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HIV-1 MIMICKING LIPID-COATED POLYMER NANOPARTICLES:

FUNDAMENTALS AND APPLICATIONS

BEHNAZ ESHAGHI
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Major Professor: Bjorn M. Reinhard, Professor of Chemistry
ABSTRACT
Despite tremendous improvement in the development of antiretroviral therapy
(ART) for treatment of human immunodeficiency virus-1 (HIV-1), a cure is currently
missing. One of the main challenges in HIV-1 treatment is postulated to be due to the
accumulation of HIV-1 particles in the latent tissue reservoirs, where they are protected
from both antiretrovirals (ARVS) and immune surveillance mechanisms. Interestingly, it
has been shown that binding of the monosialodihexosylgangliosid (GM3) to CD169
(Siglec-1) plays an important role in the glycoprotein-independent sequestration of HIV-1
particles in non-lysosomal virus-containing compartments (VCCs) in CD169" myeloid
cells. Therefore, VCCs represent potential virus latent tissue reservoirs and provide
protection for virus from immunological surveillance. In this dissertation, GM3-
functionalized lipid-coated polymer nanoparticles (NPs) referred to as HIV-1 mimicking
lipid-coated polymer NPs were designed to target the VCCs and deliver ARVs to achieve
full virus eradication.

HIV-1 mimicking lipid-coated polymer NPs were assembled using poly(lactic-co-

glycolic) acid (PLGA) as well as polylactic acid (PLA) polymer cores. After a systematic
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characterization of HIV-1 mimicking lipid-coated polymer NPs, the NPs were applied as a
virus mimicking model to investigate the effect of core stiffness on NP binding, uptake,
and intracellular fate mediated by GM3-CD169 binding in CD169* macrophages. Our
results suggest that GM3-CD169-mediated sequestration of NPs in non-lysosomal VCC-
like compartments is not only regulated by ligand—receptor interactions but also determined
by the core stiffness of polymer NPs.

Subsequently, ARV-loaded HIV-1 mimicking polymer NPs were developed as
long-acting nanocarriers for delivery of a combination of Rilpivirine (RPV) and
Cabotegravir (CAB) to VVCs in CD169" primary human monocyte-derived macrophages
(MDMs) for a duration of at least 28 days. Cellular drug concentrations and inhibitory
effects obtained for GM3- or phosphatidylserine (PS) -mediated binding to CD169" MDMs
were quantified, and GM3-presenting PLA NPs were found to provide the most efficient
and longest lasting inhibition of viral infection. Our findings pave the path towards
designing a new class of polymer NPs aimed to target VCCs in CD169" macrophages and
to utilize CD169" tissue resident macrophages as cellular drug depots for eradicating viral
latent tissue reservoirs or as long-acting prevention and treatment strategies against HIV-1

infection.
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Chapter 1 INTRODUCTION

Despite tremendous progress in the development of effective antiretroviral drugs (ARVS)
against human immunodeficiency virus-1 (HIV-1), 1** a cure has remained elusive, and
lifelong suppression of the virus with antiretroviral therapy (ART) remains standard
practice with lifetime adherence to the therapy.>® One key challenge for complete
eradication of the virus is believed to be its localization in tissue reservoirs, where they are
protected from immune surveillance mechanisms as well as ARVs®!L, Therefore, strategies
to target tissue reservoirs of HIV-1 is needed to achieve a sterilizing cure. Here in this
dissertation, utilization of HIV-1 mimicking lipid-coated ARV-loaded polymer
nanoparticles (NPs) as a novel strategy to target nonlysosomal virus-containing
compartments (VCCs), which represent one of the potential latent tissue reservoirs, will be
proposed and thoroughly investigated.

This introduction chapter will describe the HIV-1 life cycle and how ART inhibits the virus
replication. Next, the challenge of viral persistence in HIV-1 infection and
monosialodihexosylganglioside (GM3)-CD169 mediated collection of virus particles in
non-lysosomal VCCs will be presented. Subsequently, HIV-1 mimicking GM3-presenting
gold NPs will be reviewed with the experimental results to demonstrate the effect of
stiffness on modulation of the intracellular fate of NPs in CD169-expressing macrophages.
Ultimately, fabrication and characterization of biomimetic lipid-coated polymer NPs will
be discussed and design of HIV-1 mimicking GM3-presenting lipid-coated polymer NPs

will be introduced.



