
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Czuba-Wojnilowicz, E;Klemm, V;Cortez-Jugo, C;Turville, S;Aggarwal, A;Caruso, F;Kelleher,
AD;Ahlenstiel, CL

Title:
Layer-by-Layer Particles Deliver Epigenetic Silencing siRNA to HIV- Latent Reservoir Cell
Types

Date:
--

Citation:
Czuba-Wojnilowicz, E., Klemm, V., Cortez-Jugo, C., Turville, S., Aggarwal, A., Caruso,
F., Kelleher, A. D. & Ahlenstiel, C. L. (). Layer-by-Layer Particles Deliver Epigenetic
Silencing siRNA to HIV- Latent Reservoir Cell Types. Molecular Pharmaceutics,  (),
pp.-. https://doi.org/./acs.molpharmaceut.c.

Persistent Link:
https://hdl.handle.net//



This document is confidential and is proprietary to the American Chemical Society and its authors. Do not 
copy or disclose without written permission. If you have received this item in error, notify the sender and 
delete all copies.

Layer-by-Layer Particles Deliver Epigenetic Silencing siRNA 
to HIV-1 Latent Reservoir Cell Types

Journal: Molecular Pharmaceutics

Manuscript ID mp-2022-01030y.R2

Manuscript Type: Article

Date Submitted by the 
Author: 12-Feb-2023

Complete List of Authors: Czuba-Wojnilowicz, Ewa; University of Melbourne, Chemical and 
Biomolecular Engineering
Klemm, Vera; University of New South Wales
Cortez-Jugo, Christina; University of Melbourne, Chemical and 
Biomolecular Engineering
Turville, Stuart; University of New South Wales
Aggarwal, Anupriya; University of New South Wales
Caruso, Frank; University of Melbourne, Chemical and Biomolecular 
Engineering; Chemistry of Materials,  Chemical and Biomolecular 
Engineering
Kelleher, Anthony; University of New South Wales
Ahlenstiel, Chantelle; University of New South Wales

 

ACS Paragon Plus Environment

Molecular Pharmaceutics



1

Layer-by-Layer Particles Deliver Epigenetic 

Silencing siRNA to HIV-1 Latent Reservoir Cell 

Types

Ewa Czuba-Wojnilowicz,1‡ Vera Klemm,2‡ Christina Cortez-Jugo,1* Stuart Turville,2 

Anupriya Aggarwal,2 Frank Caruso,1 Anthony D. Kelleher,2,3 and Chantelle L. Ahlenstiel2,3*

1Department of Chemical Engineering, The University of Melbourne, Parkville, Victoria 

3010, Australia

2Kirby Institute, UNSW Medicine, Sydney, New South Wales 2052, Australia

3UNSW RNA Institute, UNSW Sydney, New South Wales, 2052, Australia

*Corresponding authors. E-mail: cahlenstiel@kirby.unsw.edu.au; ccortez@unimelb.edu.au

‡Both authors contributed equally

KEYWORDS: Layer-by-layer; poly-L-arginine; siRNA delivery; HIV-1 latent reservoir; 

epigenetic silencing

ABSTRACT

For over two decades, nanomaterials have been employed to facilitate intracellular delivery of 

small interfering RNA (siRNA), both in vitro and in vivo, to induce post-transcriptional gene 

silencing (PTGS) via RNA interference. Besides PTGS, siRNAs are also capable of 
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transcriptional gene silencing (TGS) or epigenetic silencing, which targets the gene promoter 

in the nucleus and prevents transcription via repressive epigenetic modifications. However, 

silencing efficiency is hampered by poor intracellular and nuclear delivery. Here, polyarginine-

terminated multilayered particles are reported as a versatile system for the delivery of TGS-

inducing siRNA to potently suppress virus transcription in HIV-infected cells. siRNA is 

complexed with multilayered particles formed by layer-by-layer assembly of poly(styrene 

sulfonate) and poly(arginine) and incubated with HIV-infected cell types, including primary 

cells. Using deconvolution microscopy, uptake of fluorescently labeled siRNA is observed in 

nuclei of HIV-1 infected cells. Viral RNA and protein are measured to confirm functional virus 

silencing from siRNA delivered using particles 16 days post-treatment. This work extends 

conventional particle-enabled PTGS siRNA delivery to the TGS pathway and paves the way 

for future studies on particle-delivered siRNA for efficient TGS of various diseases and 

infections, including HIV.

INTRODUCTION

Small interfering RNA (siRNA) can alter the expression of target genes via gene knockdown 

or silencing in a pathway called RNA interference (RNAi). RNAi can occur via post-

transcriptional gene silencing (PTGS) or via transcriptional gene silencing (TGS) (Figure 1). 

PTGS occurs when siRNA, complexed with Argonaute 2 (Ago2) in the RNA-induced silencing 

complex (RISC), binds to its complementary target messenger RNA (mRNA) sequence 

predominantly in the cytoplasm, resulting in mRNA cleavage and gene silencing.1, 2 TGS 

occurs when siRNA enters the nucleus and together with Argonaute 1 (Ago1) in the RNA-

induced initiation of transcriptional silencing (RITS) complex binds to the target DNA 

sequence in the genome and triggers chromatin compaction, resulting in silencing of the gene 

promoter at the level of transcription, hence the name transcriptional gene silencing.3,4 In both 

PTGS and TGS, effective gene silencing is largely hampered by intracellular delivery of siRNA 
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inside cells (predominantly in the cytoplasm for PTGS and nucleus for TGS) due to poor 

transport across membranes, limited endosomal escape and nuclease degradation of siRNA.

 
Figure 1. Particle-mediated delivery of siRNA for gene silencing. (a) Upon particle 

internalization, the released siRNA binds to Ago2 to form the RISC complex, which facilitates 

removal of the siRNA passenger strand. The RISC-loaded guide strand binds to its 

complementary sequence of target mRNA in the cytosol, leading to mRNA cleavage and lack 

of translation of mRNA transcript into protein via PTGS. (b) In TGS, siRNA requires nuclear 

translocation from the cytosol to target the genomic sequence. Released siRNA in the 

cytoplasm binds to Ago1, transporting the siRNA through the nuclear membrane, where the 
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RITS complex is formed, and the passenger strand is removed. In the nucleus, the RITS-loaded 

guide strand binds to its complementary sequence in the genome and induces epigenetic 

changes, preventing transcription of DNA into mRNA. Created with BioRender.com.

Significant advances have been made in nanotechnology and chemistry in RNAi drug (siRNA) 

delivery for PTGS, including encapsulation within lipid- and polymer-based particles, and 

chemical modification to enhance nuclease resistance for in vivo delivery.2 This is 

demonstrated in the United States Food and Drug Administration (FDA) approval of four 

RNAi PTGS-inducing siRNA products: i) patisiran (ONPATRRO) in 2018, which is 

encapsulated in a lipid nanoparticle and approved to treat hereditary transthyretin-mediated 

amyloidosis; ii) givosiran (GIVLAARI) in 2019, a N-acetylgalactosamine (GalNAc)-siRNA 

conjugate used to treat acute hepatic porphyria; iii) lumasiran (OXLUMO) in 2020, also a 

GalNAc-siRNA conjugate approved to treat primary hyperoxaluria type 1; and iv) inclisiran in 

2022, another GalNAc-siRNA conjugate approved to treat hypercholesterolaemia and 

atherosclerotic cardiovascular disease. Several siRNA products are currently in phase 3 trials 

and the rapid development and approval of COVID-19 disease targeting mRNA in the Pfizer 

and Moderna lipid nanoparticle vaccines highlights the rapidly expanding field of RNA 

therapeutics. However, in stark contrast to PTGS-inducing siRNAs, which only need to reach 

the cytoplasm, the use of particles to facilitate entry of siRNA into the nucleus to mediate 

epigenetic silencing via TGS has not been reported. 

