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Highlights:  

• Functionalization of resiquimod-loaded lignin nanoparticles with the “mUNO” peptide to 

target the CD206-positive M2-like TAMs. 

• Shifting the immune cells in the TME towards an anti-tumor immune state, by increasing 

the representation of M1-like macrophages, cytotoxic T cells, and activated dendritic cells. 

• Enhances the anticancer effect of the vinblastine when co-administered with resiquimod-

loaded LNPs decorated with mUNO.  
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Abstract  

Nanomedicines represent innovative and promising alternative technologies to improve the 

therapeutic effects of different drugs for cancer ablation. Targeting M2-like tumor-associated 

macrophages (TAMs) has emerged as a favorable therapeutic approach to fight against cancer 

through the modulation of the tumor microenvironment. However, the immunomodulatory 

molecules used for this purpose present side effects upon systemic administration, which limits 

their clinical translation. Here, the biocompatible lignin polymer is used to prepare lignin 

nanoparticles (LNPs) that carry a dual agonist of the toll-like receptors TLR7/8 (resiquimod, 

R848). These LNPs are targeted to the CD206-positive M2-like TAMs using the “mUNO” 

peptide, in order to revert their pro-tumor phenotype into anti-tumor M1-like macrophages in 

the tumor microenvironment of an aggressive triple-negative in vivo model of breast cancer. 

Overall, we show that targeting the resiquimod (R848)-loaded LNPs to the M2-like 

macrophages, using very low doses of R848, induces a profound shift in the immune cells in 

the tumor microenvironment towards an anti-tumor immune state, by increasing the 

representation of M1-like macrophages, cytotoxic T cells, and activated dendritic cells. This 

effect consequently enhances the anticancer effect of the vinblastine (Vin) when co-

administered with R848-loaded LNPs.  

 

Keywords: lignin nanoparticles; resiquimod; macrophage repolarization; mannose receptor; 

mUNO  
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1. Introduction 

Several nanoplatforms have been employed for cancer immunotherapy, where biomaterials 

with immunostimulatory properties can be used to formulate cancer vaccines, or other 

nanomaterials can load and deliver different immunomodulatory compounds [1–5]. 

Additionally, cancer nanomedicines represent a promising alternative over the conventional 

therapies to overcome their limitations, including the poor water solubility, the lack of anti-

tumor specificity, and consequent systemic side effects [6–8]. For this purpose, different types 

of nanomaterials have been developed, such as inorganic nanoparticles (NPs) [9,10], lipid-

based nanosystems [11–13], and polymeric NPs [14–18]. Lignocellulosic materials, such as 

cellulose, hemicellulose, and lignin, have gained increased attention, as they are derived from 

natural sources, are largely abundant in nature, and are biocompatible and biodegradable 

[19,20]. In particular, lignin has been recently used as a drug delivery vehicle, after 

transforming the raw material into lignin NPs (LNPs), using different approaches like 

antisolvent precipitation, solvent exchange or sonication [19,21–23]. Additionally, the 

functional groups on the original lignin polymer can be chemically modified before preparing 

the LNPs in order to be functionalized with different targeting moieties, and thus, increase their 

potential application [19,24,25]. 

Triple-negative breast cancer (TNBC) is characterized by the lack of molecular 

targets/receptors, such as estrogen, progesterone, or human epidermal growth factor receptor 2 

(HER2), which comprise important molecular targets for different therapeutic agents, and 

therefore, it is associated to a poor prognosis compared to other breast cancer subtypes [26,27]. 

Additionally, tumor-associated macrophages (TAMs) resembling a pro-tumor M2-like 

phenotype comprise up to 50% of the tumor mass in breast cancer [28], being usually associated 

with a worse prognosis, tumor progression and recurrence, higher risk of distant metastasis, and 

suppression of other effector cells like CD8+ T cells [28–30]. In the tumor microenvironment 

(TME), TAMs exhibit either an immunosuppressive M2-like phenotype, characterized by the 
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expression of distinctive cell surface markers, including CD163, CD204, and mannose receptor 

(CD206/MRC1), and increased production of anti-inflammatory signals (e.g., IL-10 and 

transforming growth factor (TGF)-β, or arginase 1 (ARG 1)), or an anti-tumor M1-like 

phenotype, in which macrophages can express MHC-II, CD68, CD86, and CD80 cell surface 

markers, release pro-inflammatory cytokines (e.g., interleukin (IL)-12, IL-1β, IL-6 and tumor 

necrosis factor (TNF)-α), and produce reactive oxygen species (ROS) [31–34]. Targeting 

therapeutics to TME components like TAMs can be seen as a complementary approach to 

chemotherapy, the primary established systemic treatment choice for patients with both early-

stage and advanced-stage TNBC, to improve the therapeutic outcome [35]. Emerging therapies 

that aim to target TAMs comprise the inhibition of monocyte/macrophage recruitment to the 

tumor tissue, after blocking colony-stimulating factor 1 (CSF-1) receptor or CCL2-CCR2 

signaling pathway [36–38], elimination or depletion of TAMs in the TME, by triggering their 

apoptosis and delay the tumor progression [34,39], and reversion or reprogramming the 

immunosuppressive M2-like phenotype towards a tumoricidal M1-like TAMs, by manipulating 

the environmental stimuli [34,39–43]. However, these approaches are usually associated with 

a lack of specific targeting and consequent systemic side effects, which limit their application 

in the clinic [34,39]. In order to circumvent these limitations, nanomedicines can be tailored to 

carry therapeutics  and effectively target them to the TAMs at the tumor site [44,45].  

In this study, we took advantage of the lignin biopolymer as starting material to prepare 

LNPs, and employ them as a drug delivery vehicle to carry resiquimod (R848), a dual agonist 

of the toll-like receptors TLR7/8 that can promote the repolarization of M2-like into M1-like 

TAMs, yielding R848@LNPs [46]. The R848@LNPs were further functionalized with 5(6)-

carboxyfluorescein (FAM)-labeled hexapeptide (sequence: CSPGAK, “mUNO”) that targets 

the mannose receptor (CD206), typically overexpressed in the M2-like macrophages (Asciutto 

et al., 2019; Lepland et al., 2020; Scodeller et al., 2017). The in vitro cytocompatibility of both 

non-targeted and targeted R848@LNPs, hereafter referred to as R848@LNPs-P-FAM and 
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R848@LNPs-P-F-mUNO, respectively, was evaluated towards mouse derived M2-like 

macrophages, and their repolarization effect was assessed by evaluating the expression levels 

of the cell surface markers CD86 and CD206, and the production of ROS, such as hydrogen 

peroxide (H2O2), and also TNF-α. In vivo biodistribution studies were conducted to analyze the 

homing ability of R848@LNPs towards the M2-like TAMs in orthotopic 4T1 tumor-bearing 

mice, an aggressive TNBC preclinical model. Finally, a chemotherapeutic compound 

(Vinblastine, Vin) was co-administered with free R848 or R848@LNPs for synergetic 

anticancer effect in the same TNBC model, and the immunological profile of the cell population 

in the tumor tissues was evaluated.  

 

2. Materials and Methods  

2.1. Materials  

BioPiva™ softwood kraft lignin was acquired from UPM Biochemicals (Finland). Maleimide-

poly(ethylene glycol)-amine (Mal-PEG-NH2, 2K) was obtained from Biochempeg Scientific 

Inc. (Watertown, MA, USA). 5(6)-carboxyfluorescein (FAM)-Ahx-Cys-NH2 and FAM-Ahx-

CSPGAK-COOH (mUNO) (hereafter referred to as FAM and FAM-mUNO, respectively) were 

purchased from TAG Copenhagen (Denmark). Resiquimod (R848) was purchased from DC 

Chemicals (Shanghai, China). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 

tetrahydrofuran (THF), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and 2-(N-morpholino)ethanesulfonic acid (MES) 

were obtained from Sigma-Aldrich®, USA. Culture flasks were acquired from Corning Inc., 

USA. Roswell Park Memorial Institute 1640 medium (RPMI), fetal bovine serum (FBS), non-

essential amino acids (NEAA), L-glutamine (200 mM), streptomycin (100 mg/mL), penicillin 

(100 IU/mL) and trypsin (2.5%) were purchased from HyClone Waltham, USA. Hank’s 

balanced salt solution (10× HBSS) and Dulbecco’s phosphate buffer saline (10× PBS) were 

obtained from Life Technologies Gibco® (Carlsbad, CA, USA). 
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2.2. Preparation and characterization of LNPs 

Carboxylated lignin was prepared in order to increase the number of carboxyl groups on the 

lignin structure for further conjugation reactions, using a ratio of original lignin:succinic 

anhydride of 4:1, as previously described and characterized [25].  