1.1 HIV-1 Life Cycle and Antiretroviral Therapy

HIV-1 life cycle!?* is demonstrated in Figure 1.1. HIV-1 life cycle starts with binding to
the T cells via recognition of CD4 along with one of the chemokine receptors CCR5 or
CXCRA4. This process mediated via viral envelope membrane glycoproteins, gp120, which
is responsible for binding to CD4.2>%° After binding, HIV-1 fuses its viral RNA into the
host cells. In the cell cytoplasm, the HIV-1 RNA is reverse transcribed into a double
stranded DNA by the help of reverse transcriptase. Next, HIV-1 DNA enters to the nucleus,
where it integrates into the host’s DNA using the viral enzyme, integrase. Following
integration, initiation of transcription of the integrated viral DNA produces new viral
messenger RNA (MRNA). Next, mRNA is transported out of nucleus for translation. HIV-
1 proteins are formed by translation in the cytoplasm. During assembly, new HIV-1 RNA
and proteins assemble into immature (noninfectious) HIV-1. Final stage of the HIV-1 life
cycle is budding from the host cell, during which immature (noninfectious) HIV-1 pushes
itself out of the host (CD4* T cell). Once outside the CD4" T cell, protease cleaves the
immature viral proteins, creating the mature (infectious) virus.

HIV-1 life cycle can be blocked at different stages using antiretroviral (ARV) drugs. For
instance, entry inhibitors post-attachment inhibitors and CCR5 antagonists prevent HIV-1
from binding to the CD4 receptor and CCR5 co-receptor, respectively. Fusion inhibitors
block the fusion of HIV-1 viral component with the host cell. Nucleoside reverse
transcriptase inhibitors (NRTI) or non-nucleoside reverse transcriptase inhibitors (NNRTI)
prevent the reverse transaction by competitively and non-competitively binding to HIV-1

reverse transcriptase enzyme. Integrase inhibitors block HIV-1 integrase enzyme and
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Figure 1.1: HIV-1 life cycle. Different stages of HIV-1 life cycle are including attachment, fusion,
reverse transcription, integration, transcription, translation, assembly, budding, and maturation.
Blocking of HIV-1 life cycle using different inhibitors including attachment, CCR5 or CXCR4,
fusion, reverse transcriptase, integrase, and protease inhibitors is shown using rectangular boxes.
Reproduced with permission from ref 12, © 2016 Springer Nature.

consequently integration of viral DNA to the host DNA is stopped. Protease inhibitors
prevent HIV-1 protease enzyme which cleaves immature viral proteins, allowing for
maturation and infection of other cells. Blocking HIV-1 life cycle at different stages using
different types of inhibitors are illustrated in Figure 1.1.

The current standard in ART is to use combination of ARVs (CARVS) to ensure multiple
inhibition mechanisms simultaneously and, thus, protection against viral mutations.?%-?2
More importantly, delivery of cARVSs ensures spatial colocalization of ARVs in tissue and
possibly could facilitate a synergistic enhancement of their antiviral effects.
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1.2 Challenge of Viral Persistence in HIV-1 Infection

Currently, lifetime suppression of HIV-1 infection with ART is the norm practice.
However, ART is not curative, and must be taken daily to suppress the viral load.
Immediately after starting the ART, the viral load decays exponentially and it drops below
detection limit, %324 this is shown as the solid red line in the scheme® in the Figure 1.2.
However, previous early studies in the field demonstrated that the infection will return if
ART stops, regardless of the duration of suppression with ART.??" This was found to be
due to existence of latent reservoirs as this is depicted in the scheme of barriers in HIV-1
cure® in Figure 1.2. Accumulation of HIV-1 particles in latent reservoirs can explained
why there is no cure for HIV-1. The key challenge in development of a cure for HIV-1 is
believed to be localization of the virus particles in the latent reservoirs, where they are
protected from both ARVs and immune system mechanisms. To develop a cure, the full
eradication of virus from the latent reservoirs must be accomplished, this is demonstrated
as dashed line in the scheme?® in Figure 1.2.

