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Purpose: Current antiretroviral therapies (ART) for human immunodeficiency virus (HIV) are not curative, as the virus persists in 
latent reservoirs, requiring lifelong adherence to ART and increasing the risk of co-morbidities. “Shock and kill” approaches to 
reactivate HIV from latent reservoirs followed by administration of anti-HIV drugs represent a promising strategy for eradicating 
latent HIV. To achieve effective shock and kill, we describe a strategy to eradicate the HIV reservoir that combines latency reversing 
agents (LRAs), broadly neutralizing antibodies (bnAbs), and natural killer (NK) cells. This strategy utilizes a polymer nanodepot (ND) 
that co-encapsulates the LRA and bnAb to reactivate latent infection and elicit enhanced cytotoxicity from co-administered NK cells.
Methods: Poly(lactic-co-glycolic acid) (PLGA) NDs were synthesized using the nanoprecipitation method to co-encapsulate an LRA 
(TNF-α) and a bnAb (3BNC117) (TNF-α-3BNC117-NDs). ACH-2 cells were used as a cellular model of latent HIV infection. An 
NK92 subline, genetically modified to constitutively express the Fc receptor CD16, was administered to ACH-2 cells in combination 
with TNF-α-3BNC117-NDs. ACH-2 cell death and extracellular p24 were measured via flow cytometry and ELISA, respectively.
Results: Stable PLGA NDs co-encapsulated TNF-α and 3BNC117 with high efficiencies and released these agents in physiological 
conditions. NK92 phenotype remained similar in the presence of TNF-α-3BNC117-NDs. TNF-α released from NDs efficiently 
reactivated HIV in ACH-2 cells, as measured by a 3.0-fold increase in the frequency of intracellular p24 positive cells. Released 
3BNC117 neutralized and bound reactivated virus, targeting 57.5% of total ACH-2 cells. Critically, TNF-α-3BNC117-NDs signifi-
cantly enhanced NK92 cell-mediated killing of ACH-2 cells (1.9-fold) and reduced extracellular levels of p24 to baseline.
Conclusion: These findings suggest the therapeutic potential of our novel ND-based tripartite strategy to reactivate HIV from latently 
infected cells, generate an HIV-specific site for bnAb binding, and enhance the killing of reactivated HIV-infected target cells by NK92 
cells.
Keywords: latent HIV reservoirs, latency reversing agent, broadly neutralizing antibody, shock and kill strategies, NK cell therapy, 
PLGA nanodepots, TNF-α, 3BNC117, ACH-2 cells

Introduction
Antiretroviral therapy (ART) effectively suppresses human immunodeficiency virus (HIV) replication but does not lead 
to a sterilizing cure, as the virus persists within latent reservoirs.1 Upon interruption or cessation of ART, viral rebound 
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occurs rapidly, requiring patients to adhere to a lifelong treatment regimen.2 Chronic exposure to ART is associated with 
co-morbidities such as cardiovascular disease and neurocognitive disorders;3,4 thus, a novel therapy capable of com-
pletely eradicating HIV is urgently needed.

Natural killer (NK) cells are attractive immune cells for treating HIV, as they are insusceptible to CD4-mediated 
infection, allowing them to kill infected target cells without the risk of viral spread.5,6 NK cells also contribute to 
protection against viral infections, including HIV.7,8 NK cells can kill target cells by several mechanisms, but in 
particular, NK cell-mediated antibody-dependent cell-cytotoxicity (ADCC) is linked with slower progression of HIV 
infection,9–12 increased capacity of NK cells to lyse allogeneic HIV-infected T cells,13 and enhanced viral control in elite 
controllers,14 suggesting the critical role of ADCC in eliciting beneficial clinical responses. However, NK cell-mediated 
ADCC of HIV-infected cells requires the local availability of an HIV-specific antibody in the physical context of NK 
cells and an exposed HIV-specific target on an HIV-infected cell, which is often absent in latently infected cells.

Broadly neutralizing antibodies (bnAbs) recognize envelope regions on HIV typically expressed in reactivated cells, 
and have shown promise in neutralizing HIV.15 However, latently infected cells do not produce ample virus, so bnAb 
binding sites are inaccessible in latent reservoirs. In this context, we have developed a coordinated approach that 
combines the release of a latency reversing agent (LRA) and a bnAb using biodegradable polymeric nanodepots 
(NDs)16–19 in combination with NK cells for enhanced HIV-specific NK cell-mediated cytotoxicity. Encapsulation of 
these agents within NDs may allow their sustained release over time, thereby prolonging their function and enhancing 
HIV eradication by spatiotemporally coordinating their effects.20–22

