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Abstract

Monosialodihexosylganglioside (GM3)-presenting lipid-coated polymer nanoparticles (NPs) that
recapitulate the sequestration of HIV-1 particles in CD169™" virus-containing compartments
(VCCs) of macrophages were developed as carriers for delivery and sustained release of a
combination of two antiretrovirals (ARVS), rilpivirine (RPV) and cabotegravir (CAB). RPV and
CAB were co-loaded into GM3-presenting lipid-coated polylactic acid (PLA) and poly(lactic-co-
glycolic acid) (PLGA) NPs without loss in potency of the drugs. GM3-presenting PLA NPs
demonstrated the most favorable release properties and achieved inhibition of HIV-1 infection

of primary human macrophages for up to 35 days. Intracellular localization of GM3-presenting
PLA NPs in VCCs correlated with retention of intracellular ARV concentrations and sustained
inhibition of HIV-1 infection. This work elucidates design criteria of lipid-coated polymer NPs
to utilize CD169™ macrophages as cellular drug depots for eradicating viral reservoir sites or to
achieve long-acting prophylaxis against HIV-1 infection.
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INTRODUCTION

Currently, the most effective treatment for human immunodeficiency virus-1 (HIV-1) is
achieved by combinatorial antiretroviral therapy (CART).1~® Despite tremendous progress
in the development of effective CART, a cure remains elusive and lifelong suppression

of the virus with CART remains standard practice.5=2 One key challenge for achieving
HIV-1 eradication is believed to be its localization in tissue reservoirs that protect the virus
from immune surveillance mechanisms as well as antiretrovirals (ARVs).19-13 Residual
virus production, even in individuals on suppressive CART, might lead to chronic immune
activationl* and could promote HIV-1 persistence by multiple mechanisms, including
enhancing viral transcription in latently infected cells, increasing the number of activated
target cells for residual infection, and/or by clonal amplification of infected cells. Thus,
strategies to target tissue reservoirs of HIV-1 and minimize bystander immune activation are
needed to achieve a sterilizing cure.

Long-lived, tissue resident CD169" (Siglec1) macrophages that are located in the

secondary lymphoid tissues (spleen and lymph nodes), liver, lungs, and the bone

marrow, have recently attracted special attention because of their emerging role in

HIV-1 dissemination.1®-20 CD169* macrophages collect HIV-1 particles in specialized, non-
endolysosomal compartments, and these so-called virus containing compartments (VCCs)
represent potential virus reservoir sites.16: 21 22 |mportantly, glycoprotein-independent
sequestration of HIV-1 in VCCs can occur in myeloid cells via recognition and binding

of the monosialodihexosylganglioside, GM3, in the viral membrane to CD169 on the

cell surface.22-25 More specifically, the sialyllactose group in the ganglioside GM3 has
been identified as the moiety responsible for the binding to CD169 receptors.28 CD169*
macrophages can facilitate dissemination of HIV-1 in secondary lymphoid tissues of
humanized mice by capture of virus particles and trans-infection of CD4* T cells.1®
Additionally, CD169* macrophages were also shown to aid virus spread via cell-free
transmission through fluid flow—based dissemination.1> Our previous studies demonstrated
that GM3-presenting lipid nanoparticles (NPs) can mimic ganglioside-mediated binding of
HIV-1 to CD169,27 and show a similar segregation in non-endolysosomal compartments

in CD169* myeloid cells as observed for HIV-1.28-31 While both metal and polymer NPs
were investigated as virus-mimicking NPs in these previous studies, only the polymer core
can be loaded with ARVs. Thus, GM3-presenting polymer NPs present a viable strategy to
inhibit virus replication in CD169* myeloid cells and potentially bystander CD4* T cells,
and are therefore, a focus of this work. The polymer NP platform is compatible with CART
and, importantly, facilitates the incorporation of multiple ARVs in one carrier. Delivery of
multiple compounds combined in one NP ensures spatial colocalization of active compounds
in tissue, provides control over relative drug concentrations, and could potentially maximize
their antiretroviral efficacy /n vivo.
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In this work, we sought to develop lipid-coated polylactic acid (PLA) and poly(lactic-co-
glycolic acid) (PLGA) NPs, that incorporate both the non-nucleoside reverse transcriptase
inhibitor rilpivirine (RPV)32 and the integrase inhibitor cabotegravir (CAB),33 since

an injectable combination of both compounds was previously demonstrated to achieve
comparable viral suppression as a conventional regimen of an integrase inhibitor with

two reverse transcriptase inhibitors.34 3% Although a combination of long-acting NP
formulations of CAB and RPV has been approved for use and is now commercially
available under the brand name “Cabenuva”, long-acting nanoformulations that combine
both compounds in one NP, for instance for targeting potential viral reservoir sites such

as CD169" myeloid cells, are still lacking. Here, we co-formulate RPV and CAB in a
GM3-presenting polymer NP platform and demonstrate that the virus-mimicking NPs retain
the antiviral efficacy of RPV and CAB in CD169* monocyte-derived macrophages (MDMs)
for a duration of 35 days. Both the properties of the polymer core (PLA versus PLGA)
and the GM3 targeting functionality contribute to the performance of the NP platform.
Long-term antiviral potency of GM3-presenting PLA NPs is found to be correlated with
sustained intracellular and extracellular ARV (RPV and CAB) concentrations in CD169*
MDM s and an intracellular localization of GM3-presenting PLA NPs in CD169" CD9*
VCCs. Given the role of CD169" myeloid cells in HIV dissemination, targeting of these
cells with ARV-loaded GM3-presenting PLA NPs provides opportunities for increasing
tissue penetration of drugs in secondary lymphoid tissue to achieve sustained inhibition of
viral replication.

RESULTS AND DISCUSSION

Fabrication and Characterization of ARV-loaded Lipid-coated Polymer NPs

RPV and CAB are hydrophobic compounds with poor aqueous solubility. Our strategy

to deliver RPV and CAB to CD169* macrophages is based on a biomimetic NP design,
which contains a hydrophobic polymer core that serves as matrix for the lipophilic drugs
encapsulated by a GM3 containing lipid monolayer, which we refer to as “membrane”
throughout this manuscript. These NPs were prepared through a one-step synthesis via
nanoprecipitation of polymers in the presence of lipids.2’- 36: 37 RPV and CAB were

added to the polymer solution (PLA or PLGA) before the nanoprecipitation process to
ensure encapsulation.3® Hydrophobic interactions between the nascent polymer core and
the aliphatic tails of the lipids result in the formation of the lipid membrane around

the NP core. The membrane serves multiple purposes. It disperses the hydrophobic core

in an aqueous medium and ensures a surface presentation of GM3 (or other suitable

lipid targeting functionalities). Furthermore, the biomimetic lipid coating can minimize
non-specific cellular interactions and impede the detection of NPs by host surveillance
mechanisms (stealth delivery) if primarily zwitterionic lipids are chosen for the assembly of
the membrane.3 Finally, the membrane can also have a role in regulating drug release from
the NP core.36

