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Abstract 

Currently there are no specific therapies addressing the distinctive biology of human 

papillomavirus (HPV)-induced cancer approved for clinical use. Short interfering RNA 

(siRNA) has much potential for therapeutic manipulation of HPV E6/E7 oncoproteins. Lipid-

based nanoparticles (LNPs) can be utilized for systemic transportation and delivery of siRNA 

at target site. We recently developed a recombinant protein linker that enables uniform 

conjugation of targeting antibodies to the LNPs. Herein, we demonstrate the therapeutic 

efficacy of anti-E6/E7 siRNA delivered via targeted LNPs (tLNPs) in a xenograft HPV-

positive tumor model. We show that anti-epidermal growth factor receptor (EGFR) 

antibodies, anchored to the LNPs as targeting moieties, facilitate cargo delivery but also 

mediate anti-tumor activity. Treatment with siE6 via tLNPs resulted in 50% greater reduction 

of tumor volume compared to treatment with siControl encapsulated in iso-LNPs (coated 

with isotype control antibodies). We demonstrate superior suppression of HPV oncogenes 

and higher induction of apoptosis by the tLNPs both in vitro and in vivo. Altogether, the 

coupling of inhibitory siE6 with anti-EGFR antibodies, that further elicited anti-tumor 

effects, successfully restricted tumor progression.  This system that combines potent siRNA 

and therapeutically functional tLNPs can be modulated against various cancer models.  
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1. Introduction 

Head and neck cancer (HNC) is the sixth leading cause of cancer worldwide, with 

approximately 600,000 newly diagnosed cases each year.[1] The rising incidence of human 

papillomavirus (HPV) infections has led to a notable increase in HPV-associated HNC 

diagnosis, especially among young adults.[2–4] No HPV-specific therapies are currently 

available, and existing oncologic management protocols are mostly limited to cytotoxic 

chemoradiation that detrimentally affects quality of life. The oncogenic function of HPV has 

been extensively investigated during the past decades in search of more precise therapeutic 

targets. The viral proteins, E6 and E7, were found to play an essential role in virus replication 

and malignant transformation.[5,6] E6 was shown to promote ubiquitin-mediated p53 

degradation,[7] and E7 was shown to modulate the function of retinoblastoma family of 

proteins (pRb, p107, and p130), leading to uncontrolled proliferation.[5] E7 can also induce 

genome instability and genetic alternations, and the expression of both oncoproteins is 

considered pivotal for maintaining the malignant phenotype.[6] Genetic manipulation of 

these key targets by means of various strategies has been applied in pre-clinical models. Short 

interfering RNA (siRNA) against HPV E6 and E7 was shown to successfully induce 

apoptosis of HPV-positive cervical and oropharyngeal cancer cell-lines.[8,9] It was also 

demonstrated that intra-tumoral injection of siRNA targeting HPV E6 and E7 can elicit tumor 

growth inhibition in tumor-bearing mice.[10,11]  

Despite its promising potential, the clinical translation of siRNA-based drugs for HPV-

induced cancer as well as for solid tumors in general has been hindered by mechanical and 

physiological barriers related to systemic administration. One major obstacle is the instability 

of naked siRNA in circulation due to immune system activation, rapid degradation and 

elimination by the reticuloendothelial system (RES).[12,13] In addition, upon reaching the 

target cell, membrane penetration is limited by siRNA negative charge and large molecular 
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weight (~13 kDa).[14] Versatile delivery vehicles were designed to overcome these barriers, 

and lipid-nanoparticles (LNPs) became one of the leading technologies for in vivo systemic 

siRNA transportation.[15,16] These nanocarriers for siRNAs, however, have shown only 

modest success, and very few formulations have entered clinical trials on patients with 

advanced or refractory solid tumors.[17–19] The complex microscopic architecture of solid 

tumors poses major challenges for sufficient delivery of nanocarriers.[20,21] In most cases, 

less than 1% of an intravenously injected dose of the nanoparticles is successfully delivered 

into a solid tumor.[22]  

Structural modifications of the LNPs can be applied to resist circulatory and tumor-

related barriers and to achieve a better therapeutic index of the nanocarriers. Active targeting 

is one of the strategies utilized to improve therapeutic efficacy by enhancing specific target-

cell uptake while reducing off-target side effects.[23–25]  In HNC, the Erb family of receptor 

tyrosine kinases (RTKs), which is ubiquitously expressed on most cancers of epithelial 

origin,[26] provides excellent targetable surface markers. In addition to excessive expression, 

inappropriate activation of the Erb receptors was also shown to promote tumorigenesis.[27] 

Anticancer therapy based on epidermal growth factor receptor (EGFR) blockade has been 

validated and approved for clinical use in patients with advanced HNC.[28,29]  

 

In this study, we tested the utility of siRNA against HPV-E6/E7 encapsulated in LNPs as 

a specific therapeutic modality for HPV-induced HNC. We hypothesized that antibodies 

against EGFR can be used to actively target the LNPs into HNC cells, adding another layer of 

specificity and at the same time providing additional therapeutic effect, by modulating 

fundamental intracellular pathways initiated by EGFR activation. To test this hypothesis, we 

have devised targeted LNPs (tLNPs) by means of our recently designed modular targeting 
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platform, named ASSET (Anchored Secondary scFv Enabling Targeting), [30] that enables 

anchoring of monoclonal antibodies (mAbs) to the LNP surface. This technology is based on 

biological conjugation of a lipoprotein, purified from E.coli that self assembles with the 

LNPs surface and interacts with the mAb Fc domain to mediate efficient binding to target 

receptor. We established a xenograft HPV-positive HNC mouse model and showed that 

employing anti-EGFR mAbs for targeting not only enhances in vivo LNPs uptake specifically 

in cancer cells, but also confers therapeutic advantage by stimulating anti-tumor activity. The 

use of tLNPs boosted the therapeutic efficacy of the anti-HPV siRNA, as demonstrated by 

augmented induction of apoptosis in vitro and enhanced tumor growth inhibition in vivo, 

compared to LNPs coated with isotype control mAbs (iso-LNPs). We now present pre-

clinical evidence for successful tumor growth inhibition in a solid cancer model achieved by 

siRNA administered systemically via EGFR-targeting LNPs. Ultimately, this treatment 

strategy that combines potent anti-HPV siRNA with functional anti-EGFR tLNPs holds great 

promise for a virus-specific treatment for HPV-induced cancer, and ultimately for many other 

malignant diseases in the era of precision medicine.    

 

2. Materials and methods   

2.1 Cell culture and cell lines 

FaDu and 2A3 hypopharyngeal carcinoma cell lines (ATCC, USA) and the UMSCC-104 cell 

line (Millipore, USA) were routinely cultured in Dulbecco's modified eagle's medium 

(DMEM) (Biological Industries, Israel) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS), 100μg/ml Penicillin-Streptomycin-Nystatin, 1% L-glutamine (Biological 

Industries, Israel) and 1% MEM non-essential amino acids supplement (Sigma, USA). The 

UPCI:SCC090 oropharyngeal carcinoma cell line (ATCC, USA) was cultured in EMEM 
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(ATCC, USA) supplemented with 10% FBS, 100μg/ml Penicillin-Streptomycin-Nystatin and  

1% L-glutamine . Cells were grown and maintained in a humidified incubator at 37 ᴼC with 

5% CO2. All cells were routinely checked for mycoplasma contamination with the EZ-PCR 

Mycoplasma Test Kit (Biological Industries, Israel), according to the manufacturer’s 

protocol.   