To that end, we have generated a poly(lactic-co-glycolic acid) (PLGA) ND platform that co-encapsulates TNF-α, an 
LRA that reactivates HIV in our model of HIV latency,23 and 3BNC117, an HIV-specific bnAb.24 To our knowledge, the 
encapsulation of two protein biologics within the same PLGA ND has not been pursued in the context of HIV. PLGA is 
biodegradable, FDA-approved, and enables the sustained release of encapsulated agents.21,25 The PLGA NDs co- 
encapsulating both TNF-α and 3BNC117 (termed TNF-α-3BNC117-NDs) were synthesized using the nanoprecipitation 
technique.22,26,27 We seek to illustrate that the administration of TNF-α-3BNC117-NDs in combination with NK cells 
(here, NK92 cells genetically engineered to constitutively express CD16) as a therapeutic ensemble co-localizes the 
actions of the three components. TNF-α reactivates HIV from target cells, exposing an HIV-specific binding site for 
3BNC117 to subsequently bind and neutralize reactivated virus. This, in turn, enables enhanced cytotoxicity mediated by 
the NK92 cell line.28 We hypothesize that the co-localization of an LRA, an HIV-specific bnAb, and NK92 cells will 
trigger a coordinated and enhanced eradication of latently infected T cells. To test this hypothesis, we present the 
physicochemical characterization of the TNF-α-3BNC117-NDs, evaluate the TNF-α-3BNC117-ND capacity to reactivate 
latent HIV, bind the surface of reactivated target cells, and diminish the presence of soluble viral antigen (p24), and 
establish the proof-of-concept efficacy of our combination ND and NK92 cell therapeutic approach in the ACH-2 cell 
model of latent HIV.29

Material and Methods
PLGA ND Synthesis
Poly(lactic-co-glycolic acid) (PLGA; lactide: glycolide (50:50), MW 30,000–60,000), polyvinyl alcohol (PVA), acetoni-
trile, and phosphate-buffered saline (PBS) were purchased from Millipore Sigma (USA). TNF-α was purchased from 
R&D Systems (USA). 3BNC117 was obtained through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH, 
contributed by Dr. Michel Nussenzweig, and from the laboratory of Dr. Rebecca Lynch. Antibody protein was expressed 
from transient transfection of heavy- and light-chain expression vectors into 293F cells and purified by affinity 
chromatography using HiTrap Protein A HP Columns (GE Healthcare, USA). PLGA NDs were synthesized using the 
nanoprecipitation technique.22,26,27 Briefly, TNF-α (7.5 µg in 7.5 µL PBS) or the equivalent amount of PBS was added to 
5 mg/mL PLGA in 1 mL acetonitrile and vortexed for 20s. Subsequently, 3BNC117 (75 µg in 17 µL PBS) or the 
equivalent amount of PBS was added to the solution, vortexed for 20s, and sonicated using a microtip probe (Q500; 
QSonica, USA) on ice at 40% amplitude for 30s. The resultant emulsion was then added to 10 mL of 5% PVA while 
stirring on a magnetic stirrer (initially 400 RPM, increased to 600 RPM upon addition of emulsion). After stirring for 30 
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min, resultant NDs were collected by centrifugation at 10,000 ×g for 30 minutes. The supernatant was then centrifuged at 
10,000 ×g for 30 minutes to collect residual particles. Resultant pellets were combined and sonicated on ice at 30% 
amplitude for 30s. All NDs were stored at 4 °C in deionized water. The supernatants were saved for determining 
encapsulation efficiencies.

Cells
NK92 cells engineered to constitutively express CD16 were obtained from the American Type Culture Collection (USA) 
and were cultured in αMEM cell media (Millipore Sigma) supplemented with 12.5% fetal bovine serum (FBS; Gibco, 
USA), 12.5% horse serum (Gibco) and stimulated every four days with 500 IU/mL IL-2 (Proleukin; Clinigen Group, 
UK). ACH-2 cells were obtained through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH, contributed 
by Dr. Thomas Folks, and cultured in αMEM supplemented with 10% FBS. Tzm-bl reporter cells were acquired from the 
NIH AIDS Reagent Program and cultured in DMEM cell media (ThermoFisher, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco, USA) and 1% gentamicin (Millipore Sigma).

Physical Characterization of NDs
ND size (hydrodynamic diameter) and surface charge (zeta potential) were measured using dynamic light scattering 
(DLS) and electrophoretic light scattering, respectively, on a Zetasizer Nano ZS (Malvern Instruments, UK). Scanning 
electron microscopy (SEM) was performed on a FEI Teneo LV Field Emission Scanning Electron Microscope (USA).