The following lipid mixture was used in the assembly of lipid-coated PLA or PLGA
polymer NPs: 57 mol% 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 40 mol%
cholesterol, and 3 mol% GM3. This lipid composition was chosen as a minimalistic mimic

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.
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of the lipid composition of a HIV-1 particle.28 The structure and composition of the ARV-
loaded lipid-coated polymer NP is schematically depicted in Figure 1A—C. To fabricate
negatively charged polymer NP controls without GM3 in the membrane, the membrane
composition was modified to 50 mol% DPPC, 40 mol% cholesterol, and 10 mol% 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS). Negatively charged DOPS NPs can bind
to scavenger receptors and phosphatidylserine-specific Tyro3, Axl, and Mer (TAM)38

and T cell/transmembrane, immunoglobulin, and mucin (TIM)3° family of receptors on
macrophages. Small amounts of fluorescently labeled phosphatidylethanolamine (PE) lipid,
as 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
ammonium salt, were also added to the lipid mixtures to facilitate a detection of lipid-coated
NPs viatheir fluorescence signal. Throughout this manuscript, we refer to RPV and CAB
loaded, GM3-presenting PLGA and PLA NPs as GM3 PLGA NPs and GM3 PLA NPs,
respectively. RPV and CAB loaded PLA NPs containing DOPS instead of GM3 in the
membrane are referred to as DOPS PLA NPs.

GM3 PLA, DOPS PLA, GM3 PLGA NPs had an average hydrodynamic diameter of 298

+ 38 nm, 255 + 29 nm, 207 + 38 nm as measured by dynamic light scattering (DLS) and

a zeta potential of —32 £ 10 mV, =37 £ 10 mV, -29 £ 7 mV. Successful lipid coating of
PLA and PLGA NPs through the fabrication strategy described in this work was recently
provided through transmission electron microscopy (TEM) imaging, optical colocalization
of the polymer core and the lipid coating, ganglioside quantification, differential scanning
calorimetry (DSC), and biotin functionalization.2” The availability of GM3 on ARV-loaded
polymer NPs was validated by specific binding of GM3 PLA and GM3 PLGA NPs, but not
DOPS PLA NPs to CD169* THP-1 monocytes (Figure 1D-E).

To determine the concentration of drugs loaded into NPs, the final NP products were
dissolved in acetonitrile, and drug concentrations were then determined by HPLC with

a diode array detector (DAD) following established procedures.*® The GM3-PLA NP
formulations prepared in this work had average RPV and CAB concentrations of 37.5 + 2.8
(mean + standard error of the mean (SEM)) ug/mL and 532.1 + 42.3 ug/mL, respectively.
Similar RPV and CAB concentration were obtained for GM3 PLGA NPs (45.2 £ 1.5 pg/mL
and 556.6 + 45.3 pg/mL) and DOPS PLA NPs (50.8+ 4.4 ug/mL and 402.1 + 107.5 pg/mL).
These values correspond to encapsulation efficiencies of 28.1 + 2.1 (mean £ SEM) % for
RPV and 8.0 = 0.6 % for CAB in GM3 PLA NPs. The drug loadings were 1.5 £ 0.1 (mean
+ SEM) % for RPV and 17.2 + 1.9 % for CAB in GM3 PLA NPs. Encapsulation efficiencies
and drug loadings of DOPS PLA and GM3 PLGA NPs were similar to those obtained

with GM3 PLA NPs (Table S1). Overall, these values are in agreement with previously
published drug loadings of polymer NPs generated by nanoprecipitation.36: 41. 42 3-(4 5-
dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide (MTT) viability assays confirmed no
NP-associated cytotoxicity in CD169" MDMs even at the highest dosage of NPs used in
this study, corresponding to approximately 14 uM RPV and 148 uM CAB (Figure S1). The
antiviral potencies of RPV and CAB loaded GM3 PLA NPs, DOPS PLA, and PLGA NPs
were tested by challenging TZM-bl indicator cells with a VSV G pseudotyped single cycle
HIV-1.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.
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Cells were pre-treated with various concentrations of ARV-loaded NPs or free ARVS
(soluble free drug mixture) prior to virus exposure. We observed a dose-dependent
inhibition of HIV-1 infection of TZM-bl cells (Figure 1F-G). The half-maximal inhibitory
concentrations (ICsg) of GM3 PLA NPs, DOPS PLA NPs, GM3 PLGA NPs, free ARVS,
and individual drugs are provided in Table S2. For GM3 PLA and PLGA NPs that did not
contain any drugs, no inhibitory effect was detected. RPV and CAB co-formulated into the
NPs yielded similar 1Csq values as free RPV (0.3 £ 0.1 nM) (mean = SEM) and CAB (1.8
+ 0.1 nM) drug mixtures, confirming that ARVs can be successfully co-encapsulated in a
single NP and still retain their antiviral potency. The lack of a pronounced synergistic effect
for a co-formulation of RPV and CAB (Figure S2) suggests that the lower RPV levels are
rate limiting to virus infection in the TZM-bl cells used in the inhibition studies.

Quantification of RPV and CAB Release Kinetics in Lipid-coated Polymer NPs

We measured the release properties of RPV and CAB from GM3 PLA NPs in the
temperature range relevant for virus inhibition and drug storage. Figure 2A-B shows

the release of RPV and CAB from GM3 PLA NPs measured at 4°C, room temperature
(RT), and 37 °C in 1 x PBS (Figure 2A-B) over 28 days. The percentages of RPV and

CAB released at different temperatures are shown in Table S3-S4, and the corresponding
remaining drug amounts in NPs are depicted in Table S5-S6. The size of the NPs

was monitored throughout the duration of the experiments via DLS (Figure S3). The
hydrodynamic diameter was constant at all investigated temperatures, indicative of excellent
stability of GM3 PLA NPs.

In the case of RPV released from GM3 PLA NPs, a rapid burst followed by a plateau with
essentially constant drug concentrations was observed at 4°C and RT, whereas at 37 °C a
continuous release of RPV over a longer time was observed. The fraction of RPV released
in the course of 28 days from GM3 PLA NPs increases from approximately 30 % at 4°C
and 33 % at RT to 92 % at 37°C. The large difference in total drug release suggests that
release occurs primarily from peripheral NP regions at 4°C and RT but that it extends to

the entire NP volume at physiological temperatures. In the case of CAB, release from GM3
PLA NPs occurred at a faster rate than that observed for RPV at all temperatures. We
attribute the distinct release behaviors of CAB and RPV from GM3 PLA NPs to differences
in their molecular structure and properties, in particular their hydrophobicity and solubility.
CAB is more hydrophilic than RPV, with calculated octanol-water partition coefficients
(logP) values for RPV of 4.32 and 1.04 for CAB.*3 The solubility of RPV %4 in water was
reported to be 18.5 + 1.1 ug/mL compared to 31.9 + 14.4 ug/mL for CAB.#> The higher
relative hydrophilicity and water solubility of CAB is consistent with a faster release from
the hydrophobic GM3 PLA NPs than for RPV. It is important to point out, however, that
although CAB is released faster than RPV, the absolute amount retained in the NPs after 28
days is still comparable to that of RPV due to a higher initial loading of CAB (Table S5-S6).