The LNPs were prepared by solvent exchange and formed during the dialysis process 

against MilliQ-water that took place during 24 h, after introducing 1 mg/mL of carboxylated 

lignin in THF into a dialysis bag (Spectra/Por® 1 Standard RC Dry Dialysis Tubing, 12-14 kDa, 

Spectrum Labs, USA), as done previously [25,50]. For drug loading, the R848 was dissolved 

in EtOH and mixed with the lignin solution in THF, using a mass ratio R848:lignin of 1:10, 

introduced into a dialysis membrane, and the R848-loaded LNPs (R848@LNPs) were formed 

during the solvent exchange process against MilliQ-water for 24 h in order to get rid of the THF 

and free R848. 

The prepared LNPs and R848@LNPs were characterized for their average particle size (Z-

average), polydispersity index (PDI), and average zeta (ζ)-potential (surface charge) by 

dynamic light scattering (DLS), using a Malvern Zetasizer Nano ZS instrument (Malvern 

Instruments Ltd, UK). After placing the LNP droplet on a carbon-coated copper grid, and let 

the grid to dry before analysis, both LNPs and R848@LNPs were morphologically 

characterized, using a transmission electron microscopy (TEM, Jeol JEM-1400, Jeol Ltd., 

Tokyo, Japan), with an acceleration voltage of 80 kV.  

 

2.3. Functionalization of LNPs with FAM and FAM-mUNO 

The mass ratios for the conjugation reactions were chosen after optimization of the conjugation 

parameters. The reaction between the –COOH groups of LNPs and –NH2 groups of Mal-PEG-

NH2 was done using EDC/NHS coupling chemistry. For that, 3 mg of LNPs was dispersed in 

1.2 mL of 10 mM MES buffer (pH 5.5), with 4.5 µL of EDC (12.8 mM) and 1.2 mg of NHS 

(8.7 mM), and the mixture was reacted under stirring for 1 h, in the dark and at room 
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temperature (RT), to activate the carboxyl groups on the LNPs. After spinning down the mixture 

to remove excess EDC/NHS (16100g for 5 min), the LNPs were resuspended with 1.5 mL of 

10 mM MES buffer (pH 7) containing 15 mg of Mal-PEG-NH2 (mass ratio 1:5 of LNPs:PEG). 

The mixture was reacted for 3 h at RT, and subsequently, centrifuged and washed with MilliQ-

water to purify the resulting LNPs-PEG-Mal from the free Mal-PEG-NH2.  

Then, the reaction between the cysteine groups of FAM-Cys-NH2 (FAM) dye and FAM-

mUNO (F-mUNO) with the maleimide group on LNPs-PEG-Mal was done in MilliQ-water, 

resulting in the formation of LNPs-P-FAM and LNPs-P-F-mUNO, respectively. Here, 0.1 mg 

of FAM/peptide were mixed with 1 mg of LNPs-PEG-Mal, under stirring for 2 h, at RT in the 

dark. Finally, the prepared LNPs were extensively washed with MilliQ-water to remove 

unreacted products.  

The same protocol described for the empty LNPs was followed for the conjugation reactions 

with R848@LNPs, in order to obtain R848@LNPs-P-FAM and R848@LNPs-P-F-mUNO. The 

loading degree (LD) of R848 into LNPs was estimated after dissolving the drug-loaded LNPs 

with EtOH, and tip-sonicating the LNPs in order to degrade them. After centrifugation at 

16100g for 5 min, the supernatant was collected to determine the R848 concentration by using 

high-performance liquid chromatography (HPLC; Agilent 1100 series, Agilent Technologies, 

USA). The experimental conditions used for quantification of the loaded R848 are described in 

detail in Table 1. 

Table 1. HPLC conditions used in this study for quantification of the loaded R848. 

Mobile Phase (v/v) Solution A: 0.1% Trifluoroacetic acid (pH 2.0) 
Solution B: Acetonitrile 

Ratio A:B (Gradient) 
0–3 min: 100:0 
3–5 min: 5:95 
5–8 min: 100:0  

Column Kinetex® C18, 75 mm × 4.6 mm, 2.6 µm (Phenomenex, 
USA) 

Flow Rate (mL/min) 1.0 

Detection (UV, nm) 254 ± 5 

Injection Volume (µL) 25 

Temperature (°C) 25 
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2.4. Stability of R848@LNPs 

The stability of R848@LNPs was evaluated by following the changes on their size and PDI, 

after incubation of 300 μg/mL of bare and functionalized R848@LNPs with RPMI, 

supplemented with 10% of FBS, at 37 °C during 2 h. Samples were withdrawn at 5, 15, 30, 60, 

90 and 120 min, and diluted in water for measuring the size and PDI of R848@LNPs. All the 

experiments were performed in triplicates. 

 

2.5. In vitro dissolution study 

The in vitro release profiles of free R848 and R848-loaded LNPs was performed in two different 

buffers: 1× HBSS–MES pH 5.5 (HBSS–MES, pH 5.5) and 1× HBSS–HEPES pH 7.4 (HBSS–

HEPES, pH 7.4). For that, 3 μg of pure R848 and 300 μg of R848@LNPs were immersed in 3 

mL of release media, and the samples were stirred at 150 rpm and 37 °C. At the scheduled time 

intervals (5, 10, 15, 30, 60, 120, 240, 360 min and 24 h), 100 μL of the release media were 

withdrawn, and the same volume of fresh pre-heated release media was added to keep the 

releasing volume constant. The samples were centrifuged at 16100g for 3 min, and the 

supernatant was collected and analyzed in HPLC. The amount of R848 dissolved over time was 

determined by measuring the R848 concentration, using the HPLC method described in Table 

1. The average calculated values were obtained from at least three replicates. 

 

2.6. Cell culturing, isolation of murine BMDMs, and differentiation into macrophages 

Murine mammary carcinoma cell line (4T1) was obtained from American Type Culture 

Collection (ATCC), USA, and further grown in RPMI, supplemented with 10% of FBS, 1% of 

L-glutamine, and 1% of penicillin-streptomycin (PEST) in 75 cm2 flasks. Cells were maintained 

in an incubator (BB 16 gas incubator, Heraeus Instruments GmbH) at 37 ºC, 5% CO2 and 95% 

relative humidity.  
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For the isolation of murine bone marrow-derived macrophages (BMDMs), both femur and 

tibia bones were isolated from female 6-8 week old BALB/c mice, and further cut and flushed 

with cold PBS (pH 7.4), aided by a 21G needle, to a Petri dish. After, the cell suspension was 

centrifuged at 500g for 5 min, resuspended with 1 mL of Ammonium-Chloride-Potassium 

(ACK) lysing buffer for 2 min to remove the red blood cells, and then diluted with 9 mL of PBS 

(pH 7.4) before centrifugation (500g for 5 min). The BMDMs were suspended with RPMI 

(supplemented with 10% of FBS, 1% of PEST and 1% of L-glutamine) and plated in Petri 

dishes at concentration of 3×105 cells per mL, in 10 mL of RPMI containing 20 ng/mL of 

macrophage colony-stimulating factor (M-CSF, PeproTech, UK), at 37 °C. After 3 days, 5 mL 

of cell culturing medium were replaced by 5 mL fresh RPMI containing 20 ng/mL of M-

CSF.[51] After 6 days, resting macrophages (M0 macrophages) were collected and seeded in 

non-tissue culture treated 48-well plates (Corning Inc., USA) at a density of 2.5×105 cells per 

well, in 0.5 mL of RPMI supplemented with 20 ng/mL of interleukin (IL)-4 (PeproTech, UK) 

to differentiate into M2-like macrophages, or containing 100 ng/mL of lipopolysaccharide (LPS, 

Sigma-Aldrich®, USA) and 10 ng/mL of interferon gamma (IFN-γ, PeproTech, UK) in order to 

obtain M1-like macrophages, and incubated at 37 °C for 48 h before characterization. 