Quantification of ND Encapsulation and Release of Cargo
Encapsulation efficiencies of TNF-α and 3BNC117 within PLGA NDs were determined by measuring their content in the 
supernatants after collection of the NDs by centrifugation at the end of the synthesis. ND encapsulation of TNF-α was 
determined via a TNF-α ELISA (Human TNF-α Quantikine ELISA, R&D Systems, USA) per the manufacturer’s 
specifications. ND encapsulation of 3BNC117 was determined by a resurfaced stabilized core 3 (RSC3) protein 
ELISA. Briefly, 2 µg/mL RSC3 was adsorbed on 96-well high binding microplates (Grenier Bio-One, USA) overnight 
at 4 °C. The following day, samples were added to the RSC3-coated plate and incubated at 37 °C for 2 h. Subsequently, 
the plates were washed, and incubated at 37 °C for 1 h with horseradish peroxidase (HRP) labeled goat anti-human IgG 
(H+L) cross-absorbed secondary antibody (Invitrogen, USA) diluted 1:3000 in blocking buffer (5% BSA in PBS). 
Finally, the plate was washed and 100 µL Turbo TMB (3,3’,5,5’-tetramethylbenzidine) substrate (ThermoFisher) was 
added to each well for 10 min, prior to quantifying absorbance at 450 nm on a Spectramax i3x multimodal plate reader 
(Molecular Devices, USA). RSC3 recombinant protein was expressed from HEK293 cells that were obtained through the 
NIH HIV Reagent Program, Division of AIDS, NIAID, NIH, contributed by Drs. Zhi-Yong Yang, Peter Kwong, Gary 
Nabel, and John Mascola. To determine the release kinetics of TNF-α and 3BNC117 from the NDs, the NDs were 
incubated in PBS at 37°C at dilutions of 10% or 2% (v/v). At predetermined time intervals, the NDs were centrifuged at 
15,000 ×g for 10 minutes, and supernatants were analyzed for TNF-α content by the TNF-α ELISA and 3BNC117 
content by the RSC3 ELISA, as described above. After supernatant collection at each timepoint, the ND pellets were re- 
suspended in fresh PBS.

Characterization of NK Cell Phenotype
To characterize the phenotype of NK cells upon treatment with the NDs or controls, NK92 cells were treated with vehicle 
(PBS), TNF-α, 3BNC117, TNF-α+3BNC117, NDs containing PBS (Blank NDs), NDs containing TNF-α (TNF-α-NDs), 
NDs containing 3BNC117 (3BNC117-NDs), or TNF-α-3BNC117-NDs for 24 hours (n≥2/group). The equivalent dose of 
4 ng/mL TNF-α and/or 33 ng/mL 3BNC117 was maintained in the free agent and ND formulations. These doses were 
determined based on the kinetics of viral reactivation in ACH-2 cells treated with TNF-α as described below. After 24 h, 
the NK92 cells were incubated with Fc Block (BD Biosciences, USA), and stained with Fixable Viability Stain 660 (BD 
Biosciences), and antibodies against CD56 (clone 5.1H11), CD16 (3G8), NKp46 (9E2), CD25 (BC96), NKG2D (1D11), 
PD1 (EH12.2H7), TIM-3 (F38-2E2), and CD69 (FN50) (all purchased from BioLegend, USA). To characterize the 
NK92 cells’ chemokine receptor expression, NK92 cells were stained with Zombie aqua, and antibodies against CCR2 
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(clone KO36C2), CCR6 (G034E3), CCR7 (G043H7), CD62L (DREG-56), CX3CR1 (2A9-1), CXCR3 (G025H7), and 
CXCR4 (12G5) (purchased from BioLegend). Flow cytometry was performed on a BD FACS Celesta flow cytometer 
(BD Biosciences, USA) and analyzed using FlowJo 10.8.1 software (BD Biosciences).