2.2 siRNA and transfections in vitro  

Chemically modified Dicer-substrate siRNAs against HPV16-E6/E7, scrambled control 

siRNA, and Cy5-labelled siRNA were synthesized at IDT (Coralville, Iowa, USA) with 

standard phosphoramidite chemistry and the following sequences: E6-189: Sense 

rArArUrGrUrGrUrGrUrArCrUrGrCrArArGrCrArArCrArGTT, Antisense 

rArArCrUrGrUrUrGrCrUrUrGrCrArGrUrArCrArCrArCrArUrUrCrU; E6-586: Sense 

rGrGrArGrArUrArCrArCrCrUrArCrArUrUrGrCrArUrGrAAT, antisense  

rArUrUrCrArUrGrCrArArUrGrUrArGrGrUrGrUrArUrCrUrCrCrArU; Scrambled control 

(NC): sense rCrUrA rArCrG rCrGrA rCrUrA rUrArC rGrCrG rCrArA rUrArU rGrGrU anti-

sense rCrArU rArUrU rGrCrG rCrGrU rArUrA rGrUrC rGrCrG rUrUA G. Another siRNA 

against HPV16-E6 was designed as described by Yamato et al [31] and purchased from 

Dharmacon (Colorado, USA) with the following sequence (497): passenger strand 5’- 

GACCGGUCGAUGUAUGUCUUG-3’ guide strand 5’- 

AGACAUACAUCGACCGGUCCA-3’. Cells at 30-40% confluency in 12-well plates were 

transfected with siRNA (10μM), lipofectamine RNAiMax reagent (Invitrogen, USA) and 

OptiMEM (Life Technologies, USA), according to the manufacturer’s protocol.  After 48h 

and 72h, cells were harvested, RNA was extracted with a NucleoSpin RNA kit (Macherey-

Nagel, USA) and cDNA was prepared with a cDNA synthesis kit (Quanta Biosciences, 

USA). cDNA samples were diluted (1:16) and subjected to PCR amplification with SYBR 

Green PCR Master Mix (Thermo-Fisher, USA). GAPDH was used as the endogenous 
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control, and the following primers were used for RT-PCR: E6 forward GAC CCA GAA AGT 

TAC CAC AGT TA, reverse AGC AAA GTC ATA TAC CTC ACG TC; E7 forward CAA 

GCA GAA CCG GAC AGA G, reverse CCC ATT AAC AGG TCT TCC AAA GTA; 

GAPDH forward TGT AGT TGA GGT CAA TGA GGG G, reverse ACA TCG CTC AGA 

CAC CAT G.   

2.2.1 Immunoblotting 

At 72h and 96h post-transfection, cells were harvested and whole-cell protein lysates were 

prepared with radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma-Aldrich, USA) 

supplemented with a protease and phosphatase inhibitor cocktail (Abcam, USA) on ice. Equal 

amounts of protein were separated by 12% SDS-PAGE and transferred to a polyvinylidene 

difluoride membrane (Invitrogen, USA) by means of the iBlot2 gel transfer device (Thermo-

Fischer, USA). The membranes were blocked with 5% bovine serum albumin (BSA) in tris-

buffered Saline-Tween 20 (TBST) for 1h at room temperature with agitation and then probed 

by incubation with primary antibodies overnight at 4 ᴼC. Antibodies for the following 

proteins were used: P53 (DO-1) (SC-126, Santa Cruz Biotechnology, China), E7 (ab20191, 

Abcam, Israel) and GAPDH (MAB374, Merck, USA). For visualization of the probed 

proteins, membranes were incubated with horseradish peroxidase (HRP)–conjugated 

secondary antibodies for 1h at room temperature and imaged after applying the SuperSignal 

West Pico PLUS chemiluminescent substrate (ThermoFisher Scientific, USA).  

Densitometric analyses were performed with ImageJ software.  

2.2.2 Cell proliferation assay  

Cell viability in response to various treatments was assessed by a cell proliferation kit based 

on tetrazolium salt (XTT) (Biological Industries, Israel). FaDu, 2A3, UPCI:SCC090 and 

UMSCC104 cells were seeded in 96-well plates at 7000, 7500, 20,000 or 15,000 cells per 
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well, respectively. The intensity of the orange-colored reduced product of XTT was measured 

at 96h post siRNA treatment with a spectrophotometer, following manufacturer’s protocol.  

 

2.2.3 Apoptosis assay 

FaDu and UMSCC-104 cells were seeded in 12-well plates and treated with the LNPs-siRNA 

complexes for 96h. Cells were then harvested, washed twice with cold PBS, and resuspended 

in 100μL of Annexin V binding buffer (Biolegend, USA). The cells were stained with APC-

conjugated annexin V antibody (Biolegend, USA) and propidium iodide (Sigma, USA), and 

analysed by flow cytometry.  Data analysis was performed with FlowJo software (Tree Star, 

Inc., OR, USA). 

2.2.4 Immunofluorescence and confocal microscopy  

Borosilicate cover glasses (Marienfeld, Germany) were inserted into 24-well plates, and 

coated with Poly-D-lysine (Sigma-Aldrich, USA). Following seeding the cells and 

administration of treatment, cells were washed with cold PBS, fixed with 4% PFA and 

incubated overnight with primary antibodies at 4 ᴼC. The following primary antibodies were 

used: E7 (ab20191, Abcam, Israel), CD44 (Biolegend, clone IM7, USA)  and Rb (4H1) 

(9309S, Cell Signaling, USA). Cells were then washed, incubated with Alexa-Fluor 488-

labelled secondary antibodies (ThemoFisher Scientific, USA) for 1h at 4 ᴼC, after which 

cover glasses were placed on microscope slides with DAPI-mounting (Moshe Stauber Biotec 

Applications, Israel). Images were acquired by a LeicaSP8 multiphoton microscope (Leica, 

USA). 

2.3 Preparation and characterization of lipid-based nanoparticles (LNPs)  
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Lipid components of the LNPs included distearoyl-phosphatidylcholine (DSPC), cholesterol, 

1,2-dimyristoyl-rac-glycerol-3-methoxypolyethylene glycol-2000 (DMG-PEG), and 1,2-

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

(DSPE-PEG-Ome) (Avanti Polar Lipids, USA) and the cationic lipid 10 (EA-PIP), designed 

and synthesized as previously described. [32]  Structure of lipid 10 is shown in 

Supplementary Information Fig S7. LNPs were prepared by the NanoAssembler microfluidic 

mixing system (Precision NanoSystems, Vancouver, BC) as previously described.[33] 

Briefly, one volume of lipid mixtures (EA-PIP, DSPC, Chol, DMG-PEG, and DSPE-PEG 

Ome at 50:10:38:1.5:0.5 mol ratio) in ethanol and three volumes of siRNA (1:16 w/w siRNA 

to lipid) containing acetate buffer solutions were mixed by a dual syringe pump (model S200, 

kD Scientific, Holliston, MA) to drive the solutions through the micro mixer at a combined 

flow rate of 2 mL/min (0.5 mL/min for the ethanol and 1.5 mL/min for the aqueous buffer). 

The resultant mixture was dialyzed against phosphate buffered saline (PBS) (pH 7.4) for 16 h 

to remove ethanol. Cy5-labeled particles were prepared with scrambled control siRNA 

(siNC) and Cy5-labeled siNC in 1:1 ratio. We utilized ASSET technology[30] for the 

preparation of targeted or iso-LNPs. ASSET (Anchored Secondary scFv Enabling Targeting) 

is a lipoprotein purified from E.coli in micelles. Briefly, ASSET micelles were incubated 

with the LNPs for 48h at 4 ᴼC to allow its incorporation into LNPs. To construct iso-LNPs, 

rat IgG2a mAbs (clone 2A3, BioXell, USA) were incubated with the ASSET-LNPs 

conjugates for 30min at 4 ᴼC (ASSET:mAb in 1:1 weight ratio). tLNPs were assembled in a 

similar manner, utilizing anti-human EGFR mAbs (MCA1784, clone ICR10, Bio-Rad, USA). 