 

2.7. Expression of cell surface markers on macrophages 

M0, M1, and M2–like macrophages were characterized after incubation with TruStain FcX™ 

anti-mouse CD16/32 antibody (BioLegend, USA) in cold PBS for 10 min at 4 °C, to prevent 

unspecific interactions. After, anti-mouse Allophycocyanin (APC)–F4/80, Phycoerythrin-Cy7 

(PE–Cy7)–CD11b, Alexa Fluor 488–CD86 and APC–CD206 (all from BioLegend, USA) in 

cold PBS were added to the samples, for 20 min at 4 ºC in the dark. After washings, the samples 

were analyzed by flow cytometry, using a LSR II flow cytometer (BD Biosciences, USA) and 

FACS Diva software. The data were analyzed by FlowJo V10 software (Tree Star, Ashland, 
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OR, USA) after collecting at least 20000 events. The experiments were performed at least in 

triplicate. 

 

2.8. Cytocompatibility studies 

Both 4T1 cells and M2-like macrophages were seeded in 96-well plates (PerkinElmer Inc., 

USA) at a density of 1.5×104 and 3×104 cells per well, respectively, and allowed to attach 

overnight. Then, 100 μL of empty and R848-loaded LNP suspensions, before and after surface 

functionalization, were added to each well in cell culturing medium at different concentrations 

(25–200 μg/mL), and the plates were incubated for 24 h at 37 °C. Additionally, similar dilutions 

for the free R848 (0.8–6.4 μM), previously dissolved with 1% (v/v) EtOH, were added to the 

cells. Incubations with 1% (v/v) Triton X-100 and cell medium were used as negative and 

positive controls, respectively. Then, after equilibrating the plates for 30 min at RT, the wells 

were washed once with 100 μL of HBSS–4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(HEPES) buffer. Afterwards, 50 μL of HBSS–HEPES (pH 7.4) was mixed with 50 μL of 

CellTiter-Glo® (Promega Corporation, USA) in each well, and the plates were stirred on an 

orbital shaker, protected from the light. Lastly, the luminescence was measured using a 

Varioskan Flash plate reader (Thermo Fisher Scientific, Inc., NY, USA). The amount of ATP 

produced by metabolically active cells was used to determine the number of viable cells in 

culture. The experiments were performed at least in triplicate. 

 

2.9. Immunostainings and in vitro cell-LNP association studies 

The in vitro assessment of the M2-like macrophages-LNP interactions were qualitatively and 

quantitatively evaluated by confocal microscopy and flow cytometry, respectively.  

For flow cytometry, M0 macrophages were seeded in 48-well plates (non-treated cell 

culture, Corning Inc., USA) at a density of 2.5×105 cells per well, in 500 μL of RPMI 

supplemented with 20 ng/mL of IL-4 to obtain M2-like macrophages, or 100 ng/mL of LPS and 
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10 ng/mL of IFN-γ in order to obtain M1-like macrophages, for 48 h at 37 °C. For the 

competition study, M2-like macrophages were previously treated with 200 μL anti-mouse 

CD206 antibody (10 μg/mL), for 2 h at 37 °C, in order to block the CD206 receptor. After 

washing the cells, 300 μL of empty or R848-loaded LNPs-P-FAM and LNPs-P-F-mUNO (200 

μg/mL) were added to each well and incubated at 37 °C for 10, 30 or 60 min in complete 

medium. Then, the wells were washed once with PBS (pH 7.4), and the macrophages were 

detached using 300 μL of PBS–ethylenediamine tetraacetic acid (EDTA, 5 mM), during 15 min 

on ice. The cells were collected, centrifuged at 500g for 5 min, and suspended in 300 μL PBS–

EDTA for flow cytometry analysis, using a LSR II flow cytometer (BD Biosciences, USA) and 

FACS Diva software. The data were analyzed by FlowJo V10 software (Tree Star, Ashland, 

OR, USA) after collecting at least 20000 events. All the experiments were performed at least 

in triplicate. 

For confocal microscopy, the 200 μL of M0 macrophages were seeded in Lab-Tek 8- 

chamber slides (Thermo Fisher Scientific, USA), at a density of 7.5×104 cells per well in RPMI 

supplemented with 20 ng/mL of IL-4, during 48 h, at 37 °C. Next, 200 μL of LNPs-P-FAM and 

LNPs-P-F-mUNO (200 μg/mL) in complete cell culture medium were incubated with the M2-

like macrophages for 10, 30 and 60 min, at 37 °C. After LNP incubation, the wells were washed 

once with PBS (pH 7.4), and the cells were fixed with 4% of paraformaldehyde (PFA) for 10 

min, at RT. The cells were further permeabilized with 100 μL of 0.2% (v/v) Triton-X in PBS 

(10 min, RT), and incubated with 100 μL of 5% blocking buffer [5% Bovine serum albumin 

(BSA) + 5% FBS + 5% Donkey serum in PBS + 0.05% (v/v) Tween-20 (PBS-T)], for 1 h at 

RT, to prevent unspecific binding of the antibodies. Then, 100 μL of rat anti-mouse CD206 

(dilution 1:150) and rabbit anti-FAM (dilution 1:500) in 1% blocking buffer (1% BSA + 1% 

FBS + 1% Donkey serum in PBS-T) were added to the cells during 1h at RT, followed by the 

incubation with 100 μL of goat anti-rat Alexa Fluor 647 (dilution 1:250) and goat anti-rabbit 

Alexa Fluor 488 (dilution 1:500) in 1% of blocking buffer (1% BSA + 1% FBS + 1% Donkey 
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serum in PBS-T), during 35 min at RT. Finally, the nuclei were stained with 200 μL of DAPI 

(2.8 μg/mL; Thermo Scientific, USA), for 5 min at RT. The wells were washed twice with PBS 

(pH 7.4) between each staining step. The samples were observed with a Leica SP5 inverted 

confocal microscope (Leica Microsystems, Germany), using a 63×/1.2–0.6 oil immersion 

objective. The colocalization of the LNP FAM signal with CD206+ M2-like macrophages 

(Pearson’s coefficient) was quantified using ImageJ, and the average values were obtained from 

at least 4 different images. 

 

2.10. Detection of reactive oxygen species  

In order to measure the generation of H2O2, the non-fluorescent compound 2’,7’-

dichlorodihydrofluorescein diacetate (DCFH2-DA, Sigma-Aldrich®, USA) was incubated with 

the cells, which upon oxidation by the intracellular ROS was converted to a fluorescent product 

2’,7’-dichlorofluorescein (DCF). For that, 3×104 M2-like macrophages per well were seeded 

and allowed to attach overnight. Afterwards, 200 µg/mL of R848-loaded LNPs and a similar 

concentration of free R848 (2 µg/mL) in 100 µL of complete cell culturing medium were 

incubated with the cells for 30 min, at 37 °C. Then, the wells were washed once with PBS (pH 

7.4), and 100 µL of fresh cell culturing medium was added for 48 h, at 37 °C. Finally, 100 μL 

of DCFH2-DA (10 μM) in HBSS–HEPES buffer was incubated with the cells for 1h, at 37 °C. 

Cells treated with cell culturing medium were used as control. Next, the fluorescence of the 

DCF (λex = 498 nm and λem = 522 nm) was measured with a Varioskan Flash plate reader 

(Thermo Fisher Scientific Inc., USA).  