Epigenetic silencing using siRNA has been explored in HIV research as a means to achieving 

a functional HIV cure.5–8 The major barrier to an HIV cure is the presence of latently infected 

cells (e.g., CD4+ T cells, macrophages and other myeloid lineage cells) that reactivate to 

produce new virus when antiretroviral therapy (ART) is discontinued or interrupted, making 

ART an expensive lifelong treatment for people living with HIV.9,10 Epigenetic changes in the 

nuclei of latently infected cells harboring the HIV genome may include heterochromatin 
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formation to compact the chromatin and prevent virus transcription, which can reactivate upon 

cell activation by an antigen or changes in local inflammatory milieu.11 Anti-HIV siRNA have 

been developed to prevent virus reactivation by mimicking this natural latent virus state using 

a novel “block and lock” approach to control the latent reservoir through blocking virus 

transcription and locking the genome in a latent state.4,5,12–15 Two unique siRNA sequences, 

termed si143 and siPromA, have been developed by Kelleher and co-workers to target highly 

conserved regions in the non-transcribed 5’LTR promoter of the HIV genome.5, 7 By binding 

to its target on the 5’LTR, these siRNAs induce sustained and profound TGS of the virus, 

switching off virus production, with up to 1000-fold decrease in viral replication lasting several 

weeks after a single siRNA transfection using commercial transfection agents or 

nucleofection,16 or >12 months by matching short hairpin (sh)RNAs delivered by a retroviral 

construct.16 In vivo humanized mouse model studies also demonstrate virus suppression and 

protection of CD4+ T cells.17

While recombinant viral strategies for the delivery of si/shRNA for PTGS and TGS have led 

to effective delivery in vitro and in vivo, viral transduction does not necessarily target resting 

(non-activated) cells, which constitute the latent HIV reservoir. In addition, safety concerns 

associated with viral approaches to delivery and cargo limitations (e.g., size, type), have led to 

research into biocompatible non-viral delivery platforms with potential for development as 

multifunctional in vivo injectable therapeutic carriers. Here we describe the application of poly-

L-arginine (PLArg)-terminated multilayered particles and capsules as non-viral platforms for 

the delivery of siRNA to induce TGS of virus in HIV infection models. The multilayered 

particles are assembled using layer-by-layer (LbL) deposition of electrostatically interacting 

PLArg and poly-4-styrene sulfonate (PSS) on a decomposable silica core (template).18,19 Upon 

core dissolution, hollow capsules consisting of polymer shell can be obtained. LbL systems 

have been investigated for the delivery of various cargoes,20,21 including siRNA (for 
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PTGS),22,23 small molecule drugs, proteins, and DNA, and have the advantage over other 

carriers, such as liposomes and polymer micelles, of being a versatile system with tailorable 

properties, including size, shape, composition, and degradability.24,25 In addition, templated 

LbL systems enable loading of active cargo within the core, embedded within the layers, or 

adsorbed on the particle surface, as demonstrated for applications including atherosclerosis, 

cancer therapy, and vaccines.19,25

In this work, siPromA was bound electrostatically to PLArg-terminated core-shell particles 

(837 nm silica core) and hollow shell capsules. While the size of the particles is large for 

nuclear entry, the PLArg-terminated film allows for effective siRNA deposition and cell uptake 

that can be adapted to smaller particles (e.g., gold nanoparticle cores) in future studies, 

particularly in vivo.26,27 We show that PSS/PLArg LbL particles and capsules are able to deliver 

TGS-inducing siRNA into the nucleus of HIV-infected HeLa T4+ cells, activated primary 

CD4+ T cells, resting primary CD4+ T cells and monocyte-derived macrophages (MDM). 

Importantly, studies in HeLaT4+ cells, primary activated CD4+ T cells and MDM showed the 

siRNA delivered was functional, and induced HIV-1 gene silencing, as determined by reverse 

transcriptase (RT) and RT-qPCR assays. This study demonstrates particle-mediated nuclear 

delivery of siRNA for TGS, which has not been reported before. 

EXPERIMENTAL SECTION

Materials. Polyethylenimine (PEI; low molecular weight (Mw,)), poly-L-arginine (PLArg 

Mw>70,000 g mol-1), poly(sodium 4-styrenesulfonate) (PSS, Mw>70,000 g mol-1), Dulbecco’s 

phosphate buffered saline (DPBS), sodium acetate (NaOAc), sodium chloride (NaCl), 

ethylenediaminetetraacetate (EDTA) and hydrofluoric acid (HF) were purchased from Sigma-

Aldrich (St. Louis, MI, USA). Silica particles (0.889 ± 0.003 µm, 5% w/v aqueous solution) 

were purchased from microParticles GmbH (Berlin, Germany). Alexa Fluor 488 NHS ester, 
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Alexa Fluor 647 NHS ester, Ultrapure water, Quant-iT RiboGreen RNA assay kit, SYBR Gold 

nucleic acid stain, alamarBlue reagent, Hoescht and wheat germ agglutinin-Alexa Fluor 488 

conjugate (WGA488) were purchased from Thermo Fisher Scientific (Waltham, USA).

Film Assembly on Planar Surface. Quartz crystal microbalance with dissipation 

monitoring (QCM-D; Q-Sense Biolin Scientific AB, Sweden) was used to follow LbL film 

assembly and to study siRNA binding onto PLArg-terminated film. The gold QCM-D crystals 

were cleaned with Piranha solution (one part of 30% H2O2 in three parts of H2SO4) for 2 min, 

rinsed three times with Milli-Q water and dried with a gentle stream of nitrogen. Caution: 

Piranha solution is highly corrosive. Extreme care should be taken when handling Piranha 

solution and only small quantities should be prepared. PEI (2 mg mL−1 with 1 M NaCl) was 

prepared in Milli-Q water. PSS (1 mg mL−1 with 0.5 M NaCl) and PLArg (1 mg mL−1) were 

prepared in 50 mM NaOAc buffer, pH 5.2. PEI was deposited as the first layer to prime 

multilayer growth, followed by deposition of four PSS/PLArg bilayers. Adsorption of each 

layer was carried out for 15 min, followed by a series of 5 min washing cycles between 

deposition steps (two washes with Milli-Q water and two washes with NaOAc after PEI, and 

three washes with NaOAc after subsequent layers). siRNA (0.5mg mL−1 solution in NaOAc) 

was deposited for 20 min on the [PEI-(PSS/PLArg)4] assembled film, followed by washing 

with NaOAc. The mass of adsorbed siRNA was calculated using Sauerbrey’s equation Δm = 

−CΔf/n, where the mass sensitivity constant C equals 17.7 ng cm2 Hz−1 for a 5 MHz crystal, Δf 

is the normalized frequency change (Hz) and n is the number of the harmonic.28

Atomic force microscopy (AFM) imaging of PEI-(PSS/PLArg)2 and PEI-(PSS/PLArg)2-

siRNA films was carried out with a JPK NanoWizard II BioAFM. Typical scans were 

performed in tapping mode with MikroMasch silicon cantilevers (NSC/CSC). The roughness 

of the air-dried films was analyzed using the JPK SPM image processing software (version 

V.3.3.32). 
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Particle Preparation. Silica particles (40 µL, 0.05 wt%) were washed three times by 

centrifugation/resuspension cycles (200 µL of Milli-Q water, 500 g for 1.5 min). PEI (200 µL) 

was incubated with the particles (resuspended in 200 µL Milli-Q water) with mixing in a 

rotating mixer for 15 min, followed by washing once with Milli-Q water (200 µL) and twice 

with 50 mM NaOAc (200 µL), which was used in all subsequent washing steps. Particles were 

then incubated (alternately) with PSS or PLArg (500 µL) for 15 min per layer followed by 

washing. After deposition of nine layers, i.e., [PEI-(PSS/PLArg)4], particles were resuspended 

in buffer (100 µL), counted by flow cytometry (Apogee Micro, Apogee Flow Systems, 

Hertfordshire) and stored at 4 °C until use. ζ-potential measurements were performed in Milli-

Q water at 25 °C in folded capillary cells (DTS1070, Malvern Instruments) using a Zetasizer 

Nano-ZS (Malvern Instruments, United Kingdom). 