Quantification of HIV Reactivation, bnAb Binding, Neutralization, and Viral p24 
Expression
To quantify the effect of the free agents and NDs on HIV reactivation, bnAb binding, and soluble p24 expression, ACH-2 
cells were cultured in media alone or incubated with vehicle (PBS), TNF-α, 3BNC117, TNF-α+3BNC117, Blank NDs, 
TNF-α-NDs, 3BNC117-NDs, or TNF-α-3BNC117-NDs for 24 h at a dose of 4 ng/mL TNF-α and 22 ng/mL 3BNC117, 
based on the cumulative release kinetics of the encapsulated agents. Then, intracellular and cell surface staining was 
performed to assess viral reactivation and 3BNC117 binding, respectively. To measure intracellular capsid protein, ACH- 
2 cells were washed in PBS and re-suspended in Fixable Viability Stain 660 (BioLegend). Intracellular capsid staining 
was performed by incubating the ACH-2 cells in 100 µL Fixation/Permeabilization buffer, washing the cells in 200 µL 
1X Permeabilization/Wash buffer (BD Biosciences), and staining with a fluorescent anti-capsid antibody (clone KC57) 
(Beckman Coulter, USA). To quantify 3BNC117 binding to the surface of ACH-2 cells, ACH-2 cells were fixed with BD 
Fixation buffer and stained with HRP-labeled goat anti-human IgG (gamma chain) cross-adsorbed secondary antibody 
(Invitrogen, USA). ACH-2 cells were visualized on a CytoFLEX flow cytometer (Beckman Coulter) and analyzed in 
FlowJo 10.8.1 software for HIV reactivation (p24 expression) and 3BNC117 binding (IgG secondary antibody binding). 
In separate experiments assessing the functional stability of these agents over time, the PLGA NDs or free agents were 
first pre-incubated in PBS at 37 °C for 72 h before proceeding with their addition to ACH-2 in culture, staining, and flow 
cytometric analysis of reactivation and 3BNC117 binding. Neutralization assays using Tzm-bl reporter cells (NIH AIDS 
Reagent Program) were conducted using viral cell culture supernatant from ACH-2 cells reactivated with 20 ng/mL TNF- 
α. Virus was incubated in the presence of each agent (0–10 µg/mL) at 37°C for 90 min in 96-well clear-bottom black 
culture plate (Greiner Bio-One, USA). Tzm-bl cells (10,000) were added to the plate with 20 mg/mL DEAE-Dextran 
(Sigma-Aldrich, USA). After 48 h, half of the media was removed from each well and replaced with an equivalent 
volume of SpectraMax Glo Steady-Luc reporter assay reagent (Molecular Devices). Luminescence was measured using 
a SpectraMax i3x multimode detection platform (Molecular Devices). To quantify extracellular levels of viral capsid 
protein p24, 100,000 ACH-2 cells were treated with PBS, TNF-α (500 ng/mL), 3BNC117 (5 µg/mL), TNF-α+3BNC117, 
Blank NDs, or TNF-α-3BNC117-NDs, in the absence or presence of NK92 cells (10,000 cells) at a 1:10 E:T ratio. Cell- 
free supernatant was collected from the cell culture by centrifugation at 2000 ×g for 10 minutes and analyzed by p24 
ELISA (Abcam, UK) per the manufacturer’s instructions.

Quantification of NK Cell-Mediated Cytotoxicity
To evaluate the effect of the free agents and NDs in combination with NK cells on ACH-2 cell viability, ACH-2 cells 
were plated in 96-well plates (Corning, USA) at 1 million cells per mL of ACH-2 cell media. Immediately after plating, 
ACH-2 cells were treated with vehicle (PBS), Blank NDs, TNF-α-3BNC117-NDs, or free TNF-α and 3BNC117 at 
equivalent doses (30 ng/mL TNF-α and 2 µg/mL 3BNC117, to ensure robust reactivation and ample antibody in the 
context of co-culture) determined by ND release at 24 h. At 19 h, 40,000 NK92 cells were added to designated conditions 
of ACH-2 culture to achieve a 1:2.5 effector: target (E:T) cell ratio. This ratio was selected based on co-culture studies 
evaluating ACH-2 cell viability after 24 h of co-incubation with NK92 cells at varying E:T ratios so as to identify an E:T 
ratio that would permit a suitable dynamic range of cytotoxicity to be assessed when the NK92 cells were combined with 
free or PLGA-encapsulated agents. NK92 cells were stimulated 72 h prior with 500 IU/mL IL-2 (Clinigen Group). After 
24 h from the time of plating, the cell cultures were incubated with Fc Block, and stained with Fixable Viability Stain 660 
and fluorescent antibodies against CD56 and CD5 (BioLegend). A fixed volume (80 μL of 100 μL) was acquired for 
every condition on a CytoFLEX S flow cytometer (Beckman Coulter). The number of live ACH-2 cells was determined 
by viability staining on the CD56-/CD5+ population using FlowJo 10.8.1 software. Percent killing was then calculated 
based on the ratio of live ACH-2 cells in the condition of interest to live untreated ACH-2 cells. (n≥3/group.)
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Results
PLGA NDs Encapsulate and Release LRA and bnAb
PLGA NDs were formulated to encapsulate either vehicle (PBS; Blank NDs), TNF-α (TNF-α-NDs), 3BNC117 
(3BNC117-NDs), or both TNF-α and 3BNC117 (TNF-α-3BNC117-NDs). All NDs exhibited monodisperse size dis-
tributions (PDI < 0.2) and mean hydrodynamic diameters between 200 and 250 nm (Figure S1). The NDs remained 
stable when stored in deionized water at 4 °C over 21 days, as demonstrated by consistent size distributions measured 
using DLS (Figure 1A). The negative surface charge (zeta potential) of the NDs was maintained over 21 days after 
encapsulation of TNF-α and/or 3BNC117 (Figure 1B), an important characteristic for formulation stability.22,30 TNF-α- 
3BNC117-NDs exhibited spherical morphology as visualized by scanning electron microscopy (SEM) (Figure 1C). The 
average encapsulation efficiencies for TNF-α were 98.2 ± 1.1% (TNF-α-ND) and 99.3 ± 0.23% (TNF-α-3BNC117-ND) 
(Figure 1D), and the average encapsulation efficiencies for 3BNC117 were 89.8 ± 12.1% (3BNC117-ND) and 94.2 ± 
6.9% (TNF-α-3BNC117-ND) (Figure 1E), indicating a robust and effective synthesis and encapsulation scheme. Thus, 
size, stability, and negative surface charge of the NDs remained consistent regardless of the contents encapsulated.