 

2.11. Expression of cell surface markers on macrophages after in vitro repolarization of 

M2-like macrophages 

The differentiation of M0 macrophages into M2-like macrophages was done in 48-plates after 

seeding 2.5×105 macrophages per well, in 500 μL of RPMI supplemented with 20 ng/mL of IL-



  

14 
 

4, during 48 h at 37 °C. Then, 200 µg/mL of R848-loaded LNPs and a similar concentration of 

free R848 (ca. 2 µg/mL) were added to each well, in 300 μL of complete medium during 30 

min at 37 °C, and further replaced by 300 μL of fresh complete medium for 48 h at 37 °C. The 

macrophages were then detached using 300 μL of PBS–EDTA (5 mM EDTA, for 15 min on 

ice), and the cell suspensions were centrifuged at 500g during 5 min. The samples were further 

incubated with 100 μL of TruStain FcX™ anti-mouse CD16/32 antibody (BioLegend, USA) in 

cold PBS for 10 min at 4 °C, and then stained with anti-mouse Alexa Fluor 488–CD86 and 

APC–CD206 (BioLegend, USA) in cold PBS during 20 min at 4 ºC. After washing twice with 

PBS (pH 7.4), the samples were analyzed by flow cytometry, using a LSR II flow cytometer 

(BD Biosciences, USA) and FACS Diva software. The data were analyzed by FlowJo V10 

software (Tree Star, Ashland, OR, USA) after collecting at least 20000 events.  

 

2.12. Quantification of TNF-α levels 

The amount of TNF-α secreted by the macrophages after differentiation and repolarization was 

quantified in the cell culture supernatant using an ELISA kit for TNF-α detection (ab46105, 

abcam®, USA), following the manufacturers’ protocols.  

 

2.13. In vivo evaluation of the biosafety of R848@LNPs 
Healthy female Balb/c mice (6-8 week-old) were injected intraperitoneally with 200 µL of 

R848@LNPs-P-FAM or R848@LNPs-P-F-mUNO (250 μg) in 5.4% glucose, or 5.4% glucose 

as control, and circulated for 48 h (n = 3). Then, mice were anesthetized, and 500 µL of blood 

was collected by retro-orbital bleeding into lithium heparin tubes (BD Vacutainer 368494), 

centrifuged at 1800g for 15 min at 4 °C, and 400 µL of the supernatant (plasma) was collected. 

Finally, the samples were analyzed for concentration of Creatinine in the Tartu University 

Hospital, using a Cobas 6000 IT-MW (Roche Diagnostics Gmbh) machine and reagent for 

creatinine CREP2 (cat 03263991). 
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2.14. In vivo tumor model 

The 4T1 tumors were induced according to protocols approved by the Estonian Ministry of 

Agriculture, Committee of Animal Experimentation (permit #48). Female 8-12 week-old 

Balb/c mice (in-house bred) were inoculated orthotopically by injecting 1×106 4T1 cells 

dispersed in 50 µL of PBS in the 5th mammary fat pad. The tumor volume was calculated using 

the formula (W2×L)/2, where W is the tumor width and L is the tumor length, and these 

dimensions were measured using a digital caliper (Mitutoyo). 

 

2.15. In vivo homing study and ex-vivo biodistribution analysis 

To evaluate the tumor homing of R848-loaded LNPs-P-FAM and LNPs-P-F-mUNO, 4T1 

tumor-bearing mice were used 6 days after inoculation, when the tumors reached a volume of 

ca. 50 mm3. Then, 250 µg of LNPs dispersed in 200 µL of 5.4% glucose were administered 

intraperitoneally. Three hours later, mice were sacrificed by intraperitoneal (i.p.) administration 

of 500 µL of 2.5% Avertin and cervical dislocation, the tumors and organs were excised, rinsed 

with PBS and placed in 4% PFA at 4 °C, overnight. The tissues were then rinsed with PBS and 

left in PBS for 1 h at RT, to wash off any remaining PFA. Then, tissues were placed in 15% 

sucrose (in PBS) overnight, and later in 30% sucrose overnight. The tissues were frozen in 

Optimal Cutting Temperature (OCT, from Leica Biosystems, USA) blocks, from which 20 µm-

thick sections were cut using a Leica cryotome, transferred onto glass slides (Super Frost glass, 

Thermofisher, USA) and stored at -20 °C. For immunostaining, the tissue sections were thawed 

and left 2 h to dry at RT, in the dark. The immunostaining protocol used was the same as 

described elsewhere,(Scodeller et al., 2017) using rat anti-mouse CD206 (dilution 1:150) and 

rabbit anti-FAM (dilution 1:100) as the primary antibodies, and goat anti-rat Alexa Fluor 546 

(dilution 1:200) and goat anti-rabbit Alexa Fluor 647 (dilution 1:200) as the secondary 

antibodies. The sections were counterstained with DAPI, mounted, sealed with nail polish and 

imaged with a Zeiss LSM-710 confocal microscope (Germany). The total FAM signal and 



  

16 
 

colocalization (Pearson’s coefficient) between the FAM channel and CD206 channel were 

performed using ImageJ, and the average values were obtained from at least 4 different images, 

obtained from 3 different tumors. 

 

2.16. In vivo therapeutic study  
On day 6 post-tumor inoculation, tumor volumes were measured using a digital caliper, and 

mice were sorted into 5 groups (n = 6) in order to have groups with tumor volume average of 

46–48 mm3. Then, mice were treated every other day with Vinblastine alone (1 mg/kg, in 500 

µL of PBS, i.p.) or a combination of Vinblastine and 0.125 mg/kg of R848 (as free or nano-

formulated R848, in 200 µL of 5.4% glucose, i.p.). After day 12 post-tumor inoculation, 

Vinblastine was discontinued and the R848 administrations were continued every other day 

until day 16 post-tumor inoculation. Mouse weights and tumor volumes were measured at least 

every other day. On day 18 post-tumor inoculation all mice were sacrificed, and their tumors 

and organs were weighed. The tumors and organs from 3 mice from each group were used for 

immunological profile studies. 

 

2.17. Ex-vivo immunological profile of tumor and lymph node cells 
Single cell suspensions from tumor tissues were obtained after pre-incubation with 200 U/mL 

of Hyaluronidase (From Bovine Testes Sigma-Aldrich®, USA) for 2 h. Then, both lymph nodes 

and tumor tissues were gently disrupted of the tissue samples using a cell strainer (40 or 70 μm 

mesh, respectively) with a syringe plunger. Samples were suspended with FBS (containing 5% 

DMSO), and then cryopreserved at −80 °C, until the day of analysis. After quickly thawing, the 

samples were incubated with ACK lysis buffer to get rid of the red blood cells, and washed 

once with PBS. Then, cells were incubated with TruStain FcX™ anti-mouse CD16/32 antibody 

(BioLegend, USA) in cold PBS for 10 min at RT, followed by the stainings with antibody 

mixtures for 20 min, at 4 °C. Finally, samples were washed twice with PBS and analyzed by 
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flow cytometry, using a BD Accuri 6 plus (BD Biosciences, USA), and the FlowJo V10 

software was used for data analysis, after collecting 500000 events. Antibodies from BD 

Biosciences or BioLegend were used to stain cell surface markers for macrophages (PE-F4/80, 

and Alexa Fluor 488-CD86), T cells (Alexa Fluor 488-CD3ε, and APC-CD8), and DCs (FITC-

CD11c and APC-CD86).  

 

2.18. Immunological profiling of tumor tissues 
Immunofluorescence analysis was used to perform the immunological profiling of tumor tissues 

after therapeutic study. Treated tissues were cryoprotected as previously described, frozen using 

OCT, and 10 µm-thick sections were cut using a Leica microtome, and further stored at -20 °C. 