The hydrodynamic diameter, size distribution and zeta potential of the LNPs were determined 

by dynamic light scattering with the Malvern nano ZS Zetasizer (Malvern Instruments Ltd. 

Worcestershire, UK). Sizes were measured in Dulbecco’s phosphate buffered saline (PBS) 

(Biological Industries, Israel), and pH 7.4 and zeta potential measurements were performed in 
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double-distilled water (DDW). Transmission electron microscopy (TEM) visualization was 

performed by a drop of aqueous solution containing the LNPs placed and dried on a carbon-

coated copper grid. The preparations were examined in a Jeol TEM 1200EX transmission 

electron microscope(Jeol, Japan). 

2.4 Xenograft-tumor animal model  

Athymic Foxn1 nude female mice were obtained from Envigo (Envigo, Indiana, USA), 

housed in a specific pathogen-free animal facility, and maintained according to National 

Institutes of Health guidelines. All animal protocols were approved by the Tel Aviv 

University Institutional Animal Care and Usage Committee )Approval number 04-18-019( 

and were in accordance with current regulations and standards of the Israel Ministry of 

Health. The xenograft tumor model was established by subcutaneous injection of 0.5x10
6 

UMSCC-104 cells suspended in 100μl of PBS mixed with 100μl Matrigel Matrix (Corning, 

USA) to the right flanks of 8-week-old mice.
 
Tumor volume was measured with an electronic 

caliper. Cephalo-caudal length (L) and medio-lateral dimensions (W) were recorded and 

tumor volume (V) was calculated by the following formula: V = (L x W
2
) / 2.  

2.4.1 Circulation time, biodistribution and tumor uptake assessment 

LNPs encapsulating Cy5-labelled siRNA were injected via tail vein at a dose of 1mg 

siRNA/kg body weight. Blood samples were collected into designated capillary tubes at 

15min, 30min, 1h and 2h post-injection. The capillaries were then centrifuged at 2500rpm for 

10min at room temperature to separate the plasma from the cellular fraction and imaged by 

the Maestro imaging system (CRI, Inc., Woburn, MA). The Cy5 fluorescent signal was 

measured as scaled counts/s/pixels for the region of interest with Spectral analysis Software. 

To evaluate biodistribution, tumor-bearing mice were randomly assigned to receive 

intravenous (iv) injection of iso-LNPs or tLNPs encapsulating Cy5-labelled siRNA at a dose 
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of 1mg siRNA/kg body weight. After 2, 4 and 24h, the mice were anesthetized by isoflurane 

and whole-body images were taken in the IVIS Spectrum in vivo imaging system 

(PerkinElmer, USA). The mCherry signal was read upon excitation at 570nm and the Cy5 

signal was read at 640nm. The mice were then euthanized and the organs and tumors were 

harvested and imaged by the IVIS imaging system. The intensities of the mCherry and cy5 

signals were calculated by marking the regions of interest (ROI), and the total radiant 

efficiency was measured by the Living image Software version 4.3 (PerkinElmer, USA). 

To assess intra-tumoral distribution of LNPs, tumors were harvested 4h post injection 

and processed for embedding in O.C.T Compound (ThermoFisher Scientific, USA). The 

O.C.T blocks were cut into 16-μm sections, which were made serially through multiple 

regions of each tumor. After processing the tissues were incubated overnight with anti-EGFR 

antibody (R38B1, Cell Signaling Technology, USA). Slides were then washed with PBS and 

incubated with Alexa-Fluor 488 labelled secondary antibody (ThermoFisher Scientific, USA) 

for 1h at room temperature, and underwent DAPI immunomounting (Moshe Stauber Biotec 

Applications, Israel). Dried slides were examined and imaged by a TCS SP8 multiphoton 

confocal microscope (Leica, USA).  

2.4.2 In vivo target genes silencing 

Mice were euthanized 72h after the last iv LNPs injection and the tumors were harvested and 

lysed, and RNA was extracted with an EZ-RNA kit (Biological Industries, Israel) according 

to the manufacturer’s protocol. E6/E7 mRNA expression levels were quantified by RT-PCR 

as described earlier. Since the baseline expression of E6/E7 in the xenograft tumors was 

variable, the mRNA expression level was quantified relative to the mean expression level in 

a group of 5 untreated mice [RQ=1].  
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2.4.3  Histology, Immunohistochemistry (IHC) and In situ cell death detection assay 

(TUNEL)  

Xenograft tumors harvested 72h after the last LNPs injection were fixed in 10% formalin 

solution overnight at room temperature, washed and preserved in 70% ethanol solution at 4 

ᴼC. Formalin-fixed paraffin embedded (FFPE) slides were prepared and stained with H&E by 

the Multistainer Leica ST5020 instrument (Leica, USA). IHC was performed by the Leica 

BondIII instrument (Leica, USA) and the CDINK2A/P16 antibody (ab108349, Abcam, 

Israel). The slides were observed under a light microscope (Olympus). TUNEL assay was 

performed by the in-situ cell death detection kit, Fluorescein (Merck, USA) according to the 

manufacturer protocol. Nuclei were stained with DAPI immuno-mounting. The slides were 

imaged by the TCS SP8 multiphoton confocal microscope (Leica, USA) and the images were 

analyzed by ImageJ software. 

2.5 Statistical analysis  

All statistical analyses were performed with GraphPad Prism 8 software (GraphPad Software 

Inc., La Jolla, CA). A two-sided Student’s t-test was applied for comparing two experimental 

groups. ANOVA was applied in experiments with multiple groups. A p-value of less than 

0.05 was considered significant.  

 

3. Results  

3.1 HPV-E6/E7 knockdown and induction of cell death  

The oncogenic function of HPV is primarily attributed to the activity of the viral proteins E6 

and E7, which are associated with cell cycle dysregulation.[5,6] We investigated whether 

siRNA-induced knockdown of E6 and E7 effects the viability of HPV-infected tumor cells. 
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To this end, we obtained three HPV16-positive cell lines, and initially confirmed E6 and E7 

expression by RT-PCR and immunoblotting (Fig. 1A). UMSCC-104 and UPCI:SCC090 cell 

lines were derived from human patients infected with HPV-16, that developed an oral 

cavity/oropharyngeal tumor, while 2A3 cells originated from FaDu hypopharyngeal cancer 

cell line (HPV-negative hypopharyngeal tumor), transfected with a plasmid vector expressing 

HPV16-E6/E7 exclusively. Intrinsic RNAi machinery was engaged to determine whether E6 

and E7 knockdown can inhibit the proliferation of HPV-positive HNC cells. E6 and E7 share 

a single bicistronic pre-mRNA.[34] Various siRNA sequences were designed to target the 

coding regions of either E6 and E7. The three HPV-positive cell lines were transfected with 

these siRNA sequences (189, 586 and 497), and silencing of both E6 and E7 genes was 

achieved by all sequences targeting different regions of the single bicistronic pre-mRNA of 

E6 and E7 (Supporting Information Fig. S1)Cells were treated with 10nM siRNA for 48h, 

after which mRNA expression was analyzed by RT-PCR. Sequence 189 (siE6)  exhibited 

high silencing potency, with ~85% knockdown of E6 and E7 mRNA levels in 2A3 and 

UMSCC-104 cells compared to scrambled control siRNA (siNC), while the other siRNA 

sequences achieved lower reduction in target genes expression (Fig. 1B and Supporting 

Information Fig. S1).  