Next, RPV and CAB release data were fitted to different models, including zero- and
first-order release, as well as to Higuchi and Korsmeyer-Peppas (power law) models.46: 47
The equations and R? values of the zero- and first-order, and Higuchi fits are summarized
in Table S7. The Korsmeyer-Peppas model is often applied to fit drug release from polymer

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.
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NPs as it provides insight into the mechanism of release.*8 In this model, the first 60% of the
data are fit to equation 1;

M’/M w = Kkpt" @)

In this expression M’/Mm is the fractional drug release, Kxpis a kinetic constant

characteristic of the polymer/drug system, tis the release time, and 7 is the diffusional
exponent that characterizes the mechanism of release. Additional details on the fit
parameters are provided in the Methods section.*3-51 The Korsmeyer-Peppas fits of RPV
and CAB at different temperatures are demonstrated in Figure 2C-D. For the RPV release
from GM3 PLA NPs, we obtained 7 values of 0.27 (4°C), 0.39 (RT), and 0.41 (37°C) and
Kypvalues of 0.10 (4°C), 0.09 (RT), and 0.08 (37°C) with the unit of (h ™) (Figure 2C).
The measured 77 values indicate release by Fickian diffusion at RT and 37°C. Even at 4°C
the nvalue is only slightly below the threshold (n= 0.30) for Fickian diffusion in a NP
ensemble with finite size distribution.#%-51 For CAB released from GM3 PLA NPs (Figure
2D), Korsmeyer-Peppas fits yielded 77 values of 0.41 (4°C), 0.71 (RT), and 0.94 (37°C) and
Kxpvalues of 0.08 (4°C), 0.05 (RT), and 0.06 (37°C) with the unit of (h ™). The n7values
for CAB were overall higher and showed a larger increase with temperature than for RPV.
At 4 °C, the nvalue indicates Fickian diffusion, whereas the 77 values for RT and 37°C are
more consistent with Non-Fickian and Case-I1 transport.

Similar release studies were performed for GM3 PLGA NPs, and Figure S4 provides a
comparison of the RPV and CAB release curves of GM3 PLA and GM3 PLGA NPs at

37 °C. After 7 days, GM3 PLGA NPs have released 92% of the initial RPV compared
with 68% in case of the GM3 PLA NPs. PLGA is in general more hydrophilic than PLA,
and unlike the PLA NPs, which remain in the glassy state at 37 °C,27: 52 the PLGA NPs
used in this work undergo a phase transition into the rubbery state under physiological
conditions.2”: 52 The higher hydrophilicity, the phase change into the rubbery state, and a
faster degradation®3-55 can all contribute to a faster release of RPV from GM3 PLGA NPs
than from GM3 PLA NPs (Figure S4A). In the case of CAB at 37 °C, release from GM3
PLGA NPs is initially slower than for GM3 PLA NPs, however these differences diminish
quickly with time. On day 2 both NPs have released over 94% of the total CAB, and on day
7 both NPs have released over 98% (Figure 4SB).

Long-term Inhibition of HIV-1 Infection in CD169* MDMs

While CD169 is constitutively expressed on tissue-resident macrophages,® its expression
is low in MDMs. Since CD169 is a type | and type 111 interferon inducible protein,16 we
induced CD169 expression on MDMs by exposure to type 111 IFN (IFN-A, 5 ng/ml) for 48
h (Figure S5). Note that at these concentrations, IFN-A displayed no antiviral effects (data
not shown). We explored the long-term antiviral potential of RPV and CAB loaded NPs

in CD169* MDMs. Different NP conditions, including ARV-loaded GM3 PLA and PLGA
NPs, as well as DOPS PLA NPs were compared, and a mix of free ARVs was added as
control. CD169* MDMs were incubated with NPs or free ARVs (ARV input normalized to
1 uM of RPV equivalent) for 3 h only once at the beginning of the viral inhibition study,

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.
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extensively washed and returned to culture. Growth medium was changed every 3 days, and
drug-exposed CD169* MDMs were challenged weekly with a VSV G pseudotyped HIV-1
(Figure 3). As the TZM-bl infection assay indicated RPV as the rate-limiting compound

of virus inhibition, the RPV concentration was kept constant between experiments using
different NP preparations, resulting in varied CAB input concentrations between 6 — 33 uM.
Note, no to low NP-associated cytotoxicity was observed for a duration of up to 35 days, as
monitored via MTT assays (Figure S6).

Complete inhibition of virus infection was achieved in CD169* MDMs exposed to ARV-
loaded NPs or soluble drugs on day 1 post ARV treatment, though by day 7, free ARVs were
significantly attenuated in their antiviral effect compared to polymer NPs.

The inhibition achieved with free ARVs decreased with time and remained lower than for all
the NP conditions during the entire experimental period. Interestingly, from day 14 onwards,
the inhibitory effects of different polymer NP formulations began to differ. Importantly,
GM3 PLA NPs maintained the highest antiviral effect in CD169* MDMs throughout the
duration of the experiment with an extremely low level of relative HIV-1 infection (4.7 +
3.0%) (mean £ SEM) even at day 35 post NP addition. In contrast, higher levels of virus
infection were observed in DOPS PLA and GM3 PLGA NPs treated CD169" MDMs (13.8
+ 5.5% and 28.5 + 4.9%, respectively), on day 35 post NP addition. The striking differences
in the duration of the viral inhibition obtained with free and nanoformulated RPV and CAB
as well as between the different RPV+CAB containing NPs confirm that nanoformulation of
ARVs extends the inhibitory effect of ARVs over time.

Determination of RPV and CAB Concentrations in CD169* MDMs

The distinct inhibition durations for the different nanoformulations might be due to
differences in total drug uptake and/or metabolization of the drugs inside of the cells. An
accurate assessment of the contributions of these two effects requires a precise quantification
of the cellular drug content as a function of time for the different conditions. To allow

for a precise quantification of cellular ARV concentrations for a total duration of at least
four weeks by HPLC analysis, the RPV input concentrations and the number of cells were
increased by a factor of 10 relative to the inhibition studies. The RPV concentration was,
consequently, 10 uM with CAB concentrations varying between 50 to 165 pM for different
preparations. CD169* MDMs from 3 different donors were incubated with NPs and free
ARVs for 3 h before the cells were washed and maintained in fresh medium. The total drug
contents (NP-associated and free drugs inside the cells) were measured on day 0, 1, 3, 5, 10,
15, 20, and 28 post NP addition (Figure 4A-B).