After 24 h, tissues were thawed and left at RT for at least 30 min. The immunostaining protocol 

used was the same as described elsewhere (Scodeller et al., 2017). To visualize M2 macrophage 

population, rat anti-mouse CD206 antibody (dilution 1:150) was used as primary antibody and 

Alexa 647 goat anti-rat (dilution 1:250, Invitrogen, cat A21247) as secondary antibody. For 

iNOS evaluation, rabbit anti-mouse iNOS (dilution 1:100, LSBio, cat LS-C352602-100) was 

used as primary antibody and Alexa 647 goat anti-rabbit (dilution 1:200) as secondary antibody. 

For IFN-g measurement, rat anti-mouse primary antibody was used and Alexa 647 Goat anti-

rat (dilution 1:200, Invitrogen, cat A21247) as secondary antibody. For CD8 evaluation, rat 

anti-mouse primary antibody was used and Alexa 647 goat anti-rat (dilution 1:200, Invitrogen, 

cat A21247) as secondary antibody. Tissue slides were counterstained with DAPI, mounted, 

sealed and imaged using Zeiss confocal microscope with 10× objective. Mean pixel count was 

calculated using 8 representative images from three different tumors per group, with ImageJ 

program.  
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2.19. Statistical analysis 
The measured values are expressed by mean ± standard deviation (s.d.) of at least three 

independent experiments. Statistical analysis was performed using the GraphPad Prism 

(GraphPad Software Inc., CA, USA). The probability was set as *p < 0.05, **p < 0.01 and ***p 

< 0.001. Generally, one-way analysis of variance (ANOVA) with the Bonferroni’s post-hoc-

test was used to estimate the significant differences, with exception of the tumor weight data, 

where the Newman-Keuls Multiple Comparison Test was used. Additionally, two-way 

ANOVA was used for the statistical analysis of the tumor volume curves.  

 

3. Results and discussion  

3.1. Preparation and characterization of the LNPs 

Firstly, the empty LNPs and R848@LNPs were prepared via solvent exchange, using the 

dialysis method described elsewhere (Fig. 1A) [50]. During this process, the carboxylated 

lignin polymer dissolved in THF, with or without R848, self-assembled into colloidal NPs as 

the THF was gradually replaced by MilliQ-water. Acting as a non-solvent, the water reduces 

lignin’s degrees of freedom and causes the segregation of hydrophobic regions to compartments 

within the forming NPs, which also allowed the incorporation of R848 inside this compartment 

[50]. Afterwards, the –COOH groups on empty or R848-loaded LNPs were covalently bound 

to the –NH2 groups of the NH2-PEG-Maleimide (2K), using EDC/NHS coupling chemistry, 

rendering LNPs-PEG-Mal or R848@LNPs-PEG-Mal, respectively (Fig. 1B). The free cysteine 

groups on both FAM and F-mUNO reacted with the maleimide groups on empty or R848-

loaded LNPs-PEG-Mal to yield LNPs-P-FAM or R848@LNPs-P-FAM and LNPs-P-F-mUNO 

or R848@LNPs-P-F-mUNO, respectively. All these formulations were further characterized 

for their average particle size, PDI, and ζ-potential by DLS, as shown in Fig. 1C. The empty 

LNPs presented an average size of 189 ± 8 nm, while the size of R848@LNPs slightly increased 

to 229 ± 36 nm after R848 loading. Moreover, the average size of the LNPs slightly increased 
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after the PEGylation reaction, where the LNPs-PEG-Mal showed 273 ± 17 nm and the 

R848@LNPs-PEG-Mal 302 ± 42 nm. However, no significant changes in the average sizes of 

both empty and R848-loaded LNPs were observed after reaction with FAM or F-mUNO, and 

the maximum size obtained was for the LNPs-P-F-mUNO, which was 315 ± 13 nm. Regarding 

the size distribution, all the prepared LNPs and R848@LNPs presented PDI values lower than 

0.25, suggesting a moderate polydispersity of the LNPs. The loading degree of R848 into LNPs 

was quantified by HPLC (Table 1), after dissolving the LNPs in ethanol to release the drug. 

The mass ratio used for loading R848 inside LNPs (1:10 of R848:LNPs) was chosen after 

finding the optimal ratio to have a good loading degree without increasing the average size of 

the R848@LNPs. The loading degree of R848 in the LNPs, LNPs-P-FAM, and LNPs-P-F-

mUNO was 1.76 ± 0.20%, 1.14 ± 0.18%, and 1.02 ± 1.4%, respectively (Fig. 1D). The 

morphology and size distribution of the empty and R848-loaded LNPs was also verified by 

TEM (Fig. 1E), and the all LNPs presented symmetric and spherical shape, because of the 

interaction between the water and lignin during the dialysis process [50]. Furthermore, the 

morphology and size distribution of the LNPs did not change after the LNP surface 

functionalization, as well as after R848 loading into the LNPs.  
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Fig. 1. Schematic representation of the solvent exchange process to prepare the empty or R848-

loaded LNPs (A) and further conjugation reactions (B). Characterization of bare and R848-

loaded LNPs, before and after functionalization by measuring (C) the average size, PDI, and ζ-

potential of the LNPs; (D) quantification of the loading degree of R848 and (E) TEM images 

of the empty LNPs (scale bars = 200 nm). Error bars represent the mean ± s.d. (n ≥ 3). 

 

3.2. Stability of the R848@LNPs and in vitro dissolution profiles of R848 

The specificity and extent of protein binding to the NP’s surface in physiological environment 

is influenced by the composition, shape, size and surface chemistry of the particles, which 

consequently affect their biofate upon administration [53,54]. Therefore, we evaluated the 

stability of the bare and functionalized R848@LNPs by measuring the changes on the size and 

PDI of the NPs, during their incubation in cell culture medium, supplemented with 10% of FBS, 

at 37 °C for 2 h (Fig. 2A,B). Overall, the results showed an increase of about 50 nm in the 

R848@LNP size during the first minutes of incubation, which kept constant over time. Despite 

of the electrostatic repulsion between the negatively charged proteins and the NP’s surface, this 

minor increase in the NP size might indicate some protein adsorption onto the NP’s surface due 

to the FBS proteins [55]. However, the PDI of the NPs did not change significantly, suggesting 

that the aggregation of the NPs did not occur, probably due to the presence of FBS that can 

improve the colloidal stability of NPs [56]. 

Then, the R848 dissolution profiles of free R848 and R848@LNPs were evaluated in two 

different aqueous buffer solutions mimicking the tumor microenvironment or intracellular 

endosomes (pH 5.5) and the physiological pH (pH 7.4), during 24 h at 37 °C (Fig. 2C,D). For 

the free R848, the dissolution was found to be below 40% at both pH values, mainly due to its 

relatively low water solubility. However, R848@LNPs showed a burst release at pH 5.5 and 

7.4 of ca. 80 and 100% within 24 h, respectively. Our previous findings suggested that the 

release of the drugs can occur by a diffusion mechanism through the lignin structure [21]. 

Overall, these results indicated that LNPs can substantially improve the dissolution rate of the 
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R848, and protect it inside the nanostructure as no degradation or precipitation of R848 was 

observed. 

 

Fig. 2. Stability of LNPs after 2 h incubation in RPMI supplemented with 10% of FBS, at 37 °C: 

effect on the (A) size and (B) PDI. Dissolution profiles of pure R848, R848@LNPs-P-FAM 

and R848@LNPs-P-F-mUNO in (C) HBSS–MES (pH 5.5) and (D) HBSS–HEPES (pH 7.4) at 

150 rpm and 37 °C for 24 h. Errors bars represent mean ± s.d. (n = 3). 