Capsules were prepared by dissolving the silica core with hydrofluoric acid (HF). Buffered 

HF (300 µL, 2 M HF in 8 M NH4F pH 4) was added to PLArg-terminated core-shell particles 

(40 µL or ~6 × 108 particles in NaOAc) and incubated for 5 min at room temperature. [Caution! 

HF is highly toxic. Extreme care should be taken when handling HF solution]. The capsules 

were pelleted at 4500 g, supernatant was removed, and capsules were then washed by 

centrifugation with Ultrapure water (once) and NaOAc buffer three times to ensure that the HF 

was fully removed.

To prepare fluorescently labeled particles, PLArg labeled with AF488 or AF647 was used in 

the seventh layer of the LbL film. PLArg solution (2 mg mL−1) was prepared in 50 mM sodium 

acetate buffer pH 5.2 and mixed with AF488-NHS (1.75 µL) or AF647-NHS (3.5 µL) 

(equivalent of 2.8 × 10−4 mmol) and incubated for at least 2 h, with mixing, at room 

temperature. The free dye was removed by extensive dialysis (MWCO 3.5 kDa) against Milli-

Q water over two days. The final product was freeze dried and stored at 4 °C until use. 
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Particle Imaging. Particles (core-shell, capsules or siRNA-coated) were imaged with a 

Nikon A1R confocal microscope using 60 × 1.4 NA oil immersion or 40 × 1.2 NA water 

objectives. Changes in the surface morphology of the silica templates before and after LbL 

assembly were analyzed by scanning electron microscopy (SEM). Particles (~2 × 106) were 

deposited on the clean silicon wafer and were washed three times with Milli-Q water over 24 

h, allowing the sample to air-dry between washing steps. Images were acquired using a FEI 

Quanta 200 field emission SEM with 10 kV operation voltage. The thickness of the capsules 

was analyzed by AFM. Capsules were deposited on a clean glass microscopy slide (~1 × 107 

capsules), air-dried for 24 h at room temperature and imaged in tapping mode with a JPK 

NanoWizard II BioAFM instrument.

 Quantification of siRNA Binding. The RiboGreen assay was used to quantify siRNA 

binding. siRNA solution (20 µL, 3 pmol in 0.2× DPBS) was added to 20 µL particle solutions 

of varying particle number (1 × 106 to 2 × 107) and incubated for 20 min at room temperature 

(23 °C), with mixing by vortexing every 5 min. Samples were pelleted then by centrifugation 

at 600 g for 5 min and 10 µL of the supernatant was transferred to a 96-well microplate and 

mixed with of 1×TE buffer (90 µL). Samples containing only buffer, a particle only control (1 

× 106) and a positive control containing siRNA (3 pmol) were also prepared. The RiboGreen 

assay was performed according to the manufacturer’s protocol. Fluorescence measurement was 

performed with an Infinite M200 microplate reader (Tecan, Switzerland). 

Complexation of siRNA was also studied by polyacrylamide gel electrophoresis. Samples 

with varying number of particles (from 1 × 103 to 1 × 106) in 15 µL NaOAc buffer were mixed 

with siRNA (15 µL, 3 pmol) and incubated for 20 min at room temperature, followed by 

addition of nucleic acid loading dye (5 µL). Samples (30 µL) were loaded onto the 10% tris-

borate-EDTA (TBE) gel and electrophoresis was carried out for 1 h at 150 V. The gel was 
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stained with SYBR Gold reagent and imaged using a Bio-Rad ChemiDoc XRS-Imaging 

System.

Cell Culture. Cell culture reagents were purchased from GibcoTM (Thermo Fisher Scientific, 

Waltham, USA) unless otherwise specified. HEK293T cells (Invitrogen, Carlsbad, CA) and 

the HeLa cell line TZM-bl (NIH AIDS Reagent program, Division of AIDS, NIAID, NIH from 

John C Kappes, Xiaoyun Wu and Tranzyme (Catalogue No. 8129)) were grown in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 100 U 

mL−1 penicillin and 100 μg mL−1 streptomycin (Pen/Strep). HeLa and RAW 264.7 cell lines 

were cultured in DMEM with GlutaMAX, supplemented with 10% FBS. The HeLa T4+ cell 

line was grown in the same media with the addition of 200 μg mL−1 Geneticin selective 

antibiotic G418 to only keep cells expressing the stable transduced CD4 Receptor. HUT78 T 

cell line was grown as suspension cells in Roswell Park Memorial Institute (RPMI) 1640 with 

2 mM GlutaMax, 10% FBS and Pen/Strep. All cells were cultured at 37 °C with 5% CO2. 

Cell Viability and Particle Association in Non-infected Cells. Cell viability was assessed 

using the alamarBlue assay. HeLa, RAW 264.7 and HUT78 cells were seeded at 1 × 105 cells 

per well in a 96-well microplate (flat-bottom for HeLa and RAW 264.7 cells, round-bottom for 

HUT78 cells) and incubated overnight. The media was replaced with fresh media (120 µL) and 

particles and particles-siRNA complexes (30 µL in 0.2× DPBS) were added to cells at particle-

to-cell ratios: 50, 200, and 1000 corresponding to 5 × 105, 2 × 106 and 1 × 107 particles per 

well, respectively. After 24 h incubation at 37 °C, 5% CO2 in a humidified atmosphere, the 

alamarBlue assay was performed according to the manufacturer’s instructions. HeLa and 

RAW264.7 were incubated in alamarBlue reagent for 4 h and HUT78 were incubated for 24 h. 

Plate fluorescence was measured on a Tecan Infinite M200 microplate reader using 560 nm 

excitation and 590 nm emission wavelengths. 
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The cell association of particles and capsules complexed with AF647-labeled siRNA was 

assessed by confocal microscopy. Cells (HeLa, RAW 264.7 and HUT78) were seeded 

overnight in 8-well chamber slides (Nunc Lab-Tek) at 6 × 104 cells per well in medium (400 

µL). The media was replaced with fresh media (370 µL), followed by addition of particles and 

incubation for 24 h at cell culture conditions. Note that complexation of siRNA with particles 

and capsules was based on 1.2 × 107 particles per 6 pmol of siRNA in a 30 µL final volume. 

Before imaging, cells were washed 3 times with DPBS (200 µL; HUT78 were washed by 

centrifugation/resuspension cycles) and fixed with 4% paraformaldehyde (PFA) for 10 min at 

room temperature. Nuclei were stained with Hoechst (1 µg mL−1) and cell membranes were 

stained with WGA488 (5 µg mL−1) for 5 min at room temperature, followed by two washes 

with DPBS. Images were acquired with a Nikon A1R confocal microscope with a 60× 1.4NA 

oil immersion objective and analyzed using Fiji software.