 

Suppressed E6 and E7 mRNA levels induced by siE6 treatment had detrimental effect 

on the viability of HPV-positive cells. We observed extensive cell death by microscopic 

visualization of siE6-treated cultured cells (representative images in Supporting Information 

Fig. S1). We applied XTT assay to quantify cell death rates and found that the target genes 

knockdown translated into 40-60% reduction in viability of HPV-positive cells 72h after 

treatment. In contrast, none of the siRNA sequences inhibited the proliferation of the HPV-

negative cell line, FaDu (Fig. 1C). We noted a greater reduction in E6/E7 expression and 
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more robust cell death in rapidly dividing cell lines (2A3 and UMSCC-104) compared to 

UPCI:SCC090 cells that have longer doubling time, typically >96h. These observations may 

clinically imply higher sensitivity of more aggressive and rapidly growing tumors to siE6 

treatment. Immunoblotting revealed that suppression of E6/E7 by siE6 had led to 

upregulation of p53 in the HPV-positive cell lines but not the HPV-negative one, compared 

to siNC treatment (Fig. 1D). As demonstrated in Fig. 1D, treatment with siE6 resulted in a 

19-, 44- and 4.6-fold increase in p53 protein levels in 2A3, UMSCC-104 and UPCI:SCC090, 

respectively, compared to siNC-treated cells. Interestingly, although we found a ~100-fold 

lower baseline mRNA and protein expression of E6 and E7 in 2A3 cells, compared to cell 

lines derived from patients initially infected with HPV-16 (Fig. 1A), p53 protein levels were 

markedly supressed in 2A3 cells and restored by siE6 treatment. This finding emphasizes the 

potent inhibition of p53 by HPV-E6, even with relatively low expression. Overall, our results 

validated the expected p53 protein recovery by anti-HPV-E6/E7 siRNA treatment and 

diminished proliferation of HPV-positive HNC cells induced by E6 and E7 knockdown in 

vitro.  
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Fig. 1. HPV E6/E7 silencing suppresses cell proliferation and restores p53 in HPV-positive 

HNC cells. A, Detection of HPV E6/E7 in HPV16-positive HNC cell lines: 2A3, UMSCC-104 

and UPCI:SCC090 by RT-PCR and western blot analysis.  B, Target gene expression in three 

HPV positive cell lines 48h after siE6 treatment compared to scrambled control siRNA (siNC), 

measured by RT-PCR. Data are representative of three independent experiments, two-tailed 

Student’s t-test, **, p<0.005, ****, p<0.00005. C, Viability 72h after siE6 treatment compared 

to siNC. Results are mean ± SD from three six-plicates experiments, two-tailed Student’s t-test, 

*, p<0.05, **, p<0.005, ****, p<0.00005. D, Immunoblotting for E7 and p53 72h after 

treatment with siE6 or siNC. GAPDH was used as a loading control. Numbers indicate 

p53/GAPDH and E7/GAPDH ratios, as determined by densitometric analysis. 

 

3.2 EGFR internalization upon antibody binding  

Selective delivery of LNPs into tumor cells relies on the engagement of a surface target 

which is exclusively or highly expressed on tumor cells and not on normal cells. High antigen 

availability for binding increases the accessibility of the therapeutic cargo at target site.[35] 

Utilizing an internalizing ligand for targeting facilitates uptake by target cells and 
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intracellular trafficking of the LNPs. Rapid receptor-mediated endocytosis and recycling 

enables even more efficient release of cargo inside the cell.[36,37] Among the various 

potential surface targets, EGFR was reported to initiate rapid endocytosis, and thereby to 

constitute an effective targetable receptor.[37] 

To verify EGFR overexpression on HPV-positive HNC cells and receptor-mediated 

internalization, cells were incubated with anti-human EGFR mAbs and analyzed by flow 

cytometry. We first allowed anti-EGFR mAbs to bind the cells at 4 ᴼC. Unbound antibodies 

were washed out, after which cells were either kept on ice or incubated at 37 ᴼC, to allow for 

receptor-mediated internalization to occur. Alexa-Flour (AF) 647-labelled secondary 

antibodies were then added, and fluorescence intensity was read by the flow cytometer. We 

found high baseline EGFR density on FaDu, 2A3, UPCI:SCC090 and UMSCC-104  cells and 

observed dropping AF647 fluorescence intensity as incubation with primary anti-EGFR 

antibody was extended, providing evidence for EGFR-mediated internalization (Fig. 2A and 

Supporting Information Fig. S2). Contrarily, other members of the Erb family, such as HER2 

and HER3, were not overexpressed on the surface of HNC cells and did not demonstrate 

similar patterns of internalization upon antibody binding (Supporting Information Fig. 2S). 

This set of experiments demonstrated that EGFR can serve as a targetable surface marker and 

indicated EGFR potential utility for intracellular delivery of LNPs. 

 

3.3 The ultra-structure of targeted LNPs 

LNPs entrapping siRNA were constructed with the NanoAssembler microfluidic mixing 

system as previously described.[33] The combining of acidified siRNAs (pH 4) with a 

mixture of lipids (cholesterol, DSPC, PEG-DMG, EA-PIP, and DSPE-PEG-Ome) resulted in 

the production of LNPs highly uniform in size with a mean diameter of 67nm as measured by 
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dynamic light scattering (DLS), and a minimally negative charge at physiological pH (Table 

1). Targeting was attained by applying ASSET (Anchored Secondary scFv Enabling 

Targeting) linker strategy for mAbs conjugation,[30] which is based on a recombinant protein 

linker that enables uniform antibody attachment in a non-covalent method. Fig. 2B is a 

schematic diagram of the production process of tLNPs using the ASSET strategy. ASSET-

LNPs conjugates were coated with either anti-human EGFR mAbs (tLNPs) or isotype 

antibodies (iso-LNPs). An ASSET:antibody ratio of ~1:1 forms highly stable constructs with 

100% bio-conjugation as previously reported.[30] Moreover, while chemically conjugated 

antibodies are randomly oriented, the ASSET binds the Fc domain of the antibody, keeping 

the variable domain exposed for ligand binding (Fig. 2B). This design keeps the antibodies 

anchored to the LNPs functional, and allows high affinity binding of the targeted LNPs to the 

target ligand/receptor.  ASSET- antibody conjugate slightly increased the LNPs mean 

diameter and size distribution, while the ζ-potential remained slightly negative (Table 1). 

Transmission electron microscopy images showed spherically shaped LNPs, validating their 

uniformity (Fig. 2C). Functionality of the targeting strategy was evaluated with Cy5-labelled 

siRNA entrapped in the LNPs. Higher fluorescence intensity measured from cells incubated 

with tLNPs at 4 ᴼC verified more efficient binding compared to that of iso-LNPs (Fig. 2D). 

Internalization of tLNPs and iso-LNPs encapsulating Cy5-labelled siRNA was studied and 

visualized by confocal microscopy (Supporting information S3). Overall, utilizing ASSET 

technology for targeting mediated efficient target-cell binding without impeding the size or 

ultrastructure of the LNPs.  