 

3.3. In vitro cell−LNP association studies and repolarization of M2-like macrophages 

Next, we used primary mouse M2-like macrophages to perform the in vitro characterization of 

the formulation, i.e. cytocompatibility, cell-LNP binding and repolarization. For that, BMDMs 

were isolated and seeded in cell medium containing M-CSF for 6 days to obtain M0 

macrophages (F4/80+ CD11b+), which were further differentiated into M1- or M2-like 

macrophages after incubation with LPS and IFN-γ or IL-4, respectively (Fig. S1A) [51]. These 

macrophages were characterized by measuring the expression of CD86 and CD206 cell surface 

markers, and their morphology was also observed (Fig. S1B,C,E). Here, M1-like macrophages 
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showed higher expression of CD86 and a round shape, while M2-like macrophages presented 

higher expression of CD206 and a more elongated shape [57]. Additionally, the levels of TNF-

α released by the macrophages was quantified in the cell culture supernatants by ELISA assay 

(Fig. S1D). As expected, M1-like macrophages released higher concentration of TNF-α 

compared to resting or M2-like macrophages [32,33]. Then, the cytocompatibility of empty and 

R848-loaded LNPs with mouse M2-like macrophages and 4T1 cells was evaluated after 

incubation for 24 h with different LNP concentrations, ranging from 25 to 200 µg/mL, and 

similar concentrations of free R848 (0.1–2 μg/mL) (Fig. S2). Both empty and R848-loaded 

LNPs were non-toxic towards the two cell lines for all the concentrations tested, also indicating 

that R848 did not interfere with the viability of macrophages or 4T1 cells.  

The in vitro binding of empty LNPs to M2 macrophages was also evaluated both qualitatively 

and quantitatively, using confocal microscopy and flow cytometry, respectively. For this, 200 

μg/mL of LNP-P-FAM and LNP-P-F-mUNO were incubated with M2 macrophages, and short 

time points (10, 30 and 60 min) were used to select the ideal incubation time for the 

repolarization study. In confocal microscopy (Fig. 3A), the LNP-P-F-mUNO showed a higher 

association with M2 macrophages than the control LNP-P-FAM for the three time points tested, 

which was confirmed after quantification of the co-localization of the FAM and CD206 

channels (Fig. 3B-D). The LNP-P-F-mUNO showed higher co-localization with the CD206 on 

the M2 macrophages after 30 min of incubation. Binding of these formulations to M2 

macrophages was also quantified by flow cytometry (Fig. 3E), where the LNP-P-F-mUNO 

showed ca. twice higher association with M2 macrophages after 30 min, compared to the LNP-

P-FAM. Based on these results, we further studied the specificity of the targeting of mUNO-

functionalized R848-loaded LNPs towards the CD206+ M2 macrophages, and quantitatively 

evaluated the cellular association of R848@LNPs-P-F-mUNO (200 μg/mL) with M1-like 

macrophages, and M2-like macrophages, with and without previous blocking of the CD206 

receptor, after 30 min of incubation (Fig. S3). The cellular association of R848@LNPs-P-F-
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mUNO with M2-like macrophages was about 1-fold higher compared to the M1-like 

macrophages. Furthermore, after blocking the CD206 receptor on M2 macrophages, the cellular 

association of R848@LNPs-P-F-mUNO decreased to similar values obtained for M1 

macrophages. All these observations suggest that mUNO peptide improves the binding of LNPs 

to CD206+ M2 macrophages, in particular after 30 min of incubation, and thus, we selected this 

time point for the subsequent studies.  

For the repolarization study, 200 µg/mL of R848@LNP-P-FAM and R848@LNP-P-F-

mUNO, containing about 2 μg/mL of R848, and similar concentration of free R848, were 

incubated with M2 macrophages for 30 min, which was then replaced by cell medium for an 

additional 48 h, at 37 °C. Next, the expression of the cell surface markers (CD206 and CD86) 

was quantified using flow cytometry and normalized with the untreated control (Fig. 3F). Both 

R848@LNPs induced a higher expression of CD86 compared to the free R848, while 

decreasing the levels of CD206 cell surface marker, showing that the treatment with R848 can 

revert the macrophage phenotype from M2-like (CD206+) into M1-like phenotype (CD86+). In 

addition, increased production of ROS (e.g., H2O2) after incubation with R848@LNP-P-F-

mUNO was also observed, compared to the free R848, using the DCFH2-DA assay (Fig. 3G). 

This is also an indication of the macrophage re-education towards the M1-like phenotype or 

anti-tumor effect, as these macrophages are known to produce more ROS, which can act as 

secondary messengers that regulate downstream pathways, and consequently, promote the 

expression of proinflammatory genes [58,59]. Furthermore, the concentration of TNF-α after 

treatment with free or nanoformulated R848 radically increased compared to the untreated 

control (Fig. 3H), and the incubation with R848@LNP-P-F-mUNO led to a significantly higher 

secretion of TNF-α than the free R848. 
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Fig. 3. In vitro cellular interaction studies of functionalized LNPs with M2-like macrophages. 

(A) Confocal fluorescence microscopy images after incubation with 200 μg/mL of LNPs-P-

FAM and LNPs-P-F-mUNO for 10, 30 and 60 min at 37 °C. DAPI (blue), anti-FAM (green), 

and anti-CD206 (red) were used to stain the nucleus, the LNPs, and the CD206 receptor, 

respectively. The merged panels show the association of the LNPs with the CD206 receptors 

(scale bars are 50 μm). Quantification of the co-localization of FAM and CD206 channels 

(Pearson’s coefficient) after incubation with both LNPs for (B) 10 min, (C) 30 min, and (D) 60 

min, using ImageJ (n ≥ 4). (E) Quantitative cellular association by flow cytometry, after 

incubation of 200 μg/mL of LNPs-P-FAM and LNPs-P-F-mUNO, for 10, 30 and 60 min at 

37 °C. At least 20000 events were collected for each measurement (n = 3). In vitro 

repolarization of M2-like macrophages after incubation with 200 μg/mL of R848@LNPs-P-

FAM, R848@LNPs-P-F-mUNO and free R848 (ca. 2 μg/mL) for 30 min, followed by 

incubation with cell medium for 48 h at 37 °C. (F) Fold-change in the mean fluorescence 

intensity (MFI) values (relative to the untreated control), in the expression CD206 and CD86 

on macrophages, using flow cytometry; and (G) fold-increase in the production of ROS, 

compared to the untreated control, which was determined with a fluorescent DCFH2-DA assay 

(n = 3). (H) Quantification of the TNF-α concentration in the cell culture supernatants using an 

ELISA assay (n = 3), after the repolarization study in which 200 μg/mL of R848@LNPs-P-

FAM, R848@LNPs-P-F-mUNO and free R848 (ca. 2 μg/mL) for 30 min, followed by 

incubation with cell medium for 48 h at 37 °C. The results were analyzed with one-way 
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ANOVA followed by Bonferroni post-test, and statistical significance was set at probabilities 

of *p < 0.05, **p < 0.01, and ***p < 0.001. 

 

3.4. In vivo homing study and ex-vivo biodistribution analysis 

Then, we used an orthotopic and highly aggressive 4T1 TNBC syngeneic model in 

immunocompetent Balb/c mice to investigate the biodistribution and homing of the LNPs. For 

this, both R848@LNPs-P-FAM and R848@LNPs-P-F-mUNO were injected i.p. in 4T1 tumor-

bearing mice, and their ability to target the tumor was evaluated. After 3 h, mice were sacrificed 

and their organs were collected, cryoprotected and cryo-sectioned for biodistribution analysis 

by confocal microscopy (Fig. 4). The tumor sections showed that both R848@LNPs-P-FAM 

and R848@LNPs-P-F-mUNO showed similar patterns of accumulation in the TAMs at the 

tumor site (Fig. 4A,B), which was quantified by the co-localization of the FAM signal and 

CD206 signal (Fig. 4C). Here, the percentage of co-localization of both channels was about 

50% and 60% for R848@LNPs-P-FAM and R848@LNPs-P-F-mUNO, respectively. However, 

when the intensity of the FAM signal was measured in the CD206+ macrophages, the 

R848@LNPs-P-F-mUNO showed a significantly higher accumulation compared to the control 

R848@LNPs-P-FAM (Fig. 4D). This suggests that the mUNO peptide can effectively increase 

the interaction of empty LNPs or R848@LNPs with the M2-like macrophages in the TME. 

Additionally, the distribution of the R848@LNPs in the main organs was also evaluated (Fig. 