The total internalized RPV contents in 5 x 10° cells at time 0 for GM3 PLA NPs, DOPS
PLA NPs, GM3 PLGA NPs, and free ARVs are 401.5 + 35.7 (mean = SEM) ng, 371.0

+ 30.7 ng, 158.7 £ 25.3 ng, and 86.4 £ 32.0 ng, respectively. These results confirm that
nanoformulation achieves an increased uptake of RPV in CD169" MDMs and that for NPs,
RPV uptake increases in the order of GM3 PLA = DOPS PLA > GM3 PLGA.

The uptake of RPV obtained with GM3 PLA NPs was slightly higher than for DOPS PLA
NPs, which could be due to a difference in the binding affinities of the two different ligands,

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.
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GM3 and DOPS, presented on the respective NPs. However, RPV uptake for GM3 PLGA
NPs was much lower than that observed with GM3 PLA NPs, despite the same GM3-CD169
binding mechanism. One possible explanation for these trends is provided by the difference
in the glass transition temperature of the PLA and PLGA NPs used in this work and the
related higher mechanical stiffness of PLA NPs at 37 °C.27- 52 Under otherwise identical
conditions, stiff NPs are preferentially uptaken over soft NPs with comparable size.27: 57-60

The RPV concentration decreased as function of time for all experimental conditions, and
by day 10 RPV was no longer detectable in CD169* MDMs incubated with free ARVS.

In contrast, RPV administered as a nanoformulation was detectable throughout the duration
of the experiment for all NP conditions. After 28 days, the total RPV contents in CD169*
MDMs are 10.4 + 0.8 (mean £ SEM) ng in GM3 PLA NPs, 5.9 £ 1.7 ng in DOPS PLA NPs,
and 0.9 £ 0.5 ng in GM3 PLGA NPs.

The concentrations of CAB in CD169* MDMs exceeded those of RPV due to higher initial
CAB incorporation in polymer NPs (Figure 4B). The delivered CAB contents in 5 x 10°
cells on day 0 are: 7.7 £ 2.3 (mean £ SEM) pg for GM3 PLA NPs, 4.4 + 1.3 ug for DOPS
PLA NPs, 4.8 + 0.4 ug for GM3 PLGA NPs, and 319.5 + 27.0 ng for the free ARVs. For all
experiments, the NP input concentration was adjusted to keep the RPV input concentration
constant across the experiments. Therefore, the error in the CAB concentrations was higher
than for RPV. Though the resulting variability in the initial input concentration of CAB

for the different experimental conditions precludes a systematic analysis of the relative
intracellular concentrations of CAB achieved upon incubation with GM3 PLA, DOPS PLA
or GM3 PLGA NPs, uptake of nanoformulated CAB was more efficient than that observed
upon exposure of CD169* MDM s to free ARVs. Consistent with a faster release of CAB
from NPs (see Figure 2B), the rate of decrease of cellular CAB concentration was faster than
that observed with RPV. However, due to the high initial loading, CAB was still detected
even after 28 days for all experimental conditions. The total cellular CAB contents for the
different NPs at day 28 are 14.6 = 3.7 (mean £ SEM) ng for GM3 PLA NPs, 3.8 £ 1.0 ng for
DOPS PLA NPs, and 6.0 + 3.8 ng for GM3 PLGA NPs. As in the case of RPV, CAB was no
longer detected on day 10 when administered as free ARVS.

In addition to cellular drug concentrations, RPV and CAB concentrations released from
CD169" MDMs into the medium were also quantified (Figure S7). The drug concentrations
in extracellular medium show a decrease as a function of time that mirrors the same overall
trend as observed with cell lysates. However, due to the higher dilution in medium, RPV and
CAB were no longer detectable after day 20. At day 20, presence of RPV in medium was
only detected for GM3 PLA NPs, while CAB is detected in medium of all NPs but with the
highest concentration for GM3 PLA NP-exposed CD169* MDMs.

Overall, the drug quantification reveals that GM3 PLA NPs achieve the highest
concentrations of both RPV and CAB over the duration of the experiment in both cells
and medium, underlining the potential of GM3 PLA NPs as long-acting nanocarriers for
co-formulated RPV and CAB.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.
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Confocal Mapping of RPV and CAB Loaded Lipid-coated Polymer NPs in CD169* MDMs

CD169" MDMs from different donors were imaged on day 1, 10, 15, 20, and 25 after
treatment with ARV-loaded GM3 PLA, DOPS PLA, and GM3 PLGA NPs. Confocal z-stack
images,51 corresponding to day 10 and 25 are shown in Figure 5A-B, and z-stacks recorded
on days 1, 15 and 20 are depicted in Figure S8-S9. Especially at early time points, the z-
stack images indicate a GM3 PLA NPs localization closer to the top cell plasma membrane,
while DOPS PLA and GM3 PLGA NPs are preferentially located closer to the center of the
cell (Figure 5A-B and Figure S8-S9). The localization of GM3 PLA NPs closer to the top
surface of the cells is consistent with a collection of NPs in VCCs, as previous studies have
demonstrated that VCCs are located closer to the cell surface.62: 63

Intriguingly, starting from day 15 the fluorescence intensities of DOPS PLA or GM3
PLGA NPs in the cells appear lower, whereas the degradation is less conspicuous for

GM3 PLA NPs. In a THP-1 CD169* macrophage model, it was previously observed

that the intracellular fate of GM3 PLA NPs, DOPS PLA, and GM3 PLGA NPs, all with
identical physico-chemical properties as used in this work, can differ.2” While DOPS PLA
or GM3 PLGA NPs entered an endolysosomal pathway in CD169* THP cells, a significant
fraction of GM3 PLA NPs were found to localize outside of the lysosomes in VCC-like
compartments. These distinct intracellular fates were attributed to binding via different
receptors in the case of DOPS PLA and GM3 PLA NPs and to differences in the glass
transition temperature and stiffness of the core in the case of GM3 PLGA and GM3 PLA
NPs. It is conceivable that differences in the cellular processing contribute to differences

in NP retention in CD169* MDMs. To illustrate the intracellular fate of GM3 PLA NPs

in CD169" MDMs by confocal microscopy, GM3 PLA NPs treated CD169* MDMs were
immunolabelled for CD169, as well as for tetraspanin CD9 as a VCC marker,%4 and for
lysosomal-associated membrane protein 1 (LAMP-1) as a lysosome marker on days 1, 5, 10,
15, 20, and 25 (Figure 6). The optical colocalization of GM3 PLA NPs with CD169, CD9,
and LAMP-1 was quantified by calculating Manders’ colocalization coefficients (MCCs)%
(Table S8). The optical colocalization analysis confirms an initial co-localization of GM3
PLA NPs with CD169 and CD9 but not with LAMP-1, which corroborates a localization of
GM3 PLA NPs within non-endolysosomal, VCC-like compartments.