 

 

Table 1. Characterization of LNPs by Dynamic Light Scattering and ζ-Potential Measurements. 
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 uncoated LNPs iso-LNPs tLNPs 

Hydrodynamic diameter [d,nm] 67 ± 6.4 95 ± 6.3 89 ± 7.6 

Polydispersity index 0.11 ± 0.05 0.18 ± 0.09 0.13 ± 0.07 

Ζ-potential [mV] -3.02 ± 0.64 -3.50 ± 0.33  -5.04 ± 0.71 

Data represent mean ± SD of six independent preparations 

 

 

 

Fig. 2. EGFR coating mediates tLNPs binding to HNC cells without impeding ultra-structure of 

the LNPs. A, Anti-EGFR antibodies (AF647) binding (at 4 °C) and internalizing into UMSCC-

104 cells when incubated at 37 °C. B, Schematic diagram of the production process of siRNA-

loaded tLNPs using ASSET technology. ASSET, expressed in the E. coli periplasm anchored by 

lipidation to the inner membrane, is purified in micelles and inserted into the LNPs which are 

then coated with mAbs. Adopted with permission from Veiga et al, Adv Drug Deliv Rev 

2020.[38] C, Representative transmission electron microscopy (TEM) images of uncoated LNPs 

(left) and tLNPs (right), 100nm scale bar. D, Binding to UMSCC-104 cells of tLNPs (red) or 

iso-LNPs (blue) encapsulating Cy5-labelled siRNA. 

 

3.4 Enhanced therapeutic effect of targeted LNPs in vitro 
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The therapeutic efficacy of the tLNPs encapsulating the therapeutic siE6 in comparison to 

iso-LNPs and siContorl payload was initially tested in vitro. Cells were treated with the 

different LNPs-siRNA at a dose of 0.1μM, and alternations in protein expression and cell 

viability were evaluated 48, 72 and 96h after treatment. Down-regulation of E6 and E7 

oncogenes is known to result in the liberation of p53 and Rb as cell cycle regulators which, in 

turn, leads to apoptotic cell death.[5,9] We found high silencing efficiency induced by tLNPs-

siE6 treatment, as demonstrated by depressed levels of E6 mRNA and markedly reduced 

expression of E7 protein at 48h and 72h after treatment (Fig. 3A, Fig. 3B and Fig. 3C). 

Immunofluorescent staining showed the expected upregulation of cytoplasmic Rb along with 

diminished E7 protein levels (Fig. 3A). Interestingly, treatment with tLNPs encapsulating 

siNC also led to somewhat reduced E6 and E7 levels, reflected by large standard deviation of 

tLNPs-siNC bar, suggesting variable E6 mRNA expression levels (Fig. 3B). It also resulted 

in reduced expression of E7 protein (by 15%) compared to iso-LNPs-siNC treatment, 

observed in the immunoblotting panel (Fig. 3C). These findings are in accordance with 

previous reports suggesting that EGF signalling determines E6/E7 mRNA expression. [39,40] 

Depletion of EGF was shown to modulate splicing of the polycistronic E6/E7 mRNA, 

towards the exclusion of a certain fragment in the E6 open-reading frame (ORF), leading to a 

frameshift and a premature termination codon, producing the E6*protein.[39] The E6* 

protein was shown to counteract the E6 protein, thereby rescuing p53.[41] Therefore, it is 

reasonable to assume that the reduction in HPV oncogenes expression observed in tLNPs-

siNC treated cells compared to iso-LNPs-siNC treated cells (Figure 3B and 3C) had been 

induced by the anti-EGFR mAbs. This effect can contribute to the therapeutic efficacy of 

tLNPs-siE6 in HPV-positive cells.  

Another therapeutic advantage of tLNPs over iso-LNPs was revealed by flow 

cytometry analysis of Annexin V/PI staining 96h after LNPs treatment (Fig. 3D).  The 
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tLNPs-siE6 exhibited greater induction of apoptosis compared to uncoated LNPs-siE6 or iso-

LNPs-siE6 (apoptotic cells: 31.4% vs. 18.5% and 17.46%, respectively, p<0.005, two-way 

ANOVA). In addition, treatment with tLNPs, regardless of the siRNA cargo, resulted in 

significantly higher rates of apoptotic cell death compared to uncoated or iso-LNPs. 

Treatment of HPV-negative cells (FaDu) with tLNPs also resulted in slightly higher apoptotic 

cell death compared to iso-LNPs, but the difference was insignificant and less noticeable than 

the effect of tLNPs on HPV-positive cells. A possible explanation for the enhanced induction 

of apoptosis in HPV-positive cells could derive from the essential role of EGFR signalling 

pathways in cell proliferation, survival and differentiation. [27] EGFR signalling has been 

suggested to be particularly pivotal for the transforming activity of HPV16 E6/E7. [42] It has 

been suggested that EGFR stimulation in HPV-infected cells increases genetic instability, 

deregulation of proliferation and resistance to apoptosis by the activation of the 

PI3K/Akt/mTOR signalling pathway.[43] Several in vitro models have demonstrated that 

HPV E6/E7 directly stimulate Akt by its phosphorylation[44] which, in turn, amplify PI3K 

activation and generate resistance to anoikis and blockade of p53-induced cell death.[45] 

Activated Akt also interacts with E2F1 to depress its proapoptotic activity.[46] HPV E7 can 

further inhibit dephosphorylation of phosphorylated Akt, leading to constitutive Akt 

activation. HPV-positive cells were found to be more sensitive to EGFR inhibition compared 

to HPV-negative cells, demonstrated by inhibited clonal growth, stimulated apoptosis and 

pre-mature senescence of the former.[40,42] For example, lapatinib, a dual EGFR and HER2 

inhibitor, was shown to specifically reduce Akt phosphorylation solely in HPV-positive cell 

lines with reduced expression of E6 and E7.[40] Consistent with these data, our findings also 

indicate that the tLNPs which incorporate anti-EGFR mAbs induced greater growth 

inhibition in HPV-positive cells compared to HPV-negative cells.  
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Taken together, the present results demonstrate that the tLNPs-siE6 successfully 

manipulated E6/E7 gene expression and subsequently induced marked apoptotic cell death of 

HPV-positive cells. We showed that the tLNPs outperformed uncoated or iso-LNPs in the 

induction of cell death, having observed significant rates of apoptosis after treatment with 

tLNPs. This finding could be attributed to direct anti-tumor activity of the anti-EGFR mAbs 

in HPV-positive cells, or to the translational regulation of functionally distinct E6 and E7 

proteins induced by EGF signalling. We therefore conclude that the anti-EGFR mAbs 

constitute excellent targeting moieties that not only mediate intracellular delivery of 

encapsulated cargo, but also potentiate the therapeutic effect of siE6 in HPV-positive cells.   
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Fig. 3. tLNPs-siE6 suppress E6 and E7 expression and lead to apoptotic cell death of HPV-positive 

HNSCC cells.  A, Confocal images of untreated UMSCC-104 cells (Mock) or tLNPs-siE6-treated 

cells, stained for E7 (top, green) and Rb (bottom, green) 72h after treatment. Nuclei were stained 

with DAPI (blue). B, Relative E6 expression in UMSCC-104 cells 48h after different LNPs-siRNA 

treatments, as measured by RT-PCR. Data represent the mean±SD of three independent 

experiments, one-way ANOVA, *p<0.05. C, Immunoblotting for E7 72h after treatment. GAPDH 

served as a loading control. D, Annexin V/PI staining of UMSCC-104 and FaDu cells 96h after 

treatment with siNC or siE6 encapsulated in uncoated, iso- or tLNPs. Results are mean ±SD of 

three independent experiments, 2-way ANOVA, *** p<0.0005. 

 

3.5 Uptake of tLNPs by tumor cells in vivo 

A xenograft HNC mouse model was established in order to determine whether EGFR-

directed targeting improves systemic LNPs delivery and uptake in tumor cells. UMSCC-104 

cells were inoculated subcutaneously in the flanks of 8-week-old female FoxN1 nude mice. 

Once the tumors had reached approximately 100 mm
3
, the mice were intravenously (iv) 

injected with either tLNPs or iso-LNPs encapsulating Cy5-labelled siRNA (1mg siRNA/kg 

body weight). The pharmaco-kinetic profile was assessed by quantifying Cy5 fluorescence 

intensity in plasma samples drawn at 0.25, 0.5, 1 and 2h after LNPs iv administration. We 

observed rapid clearance of Cy5-labelled LNPs from circulation (Supporting Information Fig. 