1.3 Collection of HIV-1 in Virus-containing Compartments (VCCs)

Despite the important role of virus-encoded glycoproteins in the life cycle of a virus, it is
becoming increasingly clear that in the case of enveloped virus particles, glycoprotein-
mediated receptor binding and entry can be augmented by recognition and binding of lipids
incorporated within virus particle membrane. Interestingly, HIV-1 utilizes
monosialodihexosylganglioside (GM3) binding to CD169 (Sialoadhesin or Siglec-1) to
enter the cells in a glycoprotein-independent manner.?* GM3 is inside the viral

membrane and CD169 is a receptor on the surface of macrophages and dendritic cells.
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Figure 1.2: Schematic to barrier in HIV-1 cure. Viral loaded decreases after starting the
antiretroviral therapy (ART) and it drops below detection limit (solid red line). Viral production
continues in the latent reservoirs and complete HIV-1 eradication from the latent reservoir could
be a potential cure (dashed red line, Sterilizing cure). Reproduced with permission from ref 25, ©
2018 John Wiley and Sons.

HIV-1 binding to Siglec-1 (CD169) on the surface of macrophages or dendritic cells is
shown in Figure 1.3A. More importantly, GM3 promotes not only the binding of the virus
to CD169-expressing cells but also triggers a sequestration of virus particles in non-
lysosomal compartments in dendritic cells and macrophages that offers protection from
immune surveillance.?® 3% These non-lysosomal compartments are known as virus-
containing compartments (VCCs). Captured virus particles in macrophages and dendritic

cells transfer to CD4* T cells during trans-infection (Figure 1.3B).
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Figure 1.3: GM3-CD169 binding initiates collection of HIV-1 particles in non-lysosomal
compartments. A) Entry pathway of HIV-1 through binding between GM3 and CD169 (SIGLEC-
1) on the surface dendritic cells or macrophages. B) GM3 biding to CD169 promotes the
sequestration of HIV-1 particles into non-lysosomal virus-containing compartments (VCCs). After
formation of the virological synapse, captured HIV-1 particles are transferred to T cells during
trans-infection. Reproduced with permission from ref 30, © 2014 Public Library of Science.

Trans-infection is a mechanism of infection in which macrophages and myeloid dendritic
cells transfer captured virus particles to CD4" T cells via formation of a virological
synapse®®-3, this process in dendritic cells is demonstrated in Figure 1.3B.

The solution proposed in this dissertation to potentially attempt to achieve a full eradication
of the HIV-1 particles is utilization of GM3-presenting HIVV-1 mimicking NPs to target the
VCCs in CD169-expressing macrophages and to deliver ARVs into the nonlysosomal

VCC-like compartments, where HIV-1 is protected from immune surveillances and ARVS.



1.4 Lipid-coated NPs

Recently, NPs have been attracted a lot of attention in different fields such as
nanotechnology, biotechnology, bioengineering, nanoscale biophysics, nanomedicine,
immunology, cancer therapy, and drug delivery.>#® From emerging of the NPs, their
properties are studied vastly and in early work it has been found that the NP properties are
different from those of the bulk materials.*”*® Main factors that contribute to the
differences in optical, electrical, magnetic, and mechanical properties of NPs versus bulk
materials are the small size, large surface-to-volume ratio, changes in lattice structures and
packing. NPs are defined as particles in the size of 1 — 1000 nm.*" 4950 Oftentimes, NPs
are further assigned into 3 categories; 1-10 nm, 10-100 nm, and over 100 nm based on their
size.” NPs can be synthesized in different shapes including nanosphere, nanorod,
nanocage, nanofiber, and more.*" °-°2 NPs can be generated using different organic and
inorganic materials such as metals, metal oxides, semiconductors, silica, lipids, and
polymers.®*°® NPs can also be decorated with different ligands and surface functionalities
depending on their specific applications which result in modulation of their surface
properties and surface charges.>’->°