To determine the release of TNF-α and 3BNC117 from PLGA, NDs were incubated in PBS at physiologic conditions (pH 
7.4, temperature 37°C) at 1:10 or 1:50 dilutions. At predetermined time intervals, the solution was centrifuged, and supernatants 
were analyzed for TNF-α and 3BNC117 content by ELISA. Both TNF-α (Figure 1F) and 3BNC117 (Figure 1G) were efficiently 
released from PLGA NDs, with the majority of each payload releasing in the initial hours of incubation and continuing over the 
course of 24 h. Rapid initial release that slows over time is broadly consistent with the well-characterized biphasic release pattern 
of PLGA nanoparticle drug delivery systems.31,32 These data illustrate the stability and consistency of the synthesized NDs, and 
their ability to release encapsulated agents over time in physiological conditions. The controlled release kinetics observed in these 
studies may confer advantages to the PLGA NDs over free administration of TNF-α and 3BNC117.20–22

Figure 1 Stable and monodisperse PLGA NDs encapsulate and release TNF-α and 3BNC117. (A) ND hydrodynamic diameters were measured over 21 days by DLS. Gray: 
Blank NDs, Blue: 3BNC117-NDs, Red: TNF-α-NDs, Purple: TNF-α-3BNC117-NDs. (B) ND Zeta potential was measured by electrophoretic light scattering over 21 days. 
(C) TNF-α-3BNC117-ND visualized by SEM. The encapsulation efficiency of (D) TNF-α and (E) 3BNC117 was determined by ELISA. (F and G) TNF-α-3BNC117-NDs 
were incubated in PBS at 37 °C. Fractional release of (F) TNF-α and (G) 3BNC117 into the solution at the times indicated was analyzed by ELISA. Values represent means ± 
st. dev (A–E) or SEM (F and G). (n≥3/group).
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TNF-α and 3BNC117 NDs Do Not Dramatically Impact NK Cell Phenotype
Since the proposed therapeutic platform relies on the co-administration of both NDs and NK92 cells, we investigated the effect 
of the NDs and their encapsulated agents on NK92 cell viability and phenotype. To quantify the expression of activation 
markers, we analyzed the expression of the transduced Fc receptor CD16; the activation markers CD25 and CD69; the post- 
activation marker TIM-3; the exhaustion marker PD-1; and the activating receptors NKp46 and NKG2D. To confirm 
a sustained NK cell homing phenotype, we analyzed the expression of the chemokine receptors CCR2, CCR5, CCR6, 
CCR7, CD62L, CX3CR1, CXCR3, and CXCR4. We have demonstrated the biocompatibility of PLGA NDs encapsulating 
other agents in the context of primary NK cells in previously published literature,22 and therefore hypothesized that these NDs 
would similarly not impact NK92 cell phenotype significantly. PLGA itself was non-toxic to NK92 cells (Figure S2), as was 
free TNF-α, even at concentrations greater than that required for viral reactivation (Figure S3 and S4). TNF-α was also found 
not to perturb expression of multiple activating and inhibitory receptors (Figure S4A), with the exceptions of modest TIM-3 
and CD69 upregulation at the highest dose (400 ng/mL TNF-α). Increases in TIM-3 and CD69 expression have been observed 
in response to multiple different pro-inflammatory cytokines.33 TNF-α downregulated CXCR4, a chemokine receptor 
associated with the retention of NK cells in bone marrow,34 but did not significantly affect the expression of any other 
chemokine receptor evaluated (Figure S4B). PLGA NDs loaded with either TNF-α and/or 3BNC117 and dose-matched free 
agents likewise had minimal effect on NK92 cell viability and expression of the same activating and inhibitory markers 
(Figure 2A and B) and chemokine receptors described above (Figure 2C and D). Nevertheless, incubation with TNF-α- 
3BNC117 NDs was associated with minor but statistically significant increases in the expression of CD25, TIM-3, and CCR5, 
and a minor decrease in CD16 expression. These data suggest that co-administering NK92 cells with LRA- and bnAb-NDs 

Figure 2 TNF-α, 3BNC117, and PLGA NDs minimally impact NK cell phenotype. NK92 cells were cultured with NDs or their constituent controls. After 24 h, NK92 cell 
viability and surface marker expression were quantified by flow cytometry. (A and B) Heat map and histograms depicting (A) frequency of marker-positive cells or (B) mean 
fluorescence intensity values for activating or inhibitory receptors. (C and D) Heat map and histograms depicting (C) frequency of marker-positive cells or (D) mean 
fluorescence intensity values for chemokine receptors. (n≥3/group).
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does not substantially alter the basal characteristics of NK92 cell surface marker expression, and thus may be biocompatible as 
a combination therapy with NK92 cells.