In the case of negatively charged DOPS PLA NPs, the NPs were primarily located

in lysosomes. A confocal section of CD169" MDMs incubated with DOPS PLA NPs

and stained for LAMP-1 on day 1 is shown in Figure S10. In contrast, GM3 PLGA

NPs displayed variable co-localization with LAMP-1 in CD169* MDMs with some donor-
dependent variability (Figure S11).

Importantly, the avoidance of an endolysosomal trafficking pathway for GM3 PLA NPs in
CD169" MDMs is consistent with a slower degradation of these NPs and may contribute to
the enhanced antiviral efficacy of this formulation observed at later time points in Figure 3.

CONCLUSION

In this study, we have demonstrated the successful co-encapsulation of RPV and CAB in
HIV-1 mimicking GM3-presenting lipid-coated PLA and PLGA NPs as well as in DOPS-
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presenting PLA NPs. The PLA core in combination with GM3 as cell-targeting moiety
showed overall the most advantageous delivery and release of RPV and CAB in CD169*
MDMs. Importantly, GM3 PLA NPs achieved detectable RPV and CAB concentrations in
CD169" MDMs for up to at least 28 days, and inhibited HIV-1 infection in CD169* MDMs
for up to 35 days post challenge with GM3 PLA NPs.

RPV and CAB loaded GM3 PLA, DOPS PLA, and GM3 PLGA NPs retained their potency
upon encapsulation as demonstrated by similar ICsg values of NPs and free ARVs. Given
the rapid release in the case of CAB, the similarity in ICgq between nanoformulation and
free drug may not be surprising. However, in the case of the more slowly releasing RPV,
similar 1C5q values of nanoformulation and free drug suggest an improved intracellular ARV
delivery for the nanoformulations, which was corroborated through quantification of the
cellular ARV contents. Intriguingly, RPV and CAB loaded GM3 PLA, DOPS PLA, and
GM3 PLGA NPs differed in their ability to achieve sustained long-term virus inhibition.
RPV and CAB loaded GM3 PLA NPs achieved a nearly complete inhibition of HIV-1
infection in CD169* MDMs for at least 35 days, but DOPS PLA NPs and GM3 PLGA
NPs did not offer the same level of protection and the efficacy dropped in the order GM3
PLA > DOPS PLA > GM3 PLGA NPs > free ARVSs. The relative efficiency of virus
inhibition correlates with the intracellular ARV concentrations in CD169* MDMs, which
also decreased in the order GM3 PLA > DOPS PLA > GM3 PLGA> free ARVS.

The differences in the uptake and intracellular fate among NPs with different polymer core
(PLA versus PLGA) and lipid membrane composition (GM3 versus DOPS) emphasize that
the choice of polymer and membrane composition are important parameters for the design
of virus-mimicking NPs for ARV delivery. The higher uptake and relative stability obtained
with GM3 PLA NPs makes these NPs particularly attractive for engineering sustained

drug release formulations and could be one of the factors that contribute to the higher
antiviral efficacy of these NPs on longer time scales. Importantly, GM3 PLA NPs achieved
a sustained release of RPV and CAB without the need for any chemical modifications of the
drugs.

The superior performance observed for GM3 PLA NPs in our cell culture studies is
expected to be even more relevant /n vivo, where the GM3-CD169-mediated targeting

of myeloid cells provides a viable strategy to enrich high local concentrations of both
drugs in secondary lymphoid tissues. We postulate that virus-mimicking GM3 PLA NPs
co-loaded with multiple ARVs can provide a new paradigm for targeted delivery of ARVs
to CD169* macrophages to enhance efficacy and sustained long-term antiviral potency and
provide rationale for further development to deliver combination ARVS to tissue-resident
reservoir sites of virus persistence. Additionally, future studies are warranted to test the /n
vivo efficacy of GM3 PLA NPs in animal models of chronic HIV infection and establish
injectable ARV-loaded GM3 PLA NPs as a viable alternative to daily suppressive CART.
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MATERIALS AND METHODS
Fabrication of ARV-loaded Lipid-coated Polymer NPs.

Drug loaded lipid-coated polymer NPs were fabricated via one-step nanoprecipitation
procedure as described previously.2” 0.15 mg of lipid mixture containing 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) (25 mg/mL), cholesterol (25 mg/mL), and GM3
Ganglioside (Milk, Bovine-Ammonium Salt) (2 mg/mL) in chloroform with mol % as
specified in the text was added to the sterile, cell culture grade water (Gibco Distilled
Water, Thermo Fisher Scientific, Waltham, MA). To prepare negatively charged lipid-
coated polymer NPs, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS)
(10 mg/mL) was added to the lipid mixture. The fluorescence marker 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) was
added to the lipid mixture when NPs were subjected to the fluorescence microscopy or flow
cytometry. 20 pg of RPV in acetonitrile (stock solution of 100 pg/mL) and 1 mg of CAB in
dimethyl sulfoxide (DMSO) (stock solution of 10 mg/mL) were mixed with 1 mg polymer
(2.5 mg/mL) in acetonitrile prior to nanoprecipitation. The best loading in polymer NPs with
CAB+RPV is obtained using a constant 1:1 weight ratio of CAB : polymer at a RPV input
corresponding to 2% of the polymer weight (Figure S12). A decrease in the CAB or further
increase in the RPV input concentration resulted in a strong decrease of CAB loading.
Next, using a lipid/polymer weight ratio of 15%, drug-included PLA (Poly(D,L-lactide)
ester terminated, Resomer R207S, R207S with viscosity of 1.3-1.7 dL/g and molecular
weight of 209,000)56 and PLGA (Poly(D,L-lactide-co-glycolide) lactide:glycolide 50:50,
ester terminated, M,y 24,000-38,000, Resomer RG503) solution in acetonitrile was added
dropwise to the aqueous solution. The final mixture was sonicated in a bath sonicator
(Branson 5510, Branson Ultrasonics, Danbury, CT) for 5 min. Next, the drug loaded lipid-
coated polymer NPs were purified via 3 washing cycles (4000g — 15 min) using an Amicon
Ultra-4 centrifugal filter (MilliporeSigam, Burlington, MA) with a molecular weight cutoff
of 10 kDa to remove organic solvent and free drug and lipid molecules. Polymers (PLGA
and PLA), chloroform, acetonitrile, and DMSO were purchased from Sigma-Aldrich (St
Louis, MO). Lipids were purchased from Avanti Polar Lipids (Alabaster, AL). Cabotegravir
(GSK1265744) was purchased from Selleckchem (Houston, TX). Rilpivirine was obtained
from the NIH AIDS Reagent Program.