The flexibility in fabrication of NPs with different sizes, shapes, compositions, porosities,
and mechanical and surface properties makes them great candidates for different
applications.®® This flexibility in design is shown in Figure 1.4.3° Consequently, NPs have
been served as imaging, diagnostic, and therapeutic agents as well as biosensors in a broad

range of applications at the nano-bio interfaces.®%-°
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Figure 1.4: Flexibility in design of NPs. NPs can be fabricated using different organic and
inorganic materials with different physical and chemical properties such as metals, metal oxides,
semiconductors, silica, lipids, and polymers. NPs can be made in different shapes including
spheres, cubes, rods, and triangles. NPs can have different rigidity, roughness, and porosity
depending on the materials. NPs can be functionalized with different ligands or functional groups
for specific biological or non-biological targeting. Reproduced with permission from reference 39,
© 2011 The Royal Society of Chemistry.

Despite all the advantageous properties of NPs, at certain concentration, NPs are toxic and
can induce severe side effects in cells and in applications at the nano-bio interfaces.® 6667

One strategy to overcome this problem is to coat NPs with lipids, using lipid monolayers,
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liposomes, or natural cell membranes. Lipid-coating helps mitigate the side effect of NPs
and equips the NPs with biological and biocompatible surfaces.®"® Coating NPs with
lipids provides great in vitro and in vivo stability.”*"® Additionally, coating NPs with lipids
suppresses the immune response from the host cells which results in an inhibition of uptake
by macrophages and therefore an increase in the circulation time of lipid-coated NPs in
blood.™ Active lipid-mediated targeting is also obtained by incorporation of the ligands of
interest in the lipid coating of lipid-coated NPs to benefit from the specific bindings.”>"®

Protein adsorption or corona formation is an enormous challenge for all the bio-related
application of NPs. Corona formation results in modulation of physiochemical properties
of the NPs such as size, surface charge, and surface composition, and consequently,
influences the interactions of NPs with cells as well as cellular uptake mechanisms.”’-8? In
particular, corona formation affects active NP targeting due to the interference of the
associated protein corona around NPs with targeting functionalities on the NP surface.”’-82
Therefore, passivation and stabilization of NPs prevent the potential decrease in binding
specificity and selectivity associated with corona formation. A strategy to minimize corona
formation around the NPs and to suppress the non-specific protein adsorption is to
assemble lipid-coated NPs using zwitterionic lipids.2® Furthermore, other zwitterionic
modification has been shown to prolong in vivo circulation time.®* In addition to
zwitterionic  lipids, PEGylated lipids, such as 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG-2000) has been
also used to decrease protein adsorption on the surface of lipid-coated NPs and increase

their circulation time.®



1.5 Design of HIV-1 Mimicking GM3-presenting Lipid-coated Gold NPs

The unique capabilities of HIV-1 and other viruses to target specific cells and parasitize
cellular mechanisms to achieve immune evasion and establish efficient infection and
replication has stimulated great interest in biomimetic artificial virus NPs that can imitate
viral behavior for applications in nanomedicine and nanopharmacology without the risk of
increased immunogenicity.®-% It has been shown previously that GM3-functionalized gold
NPs recapitulate key aspects of CD169-dependent HIV-1 uptake and trafficking in CD169-
expressing dendritic cells and macrophages.® %2 Scheme of the simplified structure of
HIV-1 and HIV-1 mimicking gold NPs are shown in Figure 1.5A-B.

Due to their ability to target CD169-expressing dendritic cells and macrophages, GM3-
presenting lipid-coated NPs create a unique platform to fundamentally investigate cell-NP
interactions via specific ligand-receptor (GM3-CD169) binding.2% %% Subsequently, it has
been shown that GM3-presenting lipid-coated gold NPs have the same intracellular fate as
HIV-1 virus like particles (VLPs). Confocal and optical sections of cells incubated with
GM3-presenting lipid-coated gold NPs and HIV-1 VLPs are shown in Figure 1.6A-B for
macrophages and in Figure 1.6C-F for dendritic cells. There is a high degree of
colocalization between the GM3-presenting lipid-coated gold NPs and HIV-1 VLPs in the
merge images (Figure 1.6). The high degree of colocalization between the GM3-presenting
gold NPs and HIV-1 VLPs validates the same intracellular fate of NPs and HIV-1 in
macrophages (Figure 1.6A-B) and in dendritic cells (Figure 1.6F). Recapitulating the
same uptake and trafficking as HIV-1 particles warrants further future utilization of the