TNF-α and 3BNC117 NDs Reactivate Latent HIV and Bind to ACH-2 Cells
Next, we investigated the effect of the NDs on the latently infected ACH-2 cell line, which exhibits reactivation of 
latently integrated provirus upon TNF-α treatment (Figure S3).23,35 We incubated ACH-2 cells with NDs and measured 
cell viability, reactivation of HIV, bnAb binding to the cell surface, neutralization of reactivated virus, and extracellular 
p24 (gating strategy illustrated in Figure S5A). Treatment with free TNF-α, 3BNC117, blank NDs, or NDs encapsulating 
TNF-α, 3BNC117, or both TNF-α+3BNC117 sustained ACH-2 viability >80% after 24 hours (Figure 3A and S5B). 
TNF-α from both the TNF-α-NDs and the TNF-α-3BNC117-NDs significantly reactivated HIV expression in target 
ACH-2 cells as measured by intracellular capsid protein p24 staining (Figure 3B and S5C). Intracellular p24 expression 
in ACH-2 cells was 3.4-fold higher after TNF-α-ND treatment (87.5% p24+) and 3.0-fold higher after TNF-α-3BNC117- 
ND treatment (77.5% p24+) compared to basal expression levels (25.8% p24+), indicative of effective latency reversal 
by TNF-α. Complementary to evaluating viral reactivation, we also examined whether 3BNC117 from NDs could be 
detected at the surface of (reactivated) ACH-2 cells, presumably binding gp120 on budding virions. To visualize this, 

Figure 3 NDs encapsulating TNF-α and 3BNC117 retain multiple anti-viral functions. ACH-2 cells were cultured with NDs or free controls. After 24 h, (A) viability and (B) 
intracellular expression of capsid protein was analyzed as a measure of latent HIV reactivation by flow cytometry. (C) 3BNC117 binding to total live lymphocytes was 
analyzed by detecting secondary antibody (IgG) binding via flow cytometry (n=3/group). (D) Extracellular p24 detected via p24 ELISA after 24 h incubation with NDs or free 
controls. (E) Percent neutralization of reactivated ACH-2 HIV as determined by Tzm-bl assay. *p < 0.05 **p < 0.01 ***p < 0.001 ****p < 0.0001. Significance was determined 
by one-way ANOVA with Dunnett’s multiple comparisons test (A–C) or Sidak’s multiple comparisons test (D). Values represent means ± st. dev. (n≥2/group).
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ACH-2 cells were stained with a fluorescent secondary antibody (anti-IgG) to quantify primary 3BNC117 binding. Free 
3BNC117 administered in combination with free TNF-α bound 34.5% of ACH-2 cells, while 3BNC117 released from 
TNF-α-3BNC117-NDs bound 57.5% of ACH-2 cells (Figure 3C and S5D), illustrating the capacity of the TNF-α and 
3BNC117 combination and the TNF-α-3BNC117-NDs to reactivate HIV from latency and facilitate bnAb binding to 
newly exposed viral epitopes on the target cells. Given the short half-life of TNF-α at physiological temperature and pH 
(Figure S6A), reactivation and gp120 binding were also quantified after first pre-incubating the NDs or loading-dose- 
matched free agents over multiple days at 37°C. After 72 h in cell media (FBS+), free agents and PLGA NDs both 
reactivated ACH-2 HIV (Figure S6B) and targeted ACH-2 cell surface with IgG (3BNC117) (Figure S6C). However, 
when pre-incubations were performed in PBS in the absence of stabilizing proteins from serum or other cell media 
components, free TNF-α failed to reactivate ACH-2 cells as reflected in a baseline frequency of capsid+ ACH-2 cells 
after 24 h of incubation time allotted for reactivation to occur. By contrast, TNF-α-NDs appeared to preserve LRA 
function, promoting an approximate 2-fold increase in reactivated (capsid+) ACH-2 cells, and suggesting a beneficial 
stabilizing or protective effect of encapsulating TNF-α within NDs (Figure S6D). Interestingly, free TNF-α reactivation 
function was rescued in the presence of 3BNC117 antibody. However, the degree of antibody binding associated with 
NDs was increased relative to free co-administration (Figure S6E and F).