Dynamic Light Scattering (DLS) and Zeta Potential Measurements.

Size and zeta potential measurements were determined by using Zetasizer Nano ZS90
(Malvern, Worcestershire, UK). To measure the size of NPs, Milli-Q water was used to
dilute the NPs. 10 mM NacCl solution (pH 5) was used to determine the zeta potential of
GM3 PLA, DOPS PLA, and GM3 PLGA NPs.

Determination of NP Concentrations through UV-Vis.

To determine the concentration of fluorescently labeled lipid-coated polymer NPs, their
absorption spectra in Milli-Q water were recorded using a Spectronic 200 UV-Vis
spectrometer (Fisher Scientific, Waltham, MA). Beer’s law using a molar absorptivity of
e = 73,000 M~1 cm~1 at the wavelength of 570 nm (Lambda max)2’ was used to calculate
the NP concentrations, and Milli-Q water was used for baseline correction.
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Quantification of RPV and CAB Concentrations.

To determine the amount of the drugs (RPV and CAB) encapsulated in polymer NPs, NPs
were dissolved in the acetonitrile, and the resulting free drugs form NPs were measured
using an Agilent HPLC with a diode array detector (DAD) equipped with a Gemini C18
reversed-phase column (Phenomenex, Torrance, CA) with 5um particle size, 4.5 mm internal
diameter and 150 mm length.4? The temperature of the column oven was set at 35 °C. The
mobile phase consisted of a 50/50 (v/v) ratio of 25 mM potassium dihydrogen phosphate
(Sigma-Aldrich, St Louis, MO) in water and acetonitrile. The isocratic mode with the

flow rate of 0.6 mL/min was used, with the total run time of 20 min. Atazanavir sulfate
(ATZ) was used as the internal standard (1S) in all the HPLC measurements and was
obtained from the NIH AIDS Reagent Program. CAB, RPV, and ATZ were detected at

the wavelength detection of 290 nm and at average retention times of 5, 13, and 15 min,
respectively. Calibration curve solutions were run with the samples for each time run of
HPLC. Stock solutions of RPV (100 pg/mL), CAB (100 ug/mL), and ATZ (IS) (100 pg/mL)
were prepared in acetonitrile. To prepare the calibration solutions, RPV and CAB stock
solution was diluted with acetonitrile to achieve concentration of 125, 250, 500, 750, 1000,
1500, 2000 and 4000 ng/mL, whereas IS had a final concentration of 25 pg/mL. The
encapsulation efficiency and drug loading percentages were determined using the following

formulas:
; . _ weight of drug in NPs
Encapsulation ef ficiency (%) = Weight of total drug input 100 )
Drug loading (%) = —><ightof drug inNPs__ @

~ weight of total (NPs+drug)

RPV and CAB Release Kinetics Determination.

To measure the drug release profile, RPV+CAB encapsulated NPs were placed into Slide-A-
Lyzer MINI dialysis microtubes with a molecular weight cutoff of 3500 Da (Thermo Fisher
Scientific, Waltham, MA). The microtubes were dialyzed in 4 L of 1 x PBS buffer at 4, RT,
and 37 °C. The PBS buffer was exchanged every 24 h during the first 10 days of the whole
dialysis process, and then every 2 days till day 28. At each data point, NP solution from the
microtubes were collected and mixed with acetonitrile to dissolve the NPs. The free RPV
and CAB were determined via HPLC analysis as described above, and with addition of ATZ
(1S) to the samples.

The release data were fitted using zero- and first-order, Higuchi, and Korsmeyer-Peppas
(power law) models. The details of zero- and first-order, Higuchi fits and formulas can be
found in the supporting information. For the Korsmeyer-Peppas model, the first 60% of the
data were fit to equation 1, which contains » as the diffusional exponent that characterizes
the mechanism of release. For ideal spherical polymer particles of a constant size made

out of swellable polymers/devices, a n7value of 0.43 indicates Fickian diffusion, 7 values

in the range of 0.43 < 7< 0.85 correspond to anomalous or non-Fickian diffusion, n=

0.85 is representative of Case-I1 transport, and /7= 1 represents time-independent, zero-order
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release.>! For NP ensembles with different size distribution, the threshold 77 values need to
be adjusted to 0.3 for Fickian diffusion and /7= 0.45 for Case-II transport.> Additional
details of zero- and first-order, and Higuchi fits can be found in the Supplementary
Information.

Cell Culture.

Viruses.

HEK?293T (ATCC) and TZM-bl (NIH AIDS Reagent Program) were maintained in DMEM
(Gibco) containing 10% heat-inactivated FBS (Gibco) and 1% pen/strep (Gibco).22 67,68
THP-1 (NIH AIDS Reagent Program) and CD169* THP-1 cells®® were maintained in
RPMI-1640 (Gibco) containing 10% FBS (Gibco, Catalog number: 16000044) and 1% pen/
strep (Gibco, Catalog number: 15070063) and 2 mg/mL G418 for maintenance of CD169
expression. All cell lines have been tested for mycoplasma contamination and confirmed
negative. Human MDMs were derived from positively isolated CD14* peripheral blood
monocytes by culturing in RPMI-1640 containing 10% heat-inactivated human AB serum
(Sigma-Aldrich) and recombinant human macrophage colony stimulating factor (M-CSF)
(20 ng/mL; PeproTech) for 5 days, as described previously.®® To induce CD169 expression
on MDMs, cells were treated with IFN-A (5 ng/ml) for 48 h, and cell surface expression of
CD169 was confirmed by FACS using a Alexa 647-conjugated mouse anti-CD169 antibody
(Biolegend). Cells were analyzed with BD LSRII (BD), and data was analyzed with FlowJo
software (FlowJo).