4A). The accumulation of R848@LNPs in the lungs was very low, suggesting that almost no 

NP aggregates were formed. Furthermore, the accumulation of both nanosystems was low in 

the main organs responsible for the clearance of NPs (liver, spleen, and kidney), which can 

indicate that the NPs were either cleared out from these organs or at the M2 TAMs in the tumor 

after 3 h.  
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Fig. 4. Biodistribution of R848@LNPs-P-FAM and R848@LNPs-P-F-mUNO (250 µg), 

injected i.p. into 4T1 tumor-bearing mice (n = 3), and circulated for 3 h: (A) representative 

confocal fluorescence microscopy images of the ex-vivo biodistribution of the R848@LNPs, 

compared to the non-injected control (stained with secondary antibodies). DAPI (blue), anti-

FAM (green), and anti-CD206 (red) were used to stain the nucleus, the LNPs, and CD206, 

respectively. (B) Enlarged images of the R848@LNPs distribution at the tumor. Scale bars are 

100 µm. (C) Quantification of co-localization (Pearson’s coefficient) between FAM and CD206 

channels, and (D) total FAM signal per CD206+ cells, using ImageJ (n ≥ 4). The results were 

analyzed with one-way ANOVA followed by Bonferroni post-test, and statistical significance 

was set at the probability of ***p < 0.001. 

 

3.5. In vivo Therapeutic Study and Ex-vivo Immunological Profile of Tumor Tissues 

Finally, we evaluated the ability of these nanosystems to potentiate the antitumor efficacy of 
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the chemotherapeutic compound vinblastine (Vin), a vinca alkaloid and microtubule-

destabilizing agent that affects cell growth and survival by disrupting the dynamic equilibrium 

of the microtubules, and blocks the cell cycle at the metaphase-anaphase transition in mitosis, 

leading to the cellular apoptosis [60]. For this study, we selected the water-soluble Vinblastine 

sulfate as the chemotherapeutic agent, due to its high potency towards different cell lines 

compared to other chemotherapeutic agents [61], and also because no effect of Vin on the 

viability of M2-like macrophages has been reported before, as these macrophages present none 

or minimal proliferation rates [31]. Vin has also been used in different therapeutic regimens in 

previously treated or advanced breast cancer patients [62,63]. 

Based on these, we decided to administer Vin at a dose of 1 mg/kg as monotherapy or 

combined with free R848 or R848@LNPs at ca. 0.125 mg/kg, using an orthotopic 4T1 TNBC 

model in immunocompetent Balb/c mice. On day 6 post-tumor inoculation, mice were 

randomized in 5 groups with average tumor volume of about 47 mm3, and the following 

treatments were administered i.p.: (1) PBS and 5.4% of Glucose (Control); (2) Vin and 5.4% 

of Glucose (Vinblastine); (3) Vin and free R848 (Vin + R848); (4) Vin and R848@LNPs-P-

FAM (Vin + R848@LNPs-P-FAM); and (5) Vin and R848@LNPs-P-F-mUNO (Vin + 

R848@LNPs-P-F-mUNO). The treatment schedule is schematized in Fig. 5A, where the free 

R848 or R848@LNPs was co-administered with the Vin every other day. The Vin treatment 

was interrupted when the dose-limiting toxicity was reached and the mice receiving Vin started 

losing weight (Fig. S4). Then, the treatment with free and nanoformulated R848 was continued 

until the endpoint, which was defined at day 18 post-tumor inoculation, in order to study the 

immunological profile of the cells in the tumors and lymph nodes. Additionally, the biosafety 

of R848@LNPs was assessed by measuring the levels of creatinine in the plasma of healthy 

mice, for the evaluation of kidney toxicity (Fig. S5). After 48 h of circulation time, both 

R848@LNPs-P-FAM and R848@LNPs-P-F-mUNO did not show kidney toxicity. 
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The Vin treatment showed some antitumor activity, as the tumor volume decreased 

compared to the PBS group (Fig. 5A). However, only R848@LNPs-P-F-mUNO was able to 

provide a statistically significant improvement of the Vin treatment, as evidenced by the tumor 

volume kinetics (Fig. 5B) and the tumor weight (Fig. 5C) at the end of the treatment. The non-

targeted R848@LNPs-P-FAM showed a trend of improvement over the free R848 (Fig. 5C), 

which is in line with the results observed in the homing study, where both targeted and non-

targeted R848@LNPs showed accumulation in CD206+ TAMs. However, the R848@LNPs 

showed an increased accumulation in the CD206+ TAMs when targeted with the mUNO peptide, 

which led to an increased concentration of R848 in M2-like TAMs. Overall, these findings 

suggest that mUNO targeting of R848-loaded in a nanoplatform to M2-like macrophages at the 

TME can improve the antitumor efficacy compared to the free R848, by altering its 

pharmacokinetics and biodistribution upon administration. 
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Fig. 5. In vivo therapeutic study using a 4T1 tumor-bearing mice (n = 6). (A) Therapeutic 

scheme, in which the red arrows represent the Vin injections (1 mg/kg, in 500 µL of PBS, i.p.), 

and the blue arrows indicate free or nanoformulated R848 administrations (0.125 mg/kg of 

R848, in 200 µL of 5.4% glucose, i.p.). (B) Tumor volumes measured with a digital caliper 

during the treatment (n = 6), and the results were analyzed with two-way ANOVA. (C) Tumor 

weights measured at the end of the treatment (day 18 post-tumor inoculation, n = 6), and the 

results were analyzed with one-way ANOVA followed by Newman-Keuls post-test. Analysis 
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of the immunological profile of tumor cell population after treatment (n = 3), using flow 

cytometry: (D) macrophages; (E) T cells, and (F) dendritic cells. At least 500000 events were 

collected for each measurement. Immunofluorescence-based staining of tumor tissue after 

treatment (n = 3) for (G) iNOS; (H) CD206+ cells (M2 macrophages); (I) CD8+ cells (T cells), 

and (J) INF-γ. Quantification of mean pixel count using ImageJ (n ≥ 8). The results (D–J) were 

analyzed with one-way ANOVA followed by Bonferroni post-test. Statistical significance was 

set at probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001. 

 

Immune cells are known to have a critical role in the regulation of tumor growth, and therefore, 

we compared the immunological profile of the cells extracted from the tumors in the groups 

receiving free or nanoformulated R848, using flow cytometry (Fig. 5D-F), following the gating 

approach as shown in Fig. S6, as well as using immunofluorescence-based staining 

(representative images are shown in Fig. S7). Firstly, we assessed the modifications in the 

macrophage population in the tumor tissues, which are primarily defined by the presence of the 

F4/80 marker. Then, the M1 macrophage subset was identified by the expression of CD86 

markers [32,33]. Both non-targeted and mUNO-targeted R848@LNPs showed higher levels of 

F4/80+CD86+ macrophages, compared to the free R848 (Fig. 5D), suggesting that the delivery 

of R848 with LNPs can trigger in situ reprogramming of M2 TAMs into M1-like phenotype at 

the tumor tissue, compared to the free R848. This repolarization into M1-skewed macrophages 

can then initiate an anti-tumor response characterized by the release of pro-inflammatory 

signals (e.g., TNF-α, IL-6, and IL-12) and production of ROS [32–34]. Additionally, 

endogenous inducible nitric oxide synthase (iNOS) has been associated with increased tumor 

aggressiveness, reduction of chemotherapeutic treatment efficacy, and poor survival rates in 

TNBC, and therefore, its inhibition seemed to decrease TNBC aggressiveness [64–66]. 