The binding of 3BNC117 to virus at the surface of infected primary cells was recently demonstrated to not only 
neutralize the nascent virions, but also tether them to host cell membranes, forming aggregates and reducing extracellular 
levels of p24.36 To test this antiviral function of 3BNC117 in our platform, we measured p24 in the supernatants of ACH- 
2 cells cultured in media alone or in the presence of free TNF-α, 3BNC117, TNF-α and 3BNC117, blank NDs or TNF-α- 
3BNC117-NDs. Treatment of ACH-2 cells with TNF-α induced a 6.7-fold increase in extracellular p24. The combined 
administration of 3BNC117 with TNF-α significantly abrogated the efflux of p24 (2.5-fold p24 increase over baseline) 
(Figure 3D). Importantly, the TNF-α-3BNC117-NDs induced reactivation without any attendant increase in extracellular 
p24, which was observed to remain at baseline (un-reactivated) levels. This suggests a benefit of the ND approach, 
perhaps due to the sustained release of the encapsulated agents, enhanced bNAb contact with viral gp120 in the ND 
formulation, or through the PLGA ND itself binding soluble p24, as has been documented in the literature with other 
proteins.37–39 Additionally, both 3BNC117 and 3BNC117-NDs, but not non-specific anti-SARs antibodies, effectively 
neutralized ACH-2 HIV-1 virus from the supernatant of reactivated ACH-2 cultures as determined by a standard Tzm-bl 
assay (Figure 3E). Together, these data illustrate the functionality of TNF-α-3BNC117-NDs, wherein the encapsulated 
agents function in concert to reactivate target cells while simultaneously promoting neutralization of reactivated virus and 
enhanced trapping of the soluble products of reactivation. Thus, the TNF-α-3BNC117-NDs may mitigate the potential 
risk of increased transmission and virulence concomitant with latency reversal.

TNF-α and 3BNC117 NDs Enhance NK92 Cell-Mediated Cytotoxicity Toward Target 
ACH-2 Cells
Finally, we sought to illustrate the proof-of-concept feasibility of LRA- and bnAb-containing NDs to enhance NK92 cell 
cytotoxicity against latently infected cells. First, we incubated ACH-2 cells with NK92 cells at various E:T (NK92:ACH- 
2) cell ratios to quantify basal intrinsic NK92 cell cytotoxicity against ACH-2 cells. ACH-2 cells were killed by NK92 
cells in a dose-dependent manner (Figure 4A), with ACH-2 cell viability lowest for the 2:1 E:T ratio (52% ACH-2 cell 
death) and highest for the 1:32 E:T ratio (9% ACH-2 cell death). Based on these determined ranges, we then incubated 
ACH-2 cells with TNF-α-3BNC117-NDs or dose-matched free agent controls (Figure S7) and evaluated ACH-2 viability 
after a 5 h co-culture with NK92 cells at an E:T ratio of 1.2.5. NK92 cells alone were associated with 35.5% ACH-2 cell 
death. As anticipated, Blank NDs did not significantly change NK92 cell-mediated cytotoxicity toward ACH-2 cells 
(34.6% ACH-2 cell death). Treatment of ACH-2 cells with NK92 cells in combination with TNF-α and 3BNC117 
significantly enhanced NK92 cell-mediated killing (58.4% ACH-2 cell death). Critically, treatment of ACH-2 cells with 
NK92 cells in combination with TNF-α-3BNC117-NDs treatment significantly enhanced NK92 cell-mediated killing 
(68.5% ACH-2 cell death), suggesting the efficacy of the proposed platform (Figure 4B and S8).
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To test the capability of the TNF-α-3BNC117-NDs to reduce extracellular p24 in the setting of an NK92 and ACH-2 
cell co-culture, we measured p24 in the supernatants of treated cells. Extracellular p24 was significantly increased in the 
supernatants of ACH-2 and NK92 cell co-cultures in response to treatment with TNF-α (from a basal level of 0.64 ng/mL 
to 4.3 ng/mL p24), indicative of effective latency reversal in ACH-2 cells. Extracellular p24 decreased to 2.7 ng/mL 
when 3BNC117 was administered in combination with TNF-α, but still remained significantly higher than baseline p24 
expression (0.6 ng/mL) (Figure 4C). Only the administration of TNF-α-3BNC117-NDs in combination with NK92 cells 
to ACH-2 cells was associated with near-baseline levels of extracellular p24 (0.90 ng/mL; Figure 4C), suggestive of the 
functionality of TNF-α-3BNC117-NDs to generate enhanced killing of latently infected targets while mitigating p24 
release from ACH-2 cells. PLGA itself did not interfere with the detection of p24 by ELISA (Figure S9).

These data illustrate the potency of TNF-α-3BNC117-NDs to function in concert with NK92 cells, wherein TNF-α 
reactivates HIV in latently infected target ACH-2 cells, exposing bnAb binding sites on ACH-2 cells for 3BNC117 
binding, which in turn facilitates enhanced NK92 cell-mediated cytotoxicity. To our knowledge, this demonstrates the 
first evidence of a PLGA ND-mediated system to enhance eradication of the latent HIV reservoir by combining the 
effects of NK cells via co-encapsulated LRA and bnAb. These data provide rationale for future testing of alternate LRA/ 
bnAb combinations alone and in combination with NK cells (eg, NK92 cells, allogeneic or autologous primary NK cells) 
for HIV control applications. Further studies are warranted in samples sourced from people living with HIV (PLWH) on 
ART in parallel with in vivo studies.