Isolation of Primary CD4+ T cells and Monocyte-derived Macrophages. Healthy donors 

were consented under St Vincent’s Hospital ethics #HREC/13/SVH/145. Peripheral blood 

mononuclear cells (PBMCs) were isolated from fresh blood of healthy donors following 

informed written consent using Ficoll density gradient. Monocytes were extracted from 

PBMCs by anti-CD14 magnetic bead positive selection as outlined by the manufacturer’s 

protocol for the anti-CD14 MicroBeads, human (Miltenyi Biotech, Gladbach, Germany) with 

the exception of using DPBS supplemented with 1% (v/v) human AB serum (hAB) (Merck, 

Darmstadt, Germany) and 1 mmol L−1 EDTA as buffer at 4°C. CD4+ T cells were isolated 

from the flow through by negative selection using the CD4+ T Cell Isolating Kit, human 

(Miltenyi Biotech, Gladbach, Germany) following manufacturer’s protocol with the buffer 

change as described for monocyte extraction. 

Purified monocytes were cultured into Monocyte-derived-Macrophages (MDMs) by plastic 

adherence to the tissue culture treated plate for 1 h with RPMI 1640 with 2 mM GlutaMax, 
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12

before adding RPMI 1640 with 2 mM GlutaMax supplemented with 20% hAB serum to get to 

final concentration of 10% hAB. Media was refreshed after 24 h and every 3 days thereafter. 

MDMs were used for experiments after 7 days of differentiation. 

Purified CD4+ T cells were either directly used as resting CD4+ T cells at 1 × 106 cells mL−1 

in RPMI 1640 with 2 mM GlutaMax and 2% hAB or resuspended at 2.5 × 106 cells mL−1 or 

activated using the T Cell Activation/Expansion Kit, human (Miltenyi Biotech, Gladbach, 

Germany) following the manufacturer’s protocol with the exception of using half the 

recommended amount of loaded activation beads. Cells were incubated for 48 h at 37 °C, 5% 

CO2 before removing the beads as per protocol. Activated CD4+ T cells were cultured at 1 × 

106 cells mL−1 for experiments.

Plasmids. The lentiviral plasmid psPAX2 was obtained through the NIH AIDS Reagent 

program, Division of AIDS, NIAID, NIH: psPAX2 (Catalogue No. 11348) from Didier Trono. 

The lentiviral envelope plasmid VSV-G was kindly donated by A/Prof S.G. Turville. The 

plasmid pNL4-3 was obtained from the NIH AIDS Reagent Program, Division of AIDS, 

NIAID, NIH: HIV-1 NL4-3 Infectious Molecular Clone (pNL4-3) (Catalogue No. 114) from 

Dr. Malcolm Martin. HIV-1NL4.3-Δenv-mOrange (NL4.3 virus with 3 stop-codons in the env 

region and the mOrange inserted into the gag region), HIV-1pBalI-NL4.3 (NL4.3 virus with the 

envelope region exchanged to the BalI virus envelope sequence) and HIV-1NL4.3-IRES-GFP 

plasmid were modified and kindly donated by A/Prof S.G. Turville.

HIV-1 Virus and Lentivirus Production and Titration. HIV-1SF162 was obtained through 

the NIH AIDS reagent program, Division of AIDS, NIAID from Dr. Jay Levy. HEK293T cell 

cultures were infected to expand the virus and the supernatant was harvested. During the 

expansion of HIV-1SF162, the virus encounter mutations in the V3 loop changing its tropism 

from CCR5 to CXCR4, as previously reported.29   
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HIV-1NL4.3 and HIV-1pBalI-NL4.3 were produced by transfecting the virus plasmid with 1X PEI 

into HEK293T cells. The plasmid was diluted to 10 μg in a solution (500 μL) of tissue culture 

grade 0.9% (w/v) NaCl (Sigma Aldrich, Missouri, USA), and PEI Max (60 μL) (Polysciences, 

Warminster, PA) was added dropwise and vortexed for 10 s. The DNA-PEI mix was incubated 

for 30 min at room temperature and then 7 × 106 trypsinized HEK293T cells were added 

dropwise to the mixture and incubated for 5 min at room temperature. The mixture was added 

to a T-75 Flask and cultured in a final volume (10 mL) of DMEM with 10% FBS. The media 

was replaced at 18 h post transfection. 72 h post-transfection the supernatant was harvested by 

centrifugal preclearing of viral supernatant at 2500 g for 20 min at 4 °C, aliquoted and frozen 

at −80 °C.

Subsequently generated HIV-1 virus titer was determined on the indicator cell line TZM-bl 

and the Reed Muench method was used to extrapolate the virus titer.30 The HIV-1NL4.3-IRES-

GFP was used with an optimized envelope to infect resting CD4+ T cells. To produce the VSV-

G pseudotyped HIV-1NL4.3-Δenv-mOrange lentivirus, the PEI transfection method was used. 

For 7 × 106 cells mL−1 HEK293T cells, psPAX2 plasmid (4 μg), VSV-G envelope plasmid (1 

μg) and HIV-1NL4.3-Δenv-mOrange plasmid (4 μg) were added to PBS (0.5 mL) and incubated 

with 1× PEI (60 μL) for 10 min. After adding the cells to the PEI-plasmid mix and incubating 

for another 5 min, the cells were seeded in a T-75 cell culture flask and incubated for 72 h at 

37 °C, 5% CO2. Viral supernatant was harvested by centrifugal preclearing at 2500 g for 20 

min at 4 °C, aliquoted and frozen at −80 °C. Titration of VSV-G envelope pseudotyped, 

mOrange expressing HIV-1NL4.3-Δenv was performed by infecting HEK293T cells in multiple 

dilutions. 72 h post infection cells were harvested and fixed in 0.5% PFA and expression of 

mOrange was checked using the flow cytometry.

Infection of Cells with HIV. Infection of any cells was performed at multiplicity of infection 

(MOI) of 1 at time of seeding. HeLa T4+ and HUT78 T cells were infected with HIV-1SF162; 
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activated CD4+ T cells were infected with HIV-1NL4.3 by spinoculation at 200 g for 2 h at 37 

°C. MDMs were infected with HIV-1pBalI-NL4.3 by spinoculation at 200 g for 1 h at 37 °C. 

Infection of cell lines, primary activated CD4+ T cells and MDMs for imaging was performed 

using a VSV-G envelope pseudotyped, mOrange expressing HIV-1NL4.3-Δenv. No spinoculation 

was needed. Cell lines and MDMs were infected for 4 days and activated CD4+ T cells were 

infected for 3 days prior to commencing experiments. Resting CD4+ T cells were infected with 

an optimized HIV-1NL4.3-IRES-GFP and used for experiments 5 days post infection.

Reverse Transcriptase Assay. Supernatant of infected cells was collected on multiple days 

post LbL particle/capsule siRNA delivery. Supernatant samples were stored at −80 °C until the 

RT assay was performed on all samples as previously described.31   

RNA Extraction and Real Time Quantitative PCR. Cells were harvested at specified 

timepoint, centrifuged at 300 g for 5 min, supernatant removed, and cell pellet frozen at −80 

°C. RNA extraction was performed using Monarch® total RNA Miniprep Kit (New England 

BioLabs, Massachusetts, USA) following manufacturer’s protocol. RNA was adjusted to 10 

ng μL−1. Real-time qPCR was performed using the Luna® Universal One-Step RT-qPCR Kit 

as per the manufacturer’s protocol (E3005) and the CFX96 detection system (New England 

BioLabs, Massachusetts, USA). Primers included: 

β2 microglobulin (B2M)-Fwd: GGACTGGTCTTTCTATCTCTTGT; 

B2M-Rev:ACCTCCATGATGCTGCTTAC; 

HIV-1NL4.3 Gag-Fwd: GTTTTCAGCATTATCAGAAGGAGCCAC; 

Gag-Rev: CTTGGTTCTCTCATCTGGCCTG. All plates contained β2 microglobulin (B2M) 

as a housekeeping gene for normalization and a HIV gene standard.