HIV-1 mimicking NPs for drug delivery applications.
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Figure 1.5: Design of HIV-1 mimicking gold NPs. A) Scheme of a simplified HIV-1 particle. B)
Scheme of HIV-1 mimicking GM3-presentig gold NPs. Gal-Cer has a similar structure as GM3 but
is lacking the sialic acid and therefore does not bind to the sialic acid recognizing CD169. Gal-Cer-
included NPs are served as control NPs. Reproduced with permission from ref 91, © 2014 Springer
Nature.

1.6 Modulation of Intracellular Fate of NPs by Stiffness

Interestingly, in a previously published study GM3-presenting gold NPs demonstrated to
have a higher propensity for sequestration into non-lysosomal compartments than GM3-
presenting liposomes with the same size and membrane composition in CD169-expressing
macrophages.®® The confocal sections of the cells incubated with GM3-presenting lipid-
coated gold NPs and GM3-presenting liposomes are depicted in Figure 1.7A and Figure
1.7B, respectively. The cells were stained with lysosomal-associated membrane protein 1

(LAMP-1) which is a marker for lysosomes.
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Figure 1.6: Intracellular fate of HIVV-1 mimicking GM3-presenting gold NPs. A-B) Confocal
sections of CD169-expressing macrophages incubated with HIV-1 mimicking GM3-presenting
gold NPs and HIV-1 VLPs. Reproduced with permission from ref 93, © 2018 United States
National Academy of Sciences. C) Colour darkfield, D) monochromatic darkfield, E) fluorescence,
and F) overlay of darkfield and fluorescence images of CD169-expressing dendritic cells incubated
with HIV-1 mimicking GM3-presenting gold NPs and HIV-1 VLPs. Reproduced with permission
from ref 91, © 2014 Springer Nature.

There is low to no colocalization between GM3-presenting lipid-coated gold NPs and
lysosomes (Figure 1.7A). Whereas, in the case of GM3-presenting liposomes there is a

high degree of colocalization between GM3-presenting liposomes and lysosomes (Figure

1.7B).
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Lipid-coated gold NPs — Liposomes

Figure 1.7: Intracellular fate of HIV-1 mimicking GM3-presenting gold NPs and GM3-
presenting liposomes in CD169* macrophages. A) Confocal section of CD169-expressing
macrophage incubated with GM3-presenting gold NPs and stained for lysosomes. B) Confocal
section of CD169-expressing macrophage incubated with GM3-presenting liposomes and stained
for lysosomes. Reproduced with permission from ref 93, © 2018 United States National Academy
of Sciences.

Both GM3-presenting lipid-coated gold NPs and GM3-presenting liposomes have the same
size and surface charge.*® However one pronounced difference between gold NPs and
liposomes is their mechanical properties. Based on previously published values, Young’s
modulus (E) of gold NPsare E 60 GPa®"°¢ and of liposomes are between E 3 kPa®” and
13 MPa®%. Therefore, these experimental observations may suggest that the biochemical
recognition of GMS3-presenting NPs is augmented or modified by a mechanical
recognition. Consequently, it is of particular importance to elucidate the impacts of
mechanical properties of GM3-presenting HIVV-1 mimicking NPs on their intracellular fate
through a systematic investigation. To achieve this goal, we set out to investigate the effect
of stiffness of GM3-presenting HIV-1 mimicking lipid-coated polymer NPs on cell-NP
interactions, we chose polymer NPs since their stiffness can be tuned by altering the choice

of polymer core and without changing the presentation of GM3 on the surface of NPs.
13