According to the immunofluorescence staining for iNOS in the tumor tissue, the treatment with 

mUNO-targeted R848@LNPs showed a decrease in the iNOS levels compared to the other two 

groups, especially compared with the non-targeted R848@LNPs (Fig. 5G). Additionally, the 
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amount of F4/80+CD206+ in the tumor was higher for the treatment with the R848@LNPs-P-

FAM compared to the R848@LNPs-P-FmUNO (Fig. 5H). Furthermore, the group receiving 

the R848@LNPs-P-FmUNO presented slightly higher amount of CD206+ cells compared to the 

free R848. A similar effect was also observed by Galstyan et al.[67], which can be ascribed to 

the fact that the nanoscale treatment might not reach the necrotic areas of the tumor, which can 

contain M2 polarized macrophages, due to the extensive tissue necrosis and lack of vasculature 

in treated tumors, and therefore, the R848@LNPs-P-F-mUNO exhibited a slightly higher 

amount of CD206 positive cells compared to the group receiving R848. 

The presence of M2 macrophages in the TME is also associated with the poor infiltration 

of cytotoxic T cells (CTLs) in the tumor, which is frequently associated with higher risk of 

relapse and a poor outcome in breast cancer patients [26,68]. However, TAMs depletion was 

shown to reestablish the T cell migration and infiltration into tumors [69]. Here, we used CD3 

and CD8 as markers to evaluate the presence of CTLs (CD8+ T cells) in the tumor tissues (Fig. 

5E). The percentage of CD3+CD8+ T cells in the tumor was significantly higher for the group 

receiving the R848@LNPs-P-F-mUNO compared with the other two groups. The CD8 staining 

by immunofluorescence also confirmed the increase of the CD8+ cells in the tumor after 

treatment with R848@LNPs-P-F-mUNO (Fig. 5I). This can be due to the indirect effect of the 

more efficient re-education of M2-macrophages accomplished by mUNO-targeted 

R848@LNPs. The reduction of the immunosuppressive microenvironment in the tumor can 

indirectly trigger the action of CD8+ T cells, and directly activate T cell cytotoxicity caused by 

the release of ARG1, which ultimately leads to the T cell activation [70,71]. Thus, the tumor 

infiltration of CTLs can boost immune responses against the tumor, which is characterized by 

the secretion of IFN-γ [72]. The levels of IFN-γ quantified by immunofluorescence increased 

proportionally to the percentage of CD8+ T cells in the TME, in which the treatment with 

R848@LNPs-P-F-mUNO resulted in a superior level of IFN-γ at the tumor tissue (Fig. 5J). 

The infiltration of tumor tissues by antigen-presenting cells (APCs), like dendritic cells (DCs), 
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is also one of the main prognostic factors in cancer treatment, because it can provide a second 

stimulatory signal to trigger the anti-tumor T cell response [70]. Therefore, we next evaluated 

the DCs’ population in the tumor tissues, primarily characterized by the CD11c expression, and 

in particular the percentage of activated CD86+ DCs (Fig. 5F). The delivery of R848 by LNPs 

led to a general increase in the percentage of CD86 positive DCs in the tumor compared with 

the free R848. In addition, we also characterized the cell population in the lymph nodes (Fig. 

S8A–D), in which a significantly higher percentage of M1-like macrophages (F4/80+CD86+) 

and CD11c+CD80+ DCs was observed after treatment with the mUNO-targeted R848@LNPs. 

 

4. Conclusion 

In this study, we successfully developed an effective lignin-based nanosystem to target a 

potent TLR7/8 agonist (R848) to the TME, in order to revert the tumor supportive (M2-like) 

macrophages into an anti-tumor (M1-like) phenotype, for enhanced chemotherapy. The use of 

mUNO to target the R848@LNPs to M2 macrophages showed an improved efficiency of the 

R848 in different ways, such as by modifying the biodistribution of the R848 and enhancing its 

accumulation and efficacy in shifting the immunological profile of the cells in the TME, not 

possible to achieve by systemic administration of free R848. Loading R848 into NPs can also 

decrease the systemic side effects associated with the repeated administration of TLR agonists 

in the free form, which is a limitation for their translation into the clinic [73,74]. Moreover, a 

reduction in the tumor volumes was achieved at lower equivalent doses of R848 compared with 

other studies [46,75]. Therefore, the co-administration of R848@LNPs is a promising candidate 

for chemotherapeutic applications in very aggressive tumors, such as the TNBC. 
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Fig. S1. M1 and M2 macrophages polarization and their characterization. (A) Scheme of the 

protocol to isolate BMDMs and differentiate them into M0 macrophages, followed by the 

polarization into M1- and M2-like macrophages. Evaluation of the expression of the cell 

surface markers (CD206 and CD86) on M0, M1, and M2 macrophages, using flow cytometry, 

in terms of (B) positive events, and (C) fold-increase in the MFI values (compared to the 

unstained control). At least 20000 events were collected for each measurement. (D) 

Quantification of the TNF-α concentration in the cell supernatants by ELISA kit, after 

differentiation of M0 into M1- and M2-like macrophages. The error bars represent mean ± 

s.d. (n = 3). (E) Representative pictures of the macrophages, before and after polarization, 

using optical microscopy. 
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Fig. S2. Cytocompatibility studies of (A, B) empty LNPs (25–200 µg mL–1), and (C, D) 

R848@LNPs (25–200 µg mL–1), and similar concentrations of free R484 (0.8–6.4 μM), after 

incubation with (A, C) M2-like macrophages, and (B, D) 4T1 cells, during 24 h at 37 °C, 

determined by a CellTiter-Glo luminescence assay, in which all data sets were compared to 

the positive control (cell medium). Results are presented as mean ± s.d. (n ≥ 3). The level of 

the significant differences was set at probabilities of *p < 0.05, and **p < 0.01.  
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Fig. S3. In vitro cellular interaction studies of R848@LNPs-P-F-mUNO with M1-like 

macrophages, and M2-like macrophages, with and without blocking of the CD206 receptor. 

Quantitative cellular association by flow cytometry, after incubation of 200 μg/mL of 

R848@LNPs-P-F-mUNO for 30 min, at 37 °C. The results are expressed as fold-increase to the 

untreated control in the mean fluorescence intensity (MFI) values in FAM channel. At least 

20000 events were collected for each measurement. The error bars represent mean ± s.d. (n = 

3). The level of the significant differences was set at probabilities of ***p < 0.001, or not 

significant (ns). 
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Fig. S4. Body weight of the animals after starting the in vivo therapeutic study, using 4T1 

tumor-bearing mice (n = 6).  

 

 
Fig. S5. Toxicity evaluation of the R848@LNPs by means of creatinine levels (kidney), after 

i.p. injection in healthy Balb/c mice of 250 μg of R848@LNPs-P-FAM or R848@LNPs-P-F-

mUNO in 200 µL of 5.4% glucose, or 200 µL of 5.4% of glucose as control, for 48 h. Results 

are presented as mean ± s.d. (n = 3).  
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Fig. S6. Representative gating strategy used to analyze flow cytometry data of the 

immunological profile of the cells extracted from the tumors. After gating singlets (FSC-A vs 

FSC-H), P1 population was gated in the graph FSC-A vs SSC-A to exclude debris. The P1 

population was used to gate the specific markers for each type of cells: F4/80+ vs CD206+ for 

M2 macrophages, F4/80+ vs CD86+ for M1 macrophages, CD3ε+ vs CD8+ for cytotoxic T cells, 

and CD11c+ vs CD86+ for dendritic cells (DCs). The value in the Q2, i.e., double positive cells, 

was then normalized with the value obtained for the unstained control, which was further 

normalized with the tumor volume for each sample.  
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Fig. S7. Representative images of the imunofluorescence-based staining of tumor tissue after 

treatment for CD206+ cells (M2 macrophages), iNOS, INF-γ and CD8+ cells (T cells). DAPI 

(blue) was used to stain the nucleus, and the red color represents the CD206, iNOS, INF-γ and 

CD8+ markers. Scale bars are 50 µm. 
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Fig. S8. Analysis of the immunological profile of sentinel lymph nodes (LNs) cell population 

after treatment (n = 3), using flow cytometry: (A, B) macrophages and (C, D) dendritic cells. 

At least 500000 events were collected for each measurement, and the results were analyzed 

with one-way ANOVA followed by Bonferroni post-test. Statistical significance was set at 

probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001. 

 