Imaging and Image Analysis. Imaging was performed on the DeltaVision ELITE Image 

Restoration Microscope (Applied Precision/Olympus) using the 60× oil immersion lens with 

1.58 NA. The CoolSnap QE camera (Photometrics) was used with the dichroic 1 filter to detect 
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nuclei stained with NucBlue with DAPI, GFP with FITC, mOrange-labelled virus with TRITC 

and siRNA-AlexaFluor647 with Cy5. Cells were seeded in either a 96 well or 384 well 

microplate (Ibidi, Wisconsin, USA) and cells were stained with NucBlue Live Cell Stain 

(Thermo Fisher Scientific, Waltham, USA) and fixed with 4% PFA (Electron Microscopy 

Sciences, Pennsylvania, USA) for 12 min at RT prior to storage in PBS at 4 °C for imaging at 

a later timepoint. Gain was set to 2. Z-stacks (up to 50) of ~0.5 µm per stack were obtained to 

enable generation of a 3D cell using the SoftWoRx 3D Volume Viewer tool. Deconvolution of 

images was performed using the SoftWoRx software prior to analysis. To define siRNA as a 

nuclear event the arbitrary line intensity profile and 3D Volume Viewer was used. The arbitrary 

line was drawn through the region of interest and the signal intensity of each channel was 

obtained. If the area denoting the nuclear signal included a peak for the siRNA signal, they 

were considered as potentially nuclear. Verification was done using the 3D Volume viewer to 

produce a 3D projection of the nucleus from all optical sections. This 3D projection was used 

to exclude siRNA in nuclear pockets. Final confirmation of entry was determined by rendering 

of the cell into nuclear and cytoplasmic compartments, with only siRNA completely enclosed 

in the nucleus being confirmed nuclear events. 

Statistical Analysis. All statistical analyzes were performed using GraphPad Prism 9 (La 

Jolla, CA). To determine the statistical difference of means among various groups, data was 

analyzed with one-way or two-way ANOVA test with the appropriate multiple comparisons 

test. A p value of <0.05 was considered statistically significant. 

RESULTS AND DISCUSSION

Production and Characterization of LbL Particles and Capsules. The design of particles 

for siRNA delivery typically requires a cationic component that can complex negatively 

charged siRNA, protect it from degradation by serum nucleases, mediate transport across the 
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cell membrane and promote endosomal escape into the cytoplasm, where it can block 

translation of mRNA into proteins via PTGS. For TGS, the siRNA must also enter the nucleus 

to allow binding to its target sequence in the genome and to suppress gene transcription (Figure 

1). Poly-L-arginine is a cationic polypeptide that has been used to enhance the intracellular 

translocation of various cargoes via a mechanism that resembles the action of arginine-rich 

HIV-derived transactivator of transcription (Tat) — the first identified cell-penetrating 

peptide.32, 33 In addition, nuclear localization signals that transport proteins to the cell nucleus 

are often arginine-rich, which may provide an additional benefit for the use PLArg for 

enhanced nuclear translocation of nucleus-bound siRNA.34,35 In this study, PLArg was used in 

the assembly of multilayered particles and capsules to facilitate complexation with negatively 

charged siRNA by electrostatic interactions. Microcapsules containing PLArg have been 

previously reported to deliver and release loaded cargo upon degradation by intracellular 

proteases in vitro.36, 37

Multilayered particles and capsules were prepared by LbL assembly of PLArg and anionic 

PSS on spherical silica templates (Figure 2a). PSS is a highly biocompatible, FDA-approved 

material for applications in the gastrointestinal tract and has a demonstrated ability to form 

stable multilayers with PLArg.37 LbL assembly of PLArg and PSS and subsequent siRNA 

binding to terminal PLArg layer were first studied on a planar surface using quartz crystal 

microgravimetry with dissipation (QCM-D), which confirmed multilayer build up (Figure S1). 
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Figure 2. Preparation and characterization of PSS/PLArg particles and capsules. (a) LbL 

particles were prepared by deposition of anionic PSS and cationic PLArg on spherical PEI-

coated silica templates to form a multilayer shell comprising PEI-(PSS/PLArg)4. Upon 

dissolution of the silica core, hollow capsules are formed. siRNA is complexed by PLArg-

terminated core-shell particles or capsules via electrostatic interactions between positively 
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charged amine groups in PLArg and negatively charged phosphate groups in siRNA. (b). 

Multilayer build up was monitored by zeta potential measurements; layer 1 is PEI, layers 2, 4, 

6 and 8 correspond to the deposition of PSS; layers 3, 5, 7 and 9 correspond to the deposition 

of PLArg. (c) SEM image of silica particles coated with a PEI-(PSS/PLArg)4 film (core-shell 

particles). Scale bar is 1 µm. (d) AFM image of hollow capsules after silica removal. Scale bar 

is 5 µm. (e) Differential interference contrast (DIC) microscopy image of hollow capsules and 

(f) fluorescence image of capsules complexed with AF647-labeled siRNA. Scale bars are 2 

µm. (g) Optimization of siRNA complexation on PLArg-terminated particles using the 

RiboGreen assay.

Multilayer build up was adapted to spherical templates to prepare core-shell particles on 

silica templates and subsequently, hollow capsules after template removal. Silica particles (837 

nm in diameter) were first coated with PEI to prime the multilayer growth followed by four 

PSS/PLArg bilayers for a film structure of PEI-(PSS/PLArg)4. The assembly process was 

followed by microelectrophoresis, which determines the ζ-potential of the particles and is 

related to the particle surface charge. The pattern of ζ-potential reversal from negative to 

positive is indicative of multilayer film formation on a spherical template (Figure 2b).38 

Scanning electron microscopy (SEM) was also used to confirm film formation, which revealed 

a rough surface morphology after deposition of a PEI-(PSS/PLArg)4 film compared with bare 

silica particles (Figures 2c, S2a, and S2b). Shell thickness was determined using SEM by 

comparing the diameter of the particles before and after film assembly. By measuring the 

diameters of 50 particles using the imaging software Fiji, particle diameter was determined to 

increase from 846 ± 32 nm for the bare silica template to 905 ± 32 nm after LbL film assembly. 

The increase in diameter indicates the formation of a ~41 nm thick film on the particle surface 

after deposition of nine polyelectrolyte layers [PEI-(PSS/PLArg)4]. By using fluorescently 

labeled PLArg within the film [PEI-(PSS/PLArg)2(PSS/PLArg-AF488) (PSS/PLArg)], 
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confocal microscopy could be used to image the film of core-shell particles (Figure S2c), and 

to confirm binding of AF647-labeled siRNA on non-fluorescent PLArg-terminated core-shell 

particles (Figure S2).

Silica core removal resulted in hollow microcapsules, as confirmed using atomic force 

microscopy (AFM) and differential interference contrast (DIC) microscopy (Figure 2d, e). 