1.7 Lipid-coated Polymer NPs

Lipid-coated polymer NPs have also been referred to as core—shell-type lipid-polymer
hybrid NPs or lipid-polymer hybrid NPs, to be consistent, throughout this dissertation, the
term lipid-coated polymer NPs is used. Lipid-coated polymer NPs hold great promise in
the field of drug delivery, due to size and surface functionality control, high drug loading
capacity, sustained drug release, biocompatibility, and in vitro and in vivo stability.’? 9-103
Recently, biodegradable and biocompatible polymers such as poly(lactic-co-glycolic) acid
(PLGA), polylactic acid (PLA), polycaprolactone (PCL) have been used as the matrix in
drug delivery nanocarriers.l%419 As mentioned previously, lipid coating equips
biodegradable polymer NPs with a biocompatible surface which is crucial for drug delivery
applications. More importantly, the lipid coating can also have a role in regulating drug
release from the NPs.”t 102 110 | jpid-coated NPs can be made through two different
strategies: two-step synthesis and one-step synthesis.’®® 111 The schematic formation of
lipid-coated PLGA NPs through two-step and one-step synthesis is shown in Figure 1.8.
In two-step synthesis, the polymer core and the lipid shell in the form of liposomes (Figure
1.8A) or cell membrane (Figure 1.8B) are prepared individually. Polymer core NPs can be
made through emulsion, high-pressure homogenization, or nanoprecipitation methods.1%
1121 iposomes can be made via sonication or extrusion methods!**** and experimental
details of isolation of cell membrane for coating NPs can be found in the recent review
articles.'*>1%0 Next, the pre-preformed polymer cores and liposomes are mixed by
extrusion, high-pressure homogenization, or vortexing.1% In the case of cell membrane, the

most common way to achieve the coating is to use the extrusion method.!>120
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Upon mixing, the liposomes or cell membranes adsorb onto surface of polymer core NPs.
Various factors contribute to the final size of lipid-coated polymer NPs made via two-step
synthesis.'® These factors are including the choice of method to prepare the polymer core
NPs, mixing protocols of polymer cores and pre-preformed liposomes/cell membranes,
ratio of polymer NPs to liposomes/cell membranes, surface charge of polymer cores and
liposomes/cell membranes, and pH, temperature, and ionic strength of final solution.'%

In one-step synthesis, the lipid-coated NPs are generated via formation of a lipid monolayer
around the polymer core NPs (Figure 1.8C). First, polymer is dissolved in a water miscible
organic solvents such as acetonitrile or acetone, whereas lipids are in the agueous solution.
The lipid-coated polymer NPs is formed through nanoprecipitation by drop-wise addition
of polymer organic phase to the aqueous solution.%®

The self-assembly of lipids around the polymer core occurs due to the hydrophobic
interactions between the lipid tails and the polymer core. Different factors including lipid
to polymer ratio, organic to aqueous volume ratio, viscosity of polymer, choice of lipid
mixture, pH, temperature and ionic strength of final solution, and rate of addition of
polymer to the aqueous solutions affect the size and polydispersity of lipid-coated polymer
NPs. By modulating these different parameters, the size of lipid-coated NPs can be tuned
based on different applications.

1.7.1 Characterization of Lipid-coated Polymer NPs

Characterization of successful formation of the lipid coating around the polymer core NPs
can be obtained using different techniques including transmission electron microcopy

(TEM) or scanning electron microscopy (SEM).10!
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Figure 1.8: Scheme of formation of lipid-coated polymer NPs. A-B) Two-step synthesis of lipid-
coated polymer NPs using a pre-formed liposome in A and an isolated natural cell membrane in B.
C) One-step synthesis of lipid-coated polymer NPs. Polymer used in this scheme is PLGA, the
chemical structure is shown in A-C. Reproduced with permission from ref 111, © 2016 Springer

Nature.
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Commonly, high resolution TEM images of lipid-coated polymer NPs®! stained with
sodium phosphotungstate,*?* sodium silicotungstate,”® and uranyl acetate’ have been used
to demonstrate the formation of lipid-coating around the polymer NPs (Figure 1.9A-B). In
some cases, Cryo-TEM has been used to improve the resolution and to better differentiate
the structure of different types of lipid-coated polymer NPs.*?? Optical colocalization of
polymer core and lipid coating using different fluorescent labels to label the polymer core
NPs and the lipid coating is another approach to confirm the formation of lipid coating
around the polymer cores (Figure 1.9C).*?®

Additionally, the hydrodynamic diameter and surface charge measurements are other
measures which have been used frequently to characterize the formation of lipid-coated
polymer NPs.1%* SEM has been used to illustrate the morphology of lipid-coated NPs.%
However, due to lower resolution than TEM, SEM cannot be used to detect the lipid coating
around the polymer core NPs and it can be only used to determine the morphology and
monodispersity of the lipid-coated polymer NPs.