S4). Whole body imaging by an IVIS imaging system of tumor-bearing mice injected with 

iso-LNPs or tLNPs at 2h post-injection revealed visible localization of both iso-LNPs and 

tLNPs at the tumor site (representative images, Fig. 4A).  

We further evaluated the biodistribution to normal tissues versus the xenograft tumors 

utilizing the Cy5-labeled LNPs. Iso-LNPs and tLNPs were iv injected to tumor-bearing mice, 

and organs and tumors were harvested and analyzed 4h and 24h post-injection. We observed 

comparable distribution to healthy tissues at 4h and 24h after iv injection of iso-LNPs and 

tLNPs, with high LNPs accumulation in the liver and spleen (Fig. 4B, Fig. 4C and Supporting 
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Information Fig. S4). Both iso-LNPs and t-LNPs reached the tumor xenografts at 4h and 24h 

post-injection, but the mean average radiance of the Cy5 signal in the xenograft tumors was 

~10-fold and ~100-fold lower than in the liver at 4h and 24h post- injection, respectively 

(Fig. 4B and Fig. 4C). We noted higher Cy5 fluorescence intensity in the tumors of tLNPs-

injected mice compared to tumors of the iso-LNPs-injected mice, but these differences did 

not reach statistical significance (Fig. 4D and Fig. 4E, p>0.05, two-tailed unpaired Student’s 

t-test).   

 

 

Fig. 4. Biodistribution and tumor accumulation of tLNPs and iso-LNPs in xenograft tumor-bearing 

mice. A, Representative IVIS images of mCherry signal (tumor cells) and Cy5 signal (LNPs) in 

tumor bearing mice 2h post-injection with either iso-LNPs or tLNPs. In the images of Cy5 

fluorescence  the tumors are marked by dashed circles. B-C, Biodistribution of Cy5-labelled iso-

LNPs and tLNPs at 4h (B) and 24h (C) post-injection (n=6 mice per group).  D-E, Representative 

IVIS images of the tumors harvested from mice at 4h (D) and 24h (E) after iv LNPs administration, 

and quantification of Cy5 fluorescence intensity by living image software comparing iso-LNPs vs. 
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tLNPs tumor uptake (n=6 mice per time point). NS, not significant. Data (B-E) are representative 

of two independent experiments per time point (4h and 24h).  

 

Cy5-labelled LNPs were employed to further investigate tumor localization and tLNPs 

uptake selectively by tumor cells. Tumor-bearing mice were iv injected with iso-LNPs or 

tLNPs, and the tumors were harvested 4h later.  Cryosections were performed to determine 

the intra-tumoral distribution of the LNPs. In accordance with the IVIS imaging findings, 

both iso-LNPs and tLNPs were widely distributed throughout the tumors, indicating 

comparable successful extravasation through tumor vessels. However, high-power 

magnification revealed distinctive patterns of intra-tumoral distribution for tLNPs compared 

to iso-LNPs. We observed that tLNPs were localized in direct association with cell surface of 

tumor cells, stained by anti-human EGFR antibodies, or within the tumor cells (Fig. 5, white 

arrows). On the contrary, iso-LNPs were predominantly distributed in tumoral interstitial 

matrix where anti-human EGFR-labelling was absent (orange arrows). Iso-LNPs were mostly 

found in areas where smaller nuclei cells reside and where the lack of EGFR surface marking 

was prominent. Based on these observations, we suggest that utilizing the anti-EGFR mAbs 

improve local retention of tLNPs and selective uptake by the target cells.   
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Fig. 5. Active targeting enhances LNPs uptake by tumor cells. Tumors were excised 4h post injection 

of iso-LNPs or tLNPs, and cryosections stained for EGFR (green), to mark tumor cell surface, and 

DAPI (blue) to label nuclei. LNPs were visualized by Cy5 fluorescence (magenta). A-B tLNPs were 

found in close association with the surface of tumor cells or taken up by tumor cells (white arrows). In 

contrast, iso-LNPs were mostly in the interstitial matrix (orange arrows) as identified by dense areas 

of smaller-nuclei cells compared to tumor cells (C-D). Images are representative of two independent 

experiments.  

 

 

 

3.6 tLNPs-siE6 impede xenograft tumor growth in vivo  

We used a xenograft mice model to test the efficacy of tLNPs encapsulating siE6. UMSCC-

104 cells were inoculated subcutaneously in the mice flanks, and tumor growth was 
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monitored twice weekly. When the tumors had reached a volume of approximately 50mm
3 

(12 days after cell inoculation), the mice were iv injected with tLNPs-siE6, iso-LNPs-siE6, 

tLNPs-siNC or iso-LNPs-siNC (1mg siRNA/kg body weight). A total of 6 doses were 

administered, at 3- to 4- day intervals. Treatment response was monitored by consecutive 

tumor volume measurements (Fig. 6A and Supporting information Fig. S5). We found 

significant restriction of tumor growth in the mice treated with tLNPs encapsulating siE6 

compared to the mice that were treated with iso-LNPs-siNC (p<0.05 on days 21, 25 and 31, 

Fig. 6A). We also noticed that treatment with tLNPs encapsulating siNC slowed tumor 

growth rate, indicating anti-tumor activity mediated solely by the targeting moieties. This 

observation provides in vivo evidence for the therapeutic advantage of utilizing the anti-

EGFR mAbs for targeting, and supports our claim that the targeting antibodies are not inert.  

Decrease in E6 and E7 mRNA levels was observed in tumors extracted from mice 

treated with either tLNPs-siE6 or iso-LNPs-siE6 (Fig. 6B). Reduction in E7 expression was 

also evident in tumors of mice injected with tLNPS-siNC. This finding is in agreement with 

our in vitro findings (Fig. 3), both implying that EGFR signalling determined E6/E7 

bicistronic mRNA splicing, as also suggested by others.[39]  

H&E staining showed scant areas of viable cells in siE6-treated tumors compared to 

control treatments. Immunohistochemical (IHC) detection of P16 is widely used as a 

surrogate marker for HPV infection, and commonly replaces HPV-specific tests in the 

clinical setup due to lower costs. P16 acts as a tumor suppressor. When HPV E7 binds Rb, it 

effectively stops Rb negative feedback on P16. Less intense P16 staining observed by IHC 

indicates down-regulation of HPV in siE6-treated tumors (Fig. 6C). To confirm the 

mechanism of tumor growth inhibition and ascertain apoptosis induction, TUNEL assay was 

applied. Confocal images demonstrated more extensive TUNEL staining in the tumors 

extracted from mice treated with tLNP-siE6 compared to control groups (Fig. 6D).   
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The off-target toxicity of the LNPs-siRNA complexes was assessed by microscopic 

examination of several organs, that exhibited significant LNPs uptake in the biodistribution 

experiments. Organs were collected 72h after the last LNPs dose and prepared for histologic 

analysis. We found no abnormal morphology in the livers, spleens, hearts, lungs and kidneys 

after LNPs treatments, indicating the safety of the lipidic nanocarrier and its contents 

(Supporting Information Fig. S6).    