While silica is a highly biocompatible drug delivery material,39 hollow capsules that result from 

core removal can have distinct mechanical properties (i.e., flexibility) that can influence 

particle interaction with the biointerface.40 Images of capsules in the air-dried state showed 

collapsed and monodispersed structures with a 45 nm shell thickness, as determined by AFM 

height analysis (Figure S3). DIC microscopy of the capsules in a hydrated state (in solution) 

showed uniform capsules having similar size as core-shell particles (~900 nm in diameter) 

(Figure 2e). The adsorption of AF647-labeled siRNA to the microcapsules, likely from the 

electrostatic interaction of siRNA with PLArg, was confirmed by confocal microscopy (Figure 

2f), and showed fluorescence of the capsule shell after washing. The presence of siRNA 

resulted in the decrease in the ζ-potential of the capsules from 50 ± 5 mV to -6 ± 4 mV. This is 

consistent with siRNA binding to PLArg-terminated core-shell particles in which the ζ-

potential decreased from 51 ± 5 mV to 7 ± 4 mV after siRNA binding (Figure S4). The increase 

in surface film roughness because of siRNA binding was also confirmed by AFM (Figure S5).

The amount of siRNA bound to the particles was quantified by RiboGreen RNA 

quantification assay (Figure 2g), which determined complete complexation of 3 pmol siRNA 

by 6 × 106 particles. This was confirmed by the disappearance of the unbound siRNA band at 

this ratio by polyacrylamide gel electrophoresis (Figure S6). An estimated coverage of 266 ng 

siRNA per cm2 is obtained, which is consistent with the siRNA surface coverage obtained from 

QCM-D data (255 ng per cm2) (Figure S1). Since, in principle, only one siRNA molecule is 

needed to bind the target genomic sequence to induce epigenetic silencing, 266 ng siRNA per 
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cm2 or roughly equivalent to 2.7×105 siRNA molecules per particle presents an excess amount 

of siRNA accessible to the cell upon particle internalization. 

Cell Viability is Unaffected by LbL Particle Treatment in Vitro. The cytotoxicity of LbL 

core-shell particles and capsules was tested in non-virus infected HeLa, HUT78 and RAW 

264.7 cell lines using the alamarBlue viability assay. LbL particles and capsules, with or 

without bound siRNA, were incubated with cells at particles-to-cell ratio of 50, 200 and 1000, 

to reflect conditions used in later experiments in infected cultures. At least 80% viability was 

observed in all tested conditions up to particle-to-cell ratio 1000 for all tested cell lines (i.e., 

HeLa, HUT78 and RAW 264.7) (Figure S7). For HUT78 cells incubated with capsules, an 

increase in cell death is observed as the capsule-to-cell ratio increases and when capsules have 

surface-bound siRNA. However, this is not observed in the other cell lines studied and may be 

a cell-specific trend that warrants further investigation beyond the present study. Nevertheless, 

the generally high cell viability across the different cells and particles indicates the highly 

biocompatible nature of the PSS/PLArg LbL particles in vitro. Efficient cellular uptake of 

siRNA coated LbL core-shell particles and capsules after 24 h incubation with Hela, HUT78 

and Raw 264.7 cells was demonstrated by confocal microscopy (Figure S8).

LbL Capsule Delivery of siPromA to the Nuclei of HeLa T4+ Cells. Having established 

that siRNA-coated LbL particles/capsules are internalized by non-infected cells within 24 h, 

we proceeded to investigate siRNA entry into the nucleus in HIV-infected cells. For successful 

epigenetic silencing to occur, siRNA targeting the HIV promoter (i.e., siPromA) needs to be 

transported into the nucleus and interact with its complementary sequence within the genome. 

The release of siRNA from the particle and siRNA entry into the nucleus of infected cells was 

analyzed in the HeLa T4+ cell line, as well as primary activated and resting CD4+ T cells and 

MDMs, both of which represent the predominant primary cell types that harbor the latent HIV 

reservoir. 
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HeLa T4+ cells were seeded and infected for 4 days prior to addition of siRNA-coated 

capsules. For imaging purposes, cells were infected with a fluorescently labeled (mOrange) 

HIV pseudovirus and were fixed 48 h post-siRNA-capsule treatment. For functional assays, 

cells were infected with HIV-1SF162 and were analyzed 16 days post siRNA-capsule treatment 

(Figure 3a). Note that treatment and infection of cells was different for every cell type, with 

day 0 representing the day the siRNA-loaded capsules were added for all cell types (Table S1).
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Figure 3. Nuclear delivery and functional characterization of siRNA capsule-treated 

HeLa T4+ cells. (a) HeLa T4+ cells were infected with VSV-G envelope pseudotyped, 

mOrange expressing HIV-1NL4.3-Δenv for imaging (b-c) or with HIV-1SF162 for the reverse 

transcriptase (RT) assay (d) for 4 days. In (b) infected cells were transfected with AF647-
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labeled siRNA (red) complexed by PLArg-terminated LbL capsules and incubated for 48 h 

prior to fixation and deconvolution microscopy. Nuclei were stained with NucBlue (blue). (b) 

Upper panels depict nuclear siPromA localization and lower panels show cytoplasmic location 

of the specificity control, siScrambled. Each panel contains single channel images for nucleus 

(blue), siRNA-AF647 (red), HIV-1NL4.3-Δenv-mOrange (orange), a merged image and an 

arbitrary line signal intensity profile. A representative siPromA inside the nucleus is indicated 

by the white arrow. Scale bars 15 µm. (c) siRNA localization was confirmed by the generation 

of a 3D volume viewer. Upper and lower panels display 45° rotations of nuclear siPromA and 

cytoplasmic siScrambled, respectively. The 3D viewer shows nuclei (blue) and siRNA (red). 

Scale bars 10 µm. In (d), infected cells were treated with siRNA-capsules and RT expression 

was measured in duplicate over a 16-day time course post particle addition (n = 4). Data shown 

is at day 16. * p < 0.03 with a Wilcoxon test. 

Confirmation of siRNA localization was performed by deconvolution microscopy and the 

use of the arbitrary line intensity profile, showing entry into the nucleus if the AF647-siRNA 

fluorescence peak is within the area of the nuclear signal (Figure 3b). While confocal 

microscopy is typically used for studying particle internalization, deconvolution algorithms 

can also enable analysis of internalization inside cells, as previously reported.5,41,42 3D volume 

views of deconvoluted images were also used to confirm the localization of siRNA (i.e., inside 

or outside the nucleus), by compiling the multiple z-stack images and rotating the nucleus at 

45° angles (Figure 3c). Image analysis of 500 cells indicated the localization of siPromA inside 

the nucleus occurred in 2.4% of infected HeLa T4+ cells, compared to siScrambled (i.e., non-

targeted sequence), which was not observed inside the nucleus of any infected cells. The low 

number of nuclear occurrences of siPromA in HeLa T4+ cells indicates the transfection 

efficiency of the siRNA delivery via the LbL particles is also low, however the cultures are 

also heavily infected with HIV and therefore not optimally functioning. Additionally, the 
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trafficking of HIV in the cell and the trafficking of siRNA both utilize the actin cytoskeleton, 

as we have described for siRNA,43 suggesting that again due to HIV infection the nuclear 

delivery of siRNA may be decreased. Avenues to enhance the nuclear delivery of siRNA 

involve co-delivery of essential proteins involved in the epigenetic silencing process, which is 

currently under investigation. We postulate the siScrambled RNA was not observed inside the 

cell nucleus due to the highly sequence specific nature of RNAi via TGS and lack of the 

complementary gene sequence in the cell genome. In contrast, siPromA targeting the HIV 

promoter region is translocated to the nucleus in virus-infected cells. Although the selective 

nuclear entry mechanism of epigenetic silencing siRNA is still to be determined in mammalian 

cells, the process in yeast is reported to involve an Argonaute siRNA chaperone (ARC)-

licensing complex. We speculate a similar complex is present in mammalian cells, as we have 

previously reported this observation of selective nuclear entry in HIV-infected cell lines where 

promoter-targeted siRNA was delivered using Lipofectamine transfection.7,13,15,43 

Interestingly, particle-delivered siRNA that did not enter the nucleus did not appear to be 

observed at specific locations in the cytoplasm.