1.7.2 Drug Loading of Lipid-coated Polymer NPs

For drug delivery purposes,®® 1% depending on the structure and hydrophobicity of the
drug molecules, the appropriate synthesis which results in the highest drug loading (DL)
and encapsulation efficiency (EE) can be determined. For loading hydrophilic drugs, the
two-step synthesis method is preferred since the hydrophilic drug can be incorporated into
liposomes, during liposome assembly. For hydrophobic drugs, both one-step and two-step
synthesis strategies can be used due to the encapsulation of the hydrophobic drug molecules

inside the hydrophobic polymer core NPs.
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Figure 1.9: Characterization of lipid-coated polymer NPs. A) TEM image of lipid-coated
polymer NPs prepared via two-step synthesis and stained with sodium silicotungstate. Reproduced
with permission from ref 73, © 2007 American Chemical Society. B) TEM image of lipid-coated
polymer NPs prepared via one-step synthesis and stained with uranyl acetate. Reproduced with
permission from ref 71, © 2008 American Chemical Society. C) Optical images of lipid-coated
polymer NPs at 365 nm to detect the signal from the polymer core NPs (left) and at 534 nm to
detect the signal from the fluorescent lipids in the lipid coating (right). Reproduced with permission
from ref 123, © 2005 American Chemical Society.

However, one possible problem using two-step synthesis is that the encapsulated drug
molecules can leak before formation of the lipid coating.*?"1% Lipid coting can regulate

the drug release from the lipid-coated polymer NPs through two different strategies: i)
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prevention of diffusion of drug molecules form the polymer core NPs and ii) reduction of
water penetration into polymer core NPs.'%19 The decrease in the amount of water
penetrating to the polymer core NPs reduce the degradation rate of polymer core NPs,
therefore, increase the retention of drug’ and promote a sustained drug release for a longer
period of time. If loading both hydrophobic and hydrophilic drug molecules is desired,
two-step synthesis method can be used. In addition to physical encapsulation of drugs in
lipid-coated polymer NPs, some drugs can be chemically linked to the polymer chains.'?
Release for the drug molecules, chemically conjugated to the polymer chains, is governed
by the hydrolysis of the linkers between the drug molecules and the polymer chains and
following drug molecules diffusion.'”® In general, there are multiple parameters that
determine the drug release kinetics in lipid-coated polymer NPs including drug-polymer
interactions, drug hydrophobicity and solubility, polymer degradation rate, and particle
size which all of these parameters must be taken into consideration before designing the
appropriate drug delivery systems and choice of synthesis method.

1.8 Design of HIV-1 Mimicking Polymer NPs

For the work in this dissertation, lipid-coated polymer NPs contain a hydrophobic polymer
core and a lipid monolayer coating around the polymer core which facilitate the
incorporation of GM3 onto surface of polymer NPs. This design combines the
advantageous properties of a polymer core with the biomimetic and biocompatible
properties of the lipid coating. Lipid-coated polymer NPs were made through a single-step
nanoprecipitation synthesis via sonication. The scheme of HIV-1 mimicking GM3-

presenting lipid-coated polymer NPs is shown in Figure 1.10A.
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Figure 1.10: Structure and composition of lipid-coated polymer NPs. A) Schematic drawing of
the NP structure. Hydrophobic interactions between NP polymer core and hydrocarbon chains of
the lipids result in a lipid monolayer (“membrane”) around the NP core. B) Chemical structure of
the polymers in the NP core (PLGA and PLA) and of membrane components (DPPC, cholesterol,
GM3 or Gal-Cer). Gal-Cer has a similar structure as GM3 but is lacking the sialic acid and,
therefore does not bind to the sialic acid recognizing CD169. For lipids the mol % used for the
membrane assembly is specified. Reproduced with permission from ref 121, © 2020 John Wiley
and Sons.

