t. distant (K, Q), αPD-1 + R848-TSLs i.v.+ HT treated 

(L, R), and αPD-1+R848-TSLs i.v.+ HT distant cohorts (M, S). “*”, compared with NTC; 
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“+”, compared with αPD-1. One-way ANOVA applied for B, C. * p<0.05; **p<0.01; 

***p<0.001.
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Figure 8. 
Re-challenge study following treatment with αPD-1 + R848-TSLs (i.t.). A) Tumor 

monitoring plan. B) Tumor size. C) Tumor growth. Age-matched naive mice were studied as 

the control group. Data points represent the mean ± SEM (n = 4).
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Table 1.

Trapping agents used for R848 loading.

Formulation Trapping agent External loading buffer

DPPC/DSPC/DSPC-PEG2K (85/10/5, mol%) Ammonium sulfate
Ammonium citrate
Aluminum sulfate

Copper sulfate
Iron (II) sulfate

PBS −/− buffer (pH 7.4)
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Table 2.

Animal grouping information for survival studies

NTC αPD-1 αPD-1 + i.t. R848-TSLs αPD-1 + i.v. R848-TSLs + HT Total

Transplanted tumor mice 3 3 4 0 10

Cell-injection tumor mice 6 7 7 5 25
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Table 3.

Particle size and zeta potential of the empty liposomes and R848-TSLs. R848 was loaded remotely in TSLs 

via a 100 mM FeSO4 loading gradient. D/L represents drug to lipid ratio. Data = mean ± SD (n = 3).

Empty liposome R848-TSLs

Diameter (nm) 107.1 ± 33.5 110.3 ± 19.8

PDI 0.098 0.032

D/L (w/w) - 0.09 ± 0.01

Zeta Potential (mv) −20.3 ± 13.6 −21.3 ± 10.9
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Table 4.

Pharmacokinetic parameters of free R848 and R848-TSLs injected i.v. in FVB mice. Cmax: maximum plasma 

concentration. t1/2: half-life. AUC0−∞: area under the curve. Vd: volume of distribution Cl: clearance.

Cmax (μg/ml) t1/2 (h) AUC0−∞ (μg/ml*h) Vd (mL) Cl (mL/h)

Free R848 2.61 ± 0.21 0.20 ± 0.05 0.63 ± 0.10 55.04 ± 6.39 195.06 ± 33.41

R848-TSLs 23.62 ± 1.13 0.53 ± 0.03 13.12 ± 0.67 7.07 ± 0.59 9.17 ± 0.48
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