Altogether, we were able to show therapeutic efficacy of tLNPs encapsulating siE6 in 

vivo by demonstrating tumor growth restriction, marked in vivo target genes knockdown, and 

positive TUNEL staining that confirmed apoptotic cell death. 
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Fig. 6. αEGFR tLNP-siE6 mediates therapeutic gene silencing in a xenograft HPV-positive HNC 

mouse model. A, UMSCC-104 cells were subcutaneously inoculated in FoxN1 nude mice. After 

tumors had reached approximately 50 mm
3
, mice were intravenously injected with tLNPs or iso-LNPs 

encapsulating siE6 or siNC on days 12,15,19,22,25 and 28, n=10 mice/group. Data are presented as 

mean ± SEM; one-way ANOVA, * p<0.05, ** p<0.005 tLNPs-siE6 vs. iso-LNPs-siNC B, in vivo 
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E6/E7 silencing in xenograft tumors by either tLNPs or iso-LNPs encapsulating siE6 or siNC, n=5 

mice/group. Data are presented as interquartile range (IQR) with a median center line and minimum 

to maximum error bars; one-way ANOVA, * p<0.05, ***p<0.0005, ****p<0.00005 C, H&E staining 

(scale bar, 200μm), immunohistochemical staining of P16 (scale bar, 100 μm) and TUNEL staining of 

tumor tissues. D, Statistical analysis (mean ± SD) of the percentage of apoptotic cells in tumor tissues 

as determined by TUNEL assay (representative images in panel D). A total of 3 fields from each 

treatment group were counted. One-way ANOVA, ** p<0.005. Data (A-D) are representative of two 

independent experiments.  

 

4. Discussion 

The recent increase in the incidence of HNC in western world has been attributed to the 

upsurge of high-risk HPV infections.[2,3] There are still no specific therapies addressing the 

distinctive molecular mechanisms of HPV-induced transformation. The application of siRNA 

against HPV-E6 and E7 carries great potential for HPV-positive cancer treatment. However, 

its clinical translation, as for various other diseases, has been hindered by obstacles stemming 

from systemic delivery barriers, such as high immunogenicity, unstable nature of siRNA 

molecules and rapid clearance from circulation. Together with limited intracellular uptake, 

systemic administration of naked RNAi-based therapeutics is inefficient and even potentially 

harmful.[47]  Previous efforts to generate delivery vehicles for siRNA based on lipidic 

particles have demonstrated promising results in HPV-positive cervical cancer mouse 

models.[48–50] Wu. et al [49] were the first to demonstrate a 50% reduction in tumor size by 

utilizing polyethylene glycol (PEG)ylated lipid particles for iv administration of E6/E7-

targeted siRNA for the treatment of cervical cancer. Successful in vivo systemic delivery of 

anti-HPV siRNA to treat HPV-positive head and neck cancer has never been previously 

reported.   
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In this study, we aimed to explore the efficacy of systemically administered anti-HPV 

siRNA encapsulated in targeted LNPs by means of our recently developed modular targeting 

platform, the ASSET.[30] The ASSET technology enables coating of LNPs with monoclonal 

antibodies as targeting moieties. The paradigm of antibody-based targeted nanoparticles for 

cancer therapy has demonstrated major progress, especially exemplified by the clinical 

success of numerous therapeutic antibodies and immunoconjugates for various clinical 

applications, including solid tumors.[51] Targeting antibodies are hypothesized to 

specifically bind and internalize into cancer cells, thereby increasing the intracellular 

concentration of the cytotoxic drug while minimizing non-specific side effects. However, 

highly efficient nanocarriers first have to arrive at the tumor site, a process which mainly 

depends upon mechanical and biological aspects of systemic transport. Our findings are in 

agreement with previous reports, suggesting that more than 90% of the injected dose ends up 

in normal tissues. This biodistribution profile highlight the misconception that targeting can 

improve delivery to the target tumor.[52] Indeed, most studies report that the presence of 

targeting moieties on nanoparticles may be irrelevant in determining biodistribution and in 

enhancing tumor accumulation, since tumor localization is based upon blood circulation. 

[20,52,53] Some would claim that the main mechanism allowing for the accumulation of 

therapeutic agents at a tumor site is the enhanced permeability and retention (EPR) effect, 

also known as “passive delivery” into solid tumors.[54] The vessels formed in the cancerous 

tissue are fragile, leaky and sustain viscous blood flow, resulting in greater vasculature 

permeability and efficient accumulation of macromolecules. The absence of functional 

lymphatic drainage results in greater retention in the interstitial space. It is reasonable to 

assume that the relatively small diameter (<100nm) and nearly neutral zeta potential of both 

iso-LNPs and tLNPs were accountable for their comparably efficient extravasation and tumor 

deposition in the xenograft tumor model. Targeting did not result in preferential LNPs 
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accumulation in the tumor, compared to other organs, because it cannot facilitate the critical 

step of extravasation through tumor vessels.[53] It has been hypothesized, however, that 

active targeting increases nanocarrier retention at the target site by mediating  greater binding 

to tumor cells which subsequently leads to improved drug delivery inside target cells.[23,24] 

In line with this hypothesis, an intra-tumoral distribution analysis following iso-LNPs and 

tLNPs injection to tumor-bearing mice confirmed that EGFR-directed targeting mediated 

greater LNPs arrival at tumor cells. We now demonstrated increased localization of tLNPs in 

tumor cells, while iso-LNPs were mostly distributed in the tumor stroma. 

 

The targeting strategy we utilized has the important advantage of being simple and 

modular. The ASSET platform enables integration of a wide range of mAbs for targeting by a 

simple incubation with the LNPs that is potentially applicable to many other diseases. 

Moreover, targeting did not significantly change any physical properties of the LNPs, 

evidenced by their unaffected size and charge, according to the TEM and DLS 

measurements. Lastly, this targeting strategy enabled the generation of functional tLNPs, i.e, 

active antibodies that elicit anti-tumor activity. Anti-EGFR monoclonal antibodies (e.g., 

cetuximab) are approved for clinical use in the indication of advanced stage HNC [28] and 

their role of replacing chemotherapeutic agents for HPV oropharyngeal cancer in order to 

reduce treatment toxicity is being under investigation. [55,56] In the current study, we 

showed greater tumor growth inhibition by treatment with tLNPs-siE6 compared to iso-

LNPs-siNC. As tLNPs that encapsulate siNC also exhibited a certain inhibitory effect on 

tumor growth, their therapeutic effect can be attributed to the anchored antibodies. The 

amount of antibodies utilized for targeting LNPs and the amount applied for immunotherapy 

differ, thus precluding a comparison of the therapeutic efficacy of these modalities. However, 

we found that the targeting antibodies are not inert, and showed that they added to the 
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therapeutic effect of the delivered cargo. Specifically, in this model of HPV-positive HNC, 

the improved therapeutic effect of the tLNPs compared to iso-LNPs can be explained by 

several mechanisms: greater intracellular trafficking of the siRNA cargo through receptor-

mediated endocytosis, modulation of the expression of HPV-oncogenes via alternative 

splicing regulated by EGFR activation, or simply by prevention of EGFR ligand binding, 

which inhibit receptor activation and downstream signalling.  

 

HPV oncoproteins and EGFR, which are both targeted by the tLNPs-siE6 we have 

devised, are known to interact and promote tumorigenesis via common signalling 

pathways.[40,42,43] We hypothesized that synergistic or additive effect can be achieved by 

the siRNA cargo against HPV combined with functional anti-EGFR antibodies, acting 

simultaneously on different crucial targets in HPV-induced cancer. Though we could not 

demonstrate significantly higher inhibition of tumor growth by the combined approach 

(tLNPs-siE6) compared to that attained by each component separately (iso-LNPs-siE6 or 

tLNPs-siNC), our findings indicate that both the siRNA component and the targeting moiety 

act together to generate more efficient therapeutic outcome. Specifically, the ex-vivo 

microscopic analyses of tLNPs-siE6 treated tumors versus other therapies have clearly 

demonstrated more prominent positive TUNEL staining and lower intensity P16 staining as 

indicators of the desirable outcome. Certain modifications of the tLNPs-siE6 therapy, such as 

using more potent RNAi-based therapeutic cargo, or more intense treatment protocol may 

improve our findings. Further experiments are underway to reinforce the superiority of the 

combined strategy.  