LbL Capsule-Delivered siPromA Silences Gene Expression in HeLa T4+ Cells in Vitro. 

To determine whether functional silencing was achieved by capsule-delivered siPromA, we 

performed an HIV-1 reverse transcriptase (RT) assay to quantify levels of the virus RT protein 

over 16 days. Successful silencing is expected to show reduced RT protein in infected, treated 

cell cultures compared to control cultures. Infected HeLa T4+ cells showed significantly 

reduced levels of RT (~50% less) following capsule-mediated delivery of siPromA at day 16, 

compared to mock control (HIV infection alone) and buffer alone cultures (Figure 3d). The 

reduced viral protein levels in capsule-delivered siPromA cultures compared to controls 

demonstrate that functional silencing of HIV-1 infection was achieved in HeLa T4+ cells.
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LbL Capsule Delivery of siPromA to the Nuclei of Primary Activated CD4+ T Cells. 

Following the confirmation of siPromA entry into the nucleus of the infected HeLa T4+ cell 

line and functional virus suppression, we next investigated capsule-mediated delivery of 

siPromA in primary human cell types relevant to the HIV latent reservoir. We extracted CD4+ 

T cells via negative magnetic bead selection from fresh blood and then activated the cells for 

48 h (Figure 4a) using anti-biotin MACSiBead particles loaded with biotinylated human CD2, 

CD3, and CD28 antibodies to mimic antigen-presenting cells and activate resting CD4+ T cells. 

Activation is required to enable uptake of virus via endocytosis, which does not occur in resting 

CD4+ T cells isolated from blood. Infection of activated CD4+ T cells using a VSV-G 

pseudotyped HIV-1NL4.3-Δenv-mOrange virus resulted in ~60% of cells being infected at day 

3, as determined by detecting mOrange-expressing cells. LbL capsules were complexed with 

siRNA and added at a particle-to-cell ratio of 80 for a 48 h incubation (Table S1). From analysis 

of deconvolution microscopy images, we observed successful delivery of siPromA to the 

nucleus (Figure 4b) of 12% HIV-infected activated CD4+ T cells. Localization of siPromA 

inside the nucleus and siScrambled outside the nucleus is shown in fluorescence images and 

was further confirmed using the arbitrary line intensity profile. Representative cells are shown 

for activated CD4+ T cells with siPromA and siScrambled in a 3D volume viewer rotation, 

which confirmed siPromA nuclear localization and siScrambled cytoplasmic localization 

(Figure 4c). 
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Figure 4. Nuclear delivery and functional characterization of siRNA-capsule in primary 

activated CD4+ T cells. (a) CD4+ T cells were isolated from fresh blood, activated for 48 h 

and infected with VSV-G envelope pseudotyped, mOrange expressing HIV-1NL4.3-Δenv for 

imaging (b-c) and with HIV-1NL4.3 for functional assays (d-e) for 4 days, followed by the 

transfection of AF647-labeled siRNA (red) complexed by PLArg-terminated LbL capsules and 

incubated for 48 h for imaging and 16 days for functional assays. Cells were fixed and imaging 
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was performed on the Deltavision Elite microscope. Nuclei were stained with NucBlue (blue). 

(b) Upper panels depict nuclear siPromA localization and lower panels show the cytoplasmic 

location of the specificity control siScrambled. Each panel contains single channel images for 

NucBlue (blue), siRNA-AF647 (red), HIV-1NL4.3-Δenv-m-Orange (orange), a merged image 

and an arbitrary line signal intensity profile. A representative siPromA inside the nucleus is 

indicated by the white arrow. Scale bars 1 µm. (c) siRNA localization was confirmed by the 

generation of a 3D volume viewer. Upper and lower panels display 45° rotations of nuclear 

siPromA and cytoplasmic siScrambled, respectively. The 3D viewer shows nuclei (blue) and 

siRNA (red). Scale bars 5 µm. Image b-c are representative from 3 donors. In (d), infected cells 

were treated with siRNA-capsules and the RT concentration was measured in duplicate over a 

16-day time course post particle addition (donor 1 data shown). Data shown is at day 16. * p = 

0.011 with a Brown-Forsythe and Welch ANOVA, Dunnett’s multiple comparisons test. (e) 

real time qPCR was performed to quantify HIV-1 gag mRNA copy number relative to beta-2 

microglobulin (B2M) housekeeping gene on day 4, 10 and 16 post particle addition. Data 

shown is Day 16 for Donor 1. ** p= 0.006, **** p <0.0001. Ordinary one-way ANOVA 

multiple comparisons.

LbL Capsule Delivered siPromA Silences Gene Expression in Primary Activated CD4+ 

T Cells in Vitro. Functional gene silencing induced by LbL capsule delivered siPromA in 

activated CD4+ T cells was assessed by measuring RT protein levels and virus gag mRNA 

levels by real time qPCR (Figures 4d and 4e). Particle-to-cell ratio was increased to 200 for 

functional studies in primary cells. A significant decrease in virus RT protein was measured in 

the supernatant of capsule delivered siPromA treated cultures for Donor 1 compared to controls 

at 16 days post-particle addition (Figure 4d). The decrease in virus RT in cultures other than 

siPromA-treated cultures is due to cell death of activated primary CD4+ T cells, which had 
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been in culture for 15 days post-extraction from whole blood and 12 days since activation 

(Figure 4a). Data for Donors 2 and 3 highlight the variability between donors, although the 

capsule delivered siPromA treated cultures typically show the lowest levels of virus RT protein 

(Figure S9). Real time qPCR was performed for CD4+ T cells on day 4, 10 and 16 for Donor 

1 (Figure 4e) and Donor 3 (Figure S9), comparing the amount of virus gag mRNA between 

cultures after normalization to the housekeeping gene beta-2 microglobulin (B2M). The 

decrease in gag mRNA copy number for all donors confirm functional silencing of virus gene 

expression is induced by LbL capsule-delivered siPromA. 

LbL Capsule Delivery of siPromA to the Nuclei of Primary Resting CD4+ T Cells. 

Analysis of primary resting CD4+ T cells was performed by infecting resting CD4+ T cells 

with an HIV-1BalI-NL4.3-GFP reporter virus for 5 days after isolation from whole blood prior to 

addition of particle-siRNA suspension and fixation of cells for imaging 48 h later (Figure 5a). 

Infection of resting CD4+ T cells was performed using a system that ensures CD4+ T cells 

keep their resting state and are not activated during the process of infection, which achieved 

~30% infection as determined by GFP detection.44 As resting CD4+ T cells are by definition 

‘resting’, it was therefore not possible to perform the functional assays (as in previous cell 

types) to detect production of virus RNA or protein which usually required cellular activation. 