Discussion
PLGA nanoparticles with similar size distributions to the NDs described here have been demonstrated to reach lymph 
nodes – the predominate anatomical niche of HIV reservoir – by transport across lymphatic endothelial cells.40–42 NK 
cells are likewise able to reach lymph nodes by chemotaxis, and have been shown in an allogeneic in vivo setting to 
traffic to lymph nodes as well as other secondary lymphoid organs.43 NK92 cells were found to express chemokine 
receptors that impact migration to the lymph nodes, such as CCR7. In vivo, the ability to coordinate the delivery of the 
LRA with the immediate presence of the bNAb may increase the efficiency by which newly reactivated virions are 
neutralized. This comparative advantage over free administration of these agents is difficult to illustrate directly in vitro, 
where the control condition offered for comparison with the LRA-bNAb-ND is simply the simultaneous co-addition of 
both free LRA and bNAb into the same well or tube. In vitro, both agents are artificially co-localized, whereas in vivo 

Figure 4 TNF-α and 3BNC117-containing NDs enhance NK cell cytotoxicity toward ACH-2 cells and reduce extracellular p24. (A) NK92 cells were co-cultured with 
ACH-2 cells for 24 h at varied E:T ratios. ACH-2 viability was measured by viability staining and flow cytometry. (B) ACH- 2 cells were incubated for 24 h with NDs or their 
constituent controls (30 ng/mL TNF-α, 2 μg/mL 3BNC117). At 19 h, for select conditions ACH-2 cells were co-cultured for the final 5 h with NK cells at an E:T ratio of 1:2.5, 
where indicated. After 24 h, the number of live ACH-2 cells was determined by flow cytometry. Percent killing was calculated based on the ratio of remaining live ACH-2 in 
the condition of interest to live ACH-2 untreated. Significance was determined by unpaired two-tailed t-test. (C) p24 detected after 24 h of ACH-2 cell incubation with NDs 
or free controls, with the addition of NK cells at a 1:2.5 E:T ratio for the final 5 h (co-culture). The data in panel (C) was collected and analyzed in the same assay 
corresponding to Figure 3D. Therefore, the amount of extracellular p24 in the ACH-2 alone condition is represented again here for the sake of comparison. Significance was 
determined by one-way ANOVA with Sidak’s multiple comparisons test. All values represent means ± st. dev. **p < 0.01 ***p < 0.001 ****p < 0.0001.
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their co-accumulation in lymph nodes or other anatomical niches to therapeutic concentrations is not guaranteed. By 
contrast, we have shown that the LRA-bNAb-NDs co-release both LRA and bNAb together, which may be critical for 
efficient immune-mediated clearance of reactivated targets.

However, the present version of this strategy – utilizing TNF-α and 3BNC117 – is presumably insufficient for thorough 
elimination of viral reservoirs in vivo, where multiple barriers to efficacy are manifest. These include the challenges of 
addressing the vast patient-to-patient heterology in HIV infections,44 the difficulty of accessing small numbers of latently 
infected cells in anatomical sites of reservoir;45 the interference and uptake of the PLGA NDs from the mononuclear 
phagocyte system (MPS) and their clearance from filtering organs;46 and the necessity to achieve spatiotemporal coordination 
of all three components of the platform described herein. There are also limitations associated with the impressive but 
imperfect breadth and potency of any LRA or bNAb. The orchestrated effect of these agents, while complementary, is 
ultimately dependent on and limited to the efficacies of each individual agent. More effective LRAs and bNAbs are 
undoubtedly needed to maximize the efficacy of any combination approach. Nevertheless, a ND which co-encapsulates 
multiple different combinations of LRAs and bNAbs in combination with promising NK cell adoptive therapy may represent 
a uniquely efficacious combination approach with the potential to overcome these obstacles.

Conclusion
We have presented the proof-of-concept feasibility of a novel tripartite nanoparticle-based strategy that co-localizes the 
effects of an LRA, bnAb, and NK92 cells to promote killing of latently HIV-infected targets in vitro. Stable PLGA NDs 
co-encapsulated and released TNF-α and 3BNC117 and which efficiently reactivated and neutralized latent HIV in vitro 
as measured by increased expression of p24 in ACH-2 cells and inhibition of viral infection in Tzm-bl cells. When 
combined with NK92 cells, TNF-α-3BNC117-NDs enhanced the cytotoxicity of NK92 cells against ACH-2 cells by 
priming them for augmented NK92 cell-mediated cytolysis, suggesting the potential of our approach in controlling HIV.

Abbreviations
LRA, latency reversing agent; bnAb, broadly neutralizing antibody; PLGA, poly lactic-co-glycolic acid; ND, nanodepot.
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