Single-round-replication-competent HIV-1 pseudotyped with VSV-G, either expressing
luciferase or not were generated from HEK293T cells via co-transfection of HIV-1Aenv/luc
or HIV-1Aenv proviral plasmids and VSV-G expression plasmid.22 Virus-containing cell
supernatants were harvested 2 days post-transfection, cleared of cell debris by centrifugation
(300 x g, 5 min), passed through 0.45 um filters, and concentrated by ultracentrifugation
on a 20% sucrose cushion (24,000 rpm and 4°C for 2 h with a SW28 rotor (Beckman
Coulter)). The virus pellets were resuspended in PBS, aliquoted and stored at =80 °C

until use. The capsid content of HIV-1 was determined by a p24929 ELISA 22 and virus
titer was measured on TZM-bl cells as previously described.”? In detail, single-cycle
vesicular stomatitis virus G (VSV-G)-pseudotyped Bru Aenv virus particles were produced
by co-transfection of HIV-1 env-deficient luciferase or GFP expressing proviral plasmid
with a VSV-G expression plasmid (H-CMVG). Virus particles were generated by calcium
phosphate-mediated transfections of HEK293T cells, as described previously.”! The p24929
content of all the virus stocks was quantitated by a previously described enzyme-linked
immunosorbent assay (ELISA),”2 with slight modifications. Briefly, p24929 was bound to
HIV immunoglobulin (from NABI and National Heart Lung and Blood Institute)-coated
wells and detected with an anti-p24929 monoclonal antibody (clone 183-H12-5C from the
NIH AIDS Research and Reference Reagent Program, contributed by Bruce Chesebro) and
horseradish peroxide (HRP)-conjugated goat anti-mouse secondary antibody (Sigma). To
determine the infectious titer of the viruses, 10* TZM-BI cells were infected with limiting
dilutions of virus stocks. Cells were fixed and stained for f-galactosidase (-Gal) activity 48
h post infection to quantify p-Gal+ (blue) cells as a measure of the virus infectious titer, as
previously described.”3

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eshaghi et al.

Page 14

Specific Binding of GM3-presenting NPs and CD169 in THP-1 Cells.

THP-1 and CD169* THP-1 cells (5 x10°) were exposed to 5 x 1011 ARV-loaded GM3 or
DOPS or blank (without any GM3 or DOPS) PLA or GM3 PLGA NPs in RPMI1/10% FBS.
The mixture was incubated at 37 °C for 10 min. Next, unbound NPs were washed twice by
PBS and cells pelleted by centrifugation at 270 g for 5 min. Cells were fixed with 4% PFA
(Sigma-Aldrich, St Louis, MO), and capture of NPs by cells determined by flow cytometry
using a FACSCalibur instrument (BD Biosciences, San Jose, CA) and analyzed through
Flowing software 2.

Determination of ICgq in TZM-bl Cells.

Serial 5-fold dilutions of soluble drugs or polymer NPs (over a concentration range of
0.0002 — 60 nM) were added to TZM-BI cells (104 cells/well) in a 96 well plate for 1 h
prior to infection with VSV-G pseudotyped HIV-1 (LaiAenv/VSV-G, MOI 0.1). Cells were
spinoculated at 2300 rpm at 25°C for 1 h, and returned to culture for an additional 3 days.
Cells were lysed with Glo lysis buffer (Promega), and luciferase expression in cell lysates
was determined using the Bright-Glo luciferase expression system (Promega) as described
previously.8” Nonlinear regression was used to fit the data with a constant Hill coefficient to
determine the half-maximal inhibitory concentrations (1Cs).

Cell Viability 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylterazolium bromide (MTT) Assays.

MDMs were plated in a 12-well plate at a concentration of 5 x 10° cells per well. CD169*
MDMs were incubated with ARV-loaded GM3 PLA, DOPS PLA, and GM3 PLGA NPs at

a concentration of 1 x 1012 NPs/mL, corresponding to approximately 14 uM RPV and 148
UM CAB for 4 h. After removing the NPs, cells were maintained in the full medium for 5
days. Then cells were washed with 1 x PBS and incubated with RPMI containing 10% MTT
solution (5mg/mL) for 1 h at 37°C. After removal of the MTT solution, DMSO and ethanol
solution (1:1 ratio) was added and mixed thoroughly. Absorbance was measured at 570 nm
using a SpectraMax M5 plate reader (WVR, Radnor Corporate Center, Radnor, PA).

Inhibition of HIV-1 Infection in CD169* MDMs.

CD169* MDMs were seeded in a 96-well plate at 5 x 10% cells per well. Soluble drugs or
ARV-loaded polymer NPs were added to cells at 1uM RPV equivalent concentration (CAB
concentration varied between 6 to 33 uM) and incubated at 37°C for 3 h. Cells were washed
extensively, and cultured in fresh medium (RPMI1/10% FBS) prior to infection with VSV-G
pseudotyped luciferase expressing single cycle HIV-1 (HIVAenv/Luc VSV-G, 100ng p24929
per well) on days 1, 7, 14, 21, 28 and 35 post drug treatment. Cells were spinoculated as
described above, washed three times to remove unbound virus, followed by culture for 3
days. Cells were lysed with Glo lysis buffer (Promega), and luciferase expression in cell
lysates was determined using the Bright-Glo luciferase expression system (Promega) as
described previously.5” Results were analyzed by one-way ANOVA with Tukey multiple
comparisons test using Graphpad Prism. *P < 0.05 **P < 0.01 ***P < 0.001 ****P <
0.0001.
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RPV and CAB Quantification in CD169* MDMs and the Medium.

ARV-loaded GM3 PLA, DOPS PLA, and GM3 PLGA NPs at a concentration of 10 pM
RPV in RPMI/10% FBS were added to CD169" MDMs in a 12-well plate at a concentration
of 5 x 10° cells per well, and incubated for 3 h. For these experiments, the NP concentration
was adjusted to have the same RPV concentrations (10 uM) for all the conditions, therefore
CAB concentration varied between 50 to 165 uM. Next, NPs were removed and cells were
washed with RPMI and maintained in RPMI1/10% FBS for the duration of the experiment.
Half of the medium was exchanged every other day.® RPV and CAB concentrations in
CD169" MDMs were determined on day 0, 1, 3, 5, 10, 15, 20, and 28. Cells were lysed
using 1% Triton-X 100 (Sigma-Aldrich, St Louis, MO) in 1 x PBS, following addition of
acetonitrile to extract the drugs. The cell-lysate mixtures were centrifuged at 14,000 rpm
for 10 min at 4 °C. RPV and CAB concentrations in the supernatant were determined using
HPLC, as described above. ATZ was added as an IS to all the samples. The total protein
concentration was monitored in the cell-lysates by a micro bicinchoninic acid (BCA) assay
using a Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). To
quantify the amount of drugs released from CD169* MDM s into the culture medium, 300
to 500 pL of medium was added to 1 mL of HPLC-grade acetonitrile and the mixture was
centrifuged at 14,000 rpm for 10 min. Supernatant was dried using a SPD Speed Vacuum
(SpeedVac, Thermo Fisher Scientific, Waltham, MA) following established procedures.® 74
Extracted drugs were resuspended in acetonitrile and RPV and CAB concentrations were
determined via HPLC analysis following the same method described above.

Confocal Imaging in CD169* MDMs.