Instead, we used deconvolution microscopy to analyze successful delivery of fluorescently 

labeled siRNA into the nucleus of virus-infected resting CD4+ T cells. LbL capsule delivered 

siPromA was observed inside the nucleus of ~15% of infected resting CD4+ T cells, while 

capsule delivered siScrambled was not observed inside the nucleus of infected resting CD4+ T 

cells. Image analysis was performed as previously described, in combination with the arbitrary 

line intensity profile and 3D Volume viewer, to examine localization of siRNA (Figures 5b 

and 5c). SiRNA loaded capsules are observed surrounding resting CD4+ T cells in both 

cultures, but siRNA was only found inside the nucleus of infected cells in the siPromA culture 
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48 h post particle addition. Delivery of gene therapy agents to resting CD4+ T cells is one 

major challenge in HIV cure research.4,45,46 This is because resting CD4+ T cells harbor latent 

HIV that can reactive when the cell is activated.47,48 Delivery of siPromA to the nucleus of 

infected resting CD4+ T cells in vitro using the LbL capsule system is therefore a major 

advance, indicating the possibility of using particle-based delivery systems to successful 

delivery gene therapy agents to HIV harboring resting cells. Despite the low rate of siPromA 

nuclear delivery (15%), this was achieved without active targeting (e.g., conjugating an 

antibody to the particle), which may be necessary to facilitate delivery to the ~106 cells 

estimated to harbor latent virus in the human body.  

Figure 5. Nuclear delivery of siRNA-capsules in primary resting cells. (a) CD4+ T cells 

were isolated from fresh blood and infected with optimized HIV-1NL4.3-IRESGFP for 5 days, 

followed by the transfection of AF647-labeled siRNA (red) complexed by PLArg-terminated 

capsules and incubated for 48 h. Cells were fixed and imaging was performed by deconvolution 
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microscopy. Nucleus was stained with NucBlue (blue). (b) Upper panels depict nuclear 

siPromA localization and lower panels show the cytoplasmic location of the specificity control 

siScrambled. Each panel contains single channel images for NucBlue (blue), siRNA-AF647 

(red), HIV-1NL4.3-IRESGFP (green), a merged image and an arbitrary line signal intensity profile. 

A representative siPromA inside the nucleus is indicated by the white arrow. Scale bars 5 µm. 

(c) siRNA localization was confirmed by the generation of a 3D volume viewer. Upper and 

lower panels display 45° rotations of nuclear siPromA and cytoplasmic siScrambled, 

respectively. The 3D viewer shows nuclei (blue), siRNA (red) and HIV-1NL4.3-IRESGFP (green). 

Scale bar 5 µm. 

LbL Particle Delivery of siPromA to the Nuclei of Monocyte-Derived Macrophages. As 

macrophages also represent a potential HIV-1 latent reservoir cell type,49,50 we examined the 

LbL particle delivery system in primary human MDMs. Monocytes were extracted from three 

healthy donors and differentiated into MDMs over 7 days. HIV-1 infection of MDMs was 

performed using VSV-G envelope pseudotyped, mOrange expressing HIV-1NL4.3-Δenv for 

imaging studies and HIV-1BalI-NL4.3 for functional studies for 5 days prior to particle-siRNA 

addition. Cell cultures for imaging were fixed 48 h post capsule-siRNA addition, whereas 

cultures for functional assays were followed over 16 days (Figure 6a). Due to the high amount 

of siRNA fluorescence detected in LbL capsule delivered siPromA in MDMs, we were unable 

to definitively analyze nuclear entry or localization, although we observed efficient uptake of 

LbL capsules into MDMs, which is consistent with the phagocytotic characteristics of 

macrophages. We therefore used the LbL core-shell particles with the intact silica core at the 

same particle:siRNA and particle:cell ratios as previously used (Table S1) to assess delivery of 

siRNA to MDMs. Successful uptake of LbL core-shell particles into cells was observed 

particularly for siScrambled, with MDMs internalizing numerous particles into the cytoplasm 

of the representative cell shown (Figure 6b). Nuclear localized siPromA was observed in ~12% 
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of all analyzed infected cells over 3 donors, as determined by image analysis, arbitrary line 

intensity profile and the 3D volume viewer (Figures 6b and 6c). As observed in CD4+ T cells, 

the proportion of MDMs with nuclear localization of siPromA was low.

Figure 6. siRNA delivery into HIV-1 infected primary MDMs. (a) MDMs were isolated 

from fresh blood, differentiated for 7 days and infected with VSV-G envelope pseudotyped, 

mOrange expressing HIV-1NL4.3-Δenv for imaging (b-c) and with HIV-1BalI-NL4.3 for functional 

assays (d-e) for 4 days, followed by the transfection of AF647-labeled siRNA (red) complexed 
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by PLArg-terminated core-shell particles and incubated for 48 h. Cells were fixed and imaging 

was performed by deconvolution microscopy. Nucleus was stained with NucBlue (blue). (b) 

Upper panels depict nuclear siPromA localization and lower panels show the cytoplasmic 

location of the specificity control siScrambled. Each panel contains single channel images for 

NucBlue (blue), siRNA-AF647 (red), HIV-1NL4.3-Δenv-mOrange (orange), a merged image 

and an arbitrary line signal intensity profile. A representative siPromA inside the nucleus is 

indicated by the white arrow. Scale bars 5 µm upper panels, 15 µm lower panels. (c) siRNA 

localization was confirmed by the generation of a 3D volume viewer. Upper and lower panels 

display 45° rotations of nuclear siPromA and cytoplasmic siScrambled, respectively. The 3D 

viewer shows nuclei (blue) and siRNA (red). Scale bar 5 µm. (b-c) images shown are 

representative for 3 Donors. (d) Quantification of viral RT was performed on days 4, 7, 10, 13 

and 16 post particle addition. Day 16 Donor 1 data shown. * p = 0.02. Ordinary one-way 

ANOVA with Dunnett’s multiple comparisons test. (e) real time qPCR was performed for 

HIV-1 gag mRNA relative to a housekeeping gene (B2M) on day 4, 10 and 16 post particle 

addition. Donor 1 data at day 16 is shown. * p <0.036. Unpaired t test, Welch's correction.

LbL Particle Delivered siPromA Silences Gene Expression in MDMs in Vitro. 

Functional assays measuring virus RT and viral gag mRNA were performed for all three donors 

and confirmed functionality in MDMs, with significantly reduced RT protein (~75% less) and 

viral gag RNA levels (~50% less) in particle-siPromA treated MDM cultures compared to 

controls (Figures 6d, 6e and S10). These data demonstrate that despite the larger diameter (900 

nm) of the particles, delivery of the anti-HIV nuclei acid siPromA via the LbL particle platform 

can achieve functional gene silencing of HIV-1. Future work will focus on improving the 

nuclear entry of siRNA using smaller particles that are more readily internalized by T cells51 

and with enhanced endosomal escape capacity to pave the way for in vivo studies in HIV animal 

models.52   
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CONCLUSIONS

While care of patients with HIV-1 infection has been transformed by ART, continuous 

lifelong therapy is required from the time of diagnosis. This study has developed an LbL 

capsule for delivery of siRNA mediating transcriptional gene silencing of HIV-1 in the nucleus 

of HIV-infected cells. The LbL capsule system mediated the delivery of siPromA into the 

nucleus to the gene promoter site and induced a decrease in virus RNA and protein levels. The 

LbL capsule/particle-delivered siPromA specific gene silencing was reported in HeLa T4+ cell 

line, primary CD4+ T cells and primary monocyte-derived macrophages, of which the primary 

cells are key targets of the HIV latent reservoir. The diverse locations of the HIV latent 

reservoir, which include the gastrointestinal tract, central nervous system, blood, lymph nodes, 

and other organs, including lungs and skin, mean that identifying a single particle system with 

the appropriate size, surface properties, loading and intracellular delivery capacity to target the 

reservoir is challenging. This work, although using particles that may readily be cleared after 

intravenous injection in vivo, provides the basis for further research into non-viral particle 

platforms for nuclei-targeted siRNA delivery to achieve epigenetic silencing of genes 

implicated in disease.  
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