  

5. Conclusions 
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In this study, we have devised targeted LNPs that deliver anti-HPV-E6/E7 siRNA against 

HPV-induced HNC. We show that our targeting strategy, based on the ASSET linker 

technology to integrate antibodies to LNPs, has mediated precise delivery of tLNPs into 

target cells, indicated by greater tLNP binding to tumor cells in vitro and increased 

intracellular cargo delivery in vivo compared to iso-LNPs. In addition, we demonstrate that 

treatment with tLNPs, compared to iso-LNPs, has elicited greater anti-tumor effect, suggested 

by greater induction of apoptosis in vitro . Restriction of tumor growth in vivo was also 

observed however the superiority of the tLNPs-siE6 over other treatments was less 

prominent. Further studies are warranted. Ultimately, this treatment strategy may spare highly 

toxic chemo-radiotherapy from HPV-positive HNC patients by providing precise and specific 

inhibition of HPV. In a wider perspective, this combinational therapy using potent siRNA 

encapsulated in functional tLNPs can be further applied against various other diseases.  
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Table 1. Characterization of LNPs by Dynamic Light Scattering and ζ-Potential Measurements. 

 uncoated LNPs iso-LNPs tLNPs 

Hydrodynamic diameter [d,nm] 67 ± 6.4 95 ± 6.3 89 ± 7.6 

Polydispersity index 0.11 ± 0.05 0.18 ± 0.09 0.13 ± 0.07 
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Ζ-potential [mV] -3.02 ± 0.64 -3.50 ± 0.33  -5.04 ± 0.71 

Data represent mean ± SD of six independent preparations 

 

 

 

Fig. 1. HPV E6/E7 silencing suppresses cell proliferation and restores p53 in HPV-positive 

HNC cells. A, Detection of HPV E6/E7 in HPV16-positive HNC cell lines: 2A3, UMSCC-104 

and UPCI:SCC090 by RT-PCR and western blot analysis.  B, Target gene expression in three 

HPV positive cell lines 48h after siE6 treatment compared to scrambled control siRNA (siNC), 

measured by RT-PCR. Data are representative of three independent experiments, two-tailed 

Student’s t-test, **, p<0.005, ****, p<0.00005. C, Viability 72h after siE6 treatment compared 

to siNC. Results are mean ± SD from three six-plicates experiments, two-tailed Student’s t-test, 

*, p<0.05, **, p<0.005, ****, p<0.00005. D, Immunoblotting for E7 and p53 72h after 

treatment with siE6 or siNC. GAPDH was used as a loading control. Numbers indicate 

p53/GAPDH and E7/GAPDH ratios, as determined by densitometric analysis. 

 

 

Fig. 2. EGFR coating mediates tLNPs binding to HNC cells without impeding ultra-structure of 

the LNPs. A, Anti-EGFR antibodies (AF647) binding (at 4 °C) and internalizing into UMSCC-

104 cells when incubated at 37 °C. B, Schematic diagram of the production process of siRNA-

loaded tLNPs using ASSET technology. ASSET, expressed in the E. coli periplasm anchored by 

lipidation to the inner membrane, is purified in micelles and inserted into the LNPs which are 

then coated with mAbs. Adopted with permission from Veiga et al, Adv Drug Deliv Rev 

2020.[38] C, Representative transmission electron microscopy (TEM) images of uncoated LNPs 

(left) and tLNPs (right), 100nm scale bar. D, Binding to UMSCC-104 cells of tLNPs (red) or 

iso-LNPs (blue) encapsulating Cy5-labelled siRNA. 

 

Fig. 3. tLNPs-siE6 suppress E6 and E7 expression and lead to apoptotic cell death of HPV-positive 

HNSCC cells.  A, Confocal images of untreated UMSCC-104 cells (Mock) or tLNPs-siE6-treated 

cells, stained for E7 (top, green) and Rb (bottom, green) 72h after treatment. Nuclei were stained 

with DAPI (blue). B, Relative E6 expression in UMSCC-104 cells 48h after different LNPs-siRNA 

treatments, as measured by RT-PCR. Data represent the mean±SD of three independent 

experiments, one-way ANOVA, *p<0.05. C, Immunoblotting for E7 72h after treatment. GAPDH 
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served as a loading control. D, Annexin V/PI staining of UMSCC-104 and FaDu cells 96h after 

treatment with siNC or siE6 encapsulated in uncoated, iso- or tLNPs. Results are mean ±SD of 

three independent experiments, 2-way ANOVA, *** p<0.0005. 

 

Fig. 4. Biodistribution and tumor accumulation of tLNPs and iso-LNPs in xenograft tumor-bearing 

mice. A, Representative IVIS images of mCherry signal (tumor cells) and Cy5 signal (LNPs) in 

tumor bearing mice 2h post-injection with either iso-LNPs or tLNPs. In the images of Cy5 

fluorescence  the tumors are marked by dashed circles. B-C, Biodistribution of Cy5-labelled iso-

LNPs and tLNPs at 4h (B) and 24h (C) post-injection (n=6 mice per group).  D-E, Representative 

IVIS images of the tumors harvested from mice at 4h (D) and 24h (E) after iv LNPs administration, 

and quantification of Cy5 fluorescence intensity by living image software comparing iso-LNPs vs. 

tLNPs tumor uptake (n=6 mice per time point). NS, not significant. Data (B-E) are representative 

of two independent experiments per time point (4h and 24h).  

 

Fig. 5. Active targeting enhances LNPs uptake by tumor cells. Tumors were excised 4h post injection 

of iso-LNPs or tLNPs, and cryosections stained for EGFR (green), to mark tumor cell surface, and 

DAPI (blue) to label nuclei. LNPs were visualized by Cy5 fluorescence (magenta). A-B tLNPs were 

found in close association with the surface of tumor cells or taken up by tumor cells (white arrows). In 

contrast, iso-LNPs were mostly in the interstitial matrix (orange arrows) as identified by dense areas 

of smaller-nuclei cells compared to tumor cells (C-D). Images are representative of two independent 

experiments.  

 

Fig. 6. αEGFR tLNP-siE6 mediates therapeutic gene silencing in a xenograft HPV-positive HNC 

mouse model. A, UMSCC-104 cells were subcutaneously inoculated in FoxN1 nude mice. After 

tumors had reached approximately 50 mm
3
, mice were intravenously injected with tLNPs or iso-LNPs 

encapsulating siE6 or siNC on days 12,15,19,22,25 and 28, n=10 mice/group. Data are presented as 

mean ± SEM; one-way ANOVA, * p<0.05, ** p<0.005 tLNPs-siE6 vs. iso-LNPs-siNC B, in vivo 

E6/E7 silencing in xenograft tumors by either tLNPs or iso-LNPs encapsulating siE6 or siNC, n=5 

mice/group. Data are presented as interquartile range (IQR) with a median center line and minimum 

to maximum error bars; one-way ANOVA, * p<0.05, ***p<0.0005, ****p<0.00005 C, H&E staining 

(scale bar, 200μm), immunohistochemical staining of P16 (scale bar, 100 μm) and TUNEL staining of 

tumor tissues. D, Statistical analysis (mean ± SD) of the percentage of apoptotic cells in tumor tissues 

as determined by TUNEL assay (representative images in panel D). A total of 3 fields from each 
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treatment group were counted. One-way ANOVA, ** p<0.005. Data (A-D) are representative of two 

independent experiments.  
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