1 x 105 MDMs in 3 mL medium were seeded in culture dishes (Cellvis, Mountain View,
CA) and incubated with IFN-A contained medium at a concentration of 5 ng/ml for 48

h. CD169* MDMs were incubated with ARV-loaded polymer NPs (5 x 1012 NPs/mL in
RPMI/10% FBS) for 4 h at 37 °C, subsequently washed with RPMI to remove the unbound
NPs, and were incubated in the complete growth medium for the duration of experiment,

up to 25 days. The medium was exchanged every 2 days. On the day of staining, nucleus
stain Hoechst was added to cells for 15 min at 37 °C, 5% CO». Next, cells were fixed

in 4% PFA, permeabilized with 0.2% TWEEN 20, and blocked with 1% BSA in 1 x

PBS. Antihuman CD169 (Siglec-1, Clone: 7-239), antihuman CD9 (Clone: HI9a), and anti-
human CD107a (LAMP-1, Clone: H4A3) mAbs (BioLegend, San Diego, CA) were used to
stain for CD169, CD9, and LAMP-1, respectively. Staining was visualized upon addition of
Alexa Fluor 647 (Goat anti-mouse, Clone: Poly4053) conjugated secondary antibody. Note
that concentrations of primary and the secondary antibodies were 2 pg/mL and 1 pg/mL,
respectively. Samples were imaged via Olympus FVV3000 scanning confocal microscope.
Lasers with excitation wavelength of (405,561,640 nm) and a 60 x (oil) objective were
used. Z-stack images were collected at 3 um steps. The recorded images were processed by
ImageJ, and Coloc 2 analysis plugin (ImageJ) was used to calculate the MCC (M and My)
values.
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Statistical Analysis.

Unless otherwise noted, analysis of statistical significance of data was performed using
one-way ANOVA following a subsequent Tukey post-hoc test as implemented in MATLAB.
Significant differences at p < 0.05 are demonstrated using one asterisk (*), for p < 0.01 with
two asterisks (**), for p < 0.001 with three asterisks (***), and for p < 0.0001 with four
asterisks (****),
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Figurel.
Structure, composition, and potency of ARV-loaded lipid-coated polymer NPs. A)

Scheme of RPV and CAB loaded lipid-coated polymer NP structure. A lipid monolayer
(“membrane™) around the NP core was formed due to hydrophobic interactions between NP
polymer core and hydrocarbon chains of the lipids. The NP scheme in a is adapted from ref
24, Wiley-VCH. B) Chemical structure of the polymers in the NP core (PLA and PLGA)
and drug molecules (RPV and CAB). C) Chemical structure of membrane components
(DPPC, cholesterol, and GM3 or DOPS). D-E) Histograms of fluorescence intensities
obtained after incubating blank PLA (with 60 mol% DPPC and 40 mol% cholesterol in

the membrane but no GM3 or DOPS), DOPS PLA, GM3 PLA, or GM3 PLGA NPs for 10
min at 37 °C with THP-1 (D) or CD169* THP-1 monocytes (E). F-G) Dose response curves
of GM3 PLA NPs, DOPS PLA NPs, and GM3 PLGA NPs, and free ARVs in HIV-1 infected
TZM-b1 cells over a concentration range of 0.0002 — 60 nM based on RPV concentration
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in (F) and CAB concentration in (G). The percentage of infection was normalized to the

untreated (no ARV-exposed) cells. A non-linear regression model was used to generate the
curve. Error bars represent standard error of the mean (SEM) of 3 replicates.
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Figure2.
RPV and CAB release kinetics in GM3 PLA NPs. A) Percentage of the RPV released

at 4°C, RT, and 37 °C in 1 x PBS over a duration of 28 days. B) Percentage of the

CAB released at 4°C, RT, and 37 °C in 1 x PBS over a duration of 28 days. C) The
Korsmeyer-Peppas fits and equations of the first 60% of RPV released, the insets shows the
zoomed in view of RPV released at 4 °C and RT. The R2 of the corresponding fits are 0.9623
(4 °C), 0.9588 (RT), and 0.9564 (37 °C). D) The Korsmeyer-Peppas fits and equations of
the first 60% of CAB released. The R of the corresponding fits are 0.9698 (4 °C), 0.9543
(RT), and 0.9926 (37 °C). Same colors in A and B are used in C and D. Error bars represent
standard error of the mean (SEM) of 3 replicates.
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Figure 3.
Long-term HIV-1 inhibition of RPV and CAB loaded NPs in CD169* MDMs. CD169*

MDMs were pre-treated with GM3 PLA NPs, DOPS PLA NPs, GM3 PLGA NPs, or free
ARVs at a fixed initial 1 pM RPV concentration for 3 h. Infections were carried with a
pseudotyped HIV-1 virus on day 1, 7, 14, 21, 28, and 35 post drug addition. Infection data
was collected 3 days post infection. The percentage of infection is normalized to untreated
cells. Each data point represents CD169* MDMs from a different donor, and CD169*
MDMs derived from at least 4 donors were used. Error bars represent SEMs. Results were
analyzed by one-way ANOVA with Tukey multiple comparisons test, *P < 0.05 **P < 0.01
***P < 0.001 ****P < 0.0001.
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Figure 4.

Quantification of RPV and CAB concentrations in CD169* MDMs. A) RPV concentration
in CD169* MMDs over 28 days after 3 h incubation with GM3 PLA NPs, DOPS PLA NPs,
GM3 PLGA NPs, or free ARVs with a fixed initial RPV concentration of 10 uM per 5 x
10° cells. The inset shows the RPV concentration after day 15. B) CAB concentration in
CD169" MDMs over 28 days in the same cells as in a The initial CAB concentrations were
between 45 to 164 uM for different preparations. The inset shows the CAB concentration
after day 10. The error bars represents the SEM of 3 different replicates performed with
CD169" MDMs derived from 3 independent donors. Statistical p-values determined using
one-way ANOVA followed by a Tukey post-hoc test, *p < 0.05, **p < 0.01, ***p< 0.001,

*k% p < 0,0001.
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Figure5.
Localization of GM3 PLA, DOPS PLA, and GM3 PLGA NPs in regard to cell membrane of

CD169" MDMs. A) Confocal z-stack images of CD169* MDMs 10 days post NP treatment.
B) Confocal z-stack images of CD169" MDMs 25 days post NP treatment. The dashed
square is used to demonstrate the section with the highest NP-contained area. Z-stack
images were collected at 3 pm steps. Scale bar = 10 um.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eshaghi et al.

Page 27

CD169 CD9 LAMP-1

Day 1

Day 5

Day 10

Day 15

Day 20

Day 25

Figure 6.
Characterization of intracellular fate of GM3 PLA NPs in CD169* MDM:s. Single confocal

sections of CD169" MDMs incubated with GM3 PLA NPs stained for CD169, CD9, and
LAMP-1 on day 1 (A-C), 5 (D-F), 10 (G-1), 15 (J-L), 20 (M-0O), and 25 (P-R). Scale bar =
5 pum.
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