A self-assembly of lipids surround the polymer core due to the hydrophobic interactions
between the lipid tails and polymer forms the lipid coating. The chemical structure of
polymers in the NP core (PLGA and PLA) and of lipid coating membrane components 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC),  cholesterol, GM3 or -
Galactosylceramide (Gal-Cer) are demonstrated in Figure 1.10B. Additionally, to fabricate
ARV-loaded GM3-presenting HIV-1 mimicking lipid-coated PLA and PLGA NPs, non-
nucleoside reverse transcriptase inhibitor Rilpivirine (RPV)'% and the integrase inhibitor
Cabotegravir (CAB)!?” were chosen as combination of ARVs in this work. ARV-loaded

lipid-coated polymer NPs will be discussed in details in Chapter 3.
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1.9 The Scope and Organization of this Dissertation

The work in this dissertation mainly focuses on fabrication, characterization, and
application of HIV-1 mimicking lipid-coated polymer (PLGA and PLA) NPs. Active
targeting of CD169-expressing macrophages with GM3-functionalized HIV-1 mimicking
lipid-coated polymer NPs is the fundamental of this dissertation. More specifically, HIV-
1 mimicking lipid-coated PLGA and PLA NPs were used to investigate the glycoprotein-
independent GM3-mediated binding, uptake, and trafficking mechanisms in CD169-
expressing macrophages. Next, RPV and CAB loaded HIV-1 mimicking lipid-coated PLA
and PLGA NPs were developed as long-acting nanocarriers to investigate the inhibition of
the virus infections in CD169-expressing primary human monocyte-derived macrophages
(MDMs) for a duration of up to 28 days.

In Chapter 2, fabrication, successful formation of the lipid coating, and thermal and
mechanical characterization of HIV-1 mimicking lipid-coated PLGA and PLA NPs will be
thoroughly discussed. Chapter 2 further highlights the importance of mechanical properties
of HIV-1 mimicking polymer NPs in collection of NPs in VVC-like compartments in
CD169-expressing THP-1 macrophages. Impact of stiffness of HIV-1 mimicking lipid-
coated polymer NPs on GM3-DC169 mediated binding, update, and intracellular fate and
how stiffness modulates the uptake and trafficking of HIV-1 mimicking lipid-coated
polymer NPs will be presented.

In Chapter 3, generation of RPV and CAB loaded HIV-1 mimicking lipid-coated polymer
NPs will be discussed. This chapter quantifies the antiviral efficacy of RPV and CAB

loaded GM3-presenting and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)-
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included polymer NPs in IFNA-treated CD169-expressing MDMs over a duration of 28
days. Subsequently, the correlation of the inhibition data with the intracellular and
extracellular drug concentrations quantified via HPLC analysis and with the intracellular
fate of ARV-loaded lipid-coated polymer NPs mapped by confocal microscopy over the
same time span will be discussed. Ultimately, future directions of the research investigated
in this dissertation will be presented in Chapter 4.

This dissertation includes material from one publication by the author. Chapter 2 is
reproduced with permission from reference 121, © 2020 John Wiley and Sons. For
completeness, TEM imaging performed by Xingda An and AFM measurements performed
by Nourin Alsharif are included in Chapter 2. Chapter 3 is based on unpublished work that
is under review for publication. For completeness, half-maximal inhibitory concentrations
(ICs0) measurements, long-term infection inhibition study, and CD169 expression level
determination performed by Sarah Nodder and Josiane Fofana are included in Chapter 3.
Primary human MDMs used in Chapter 3 prepared by Sarah Nodder, Jacob Berrigan, and
Josiane Fofana. The scheme of the HIV-1 mimicking lipid-coated polymer NP in Chapter
1 to Chapter 3 is rendered by Maliheh Aghanasiri. Additionally, some material from each

paper has also been incorporated into the current introductory Chapter 1.
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Chapter 2 STIFFNESS OF HIV-1 MIMICKING POLYMER NANOPARTICLES
MODULATES GANGLIOSIDE-MEDIATED CELLULAR UPTAKE AND
TRAFFICKING IN MACROPHAGES
The successful reverse engineering of the intracellular fate of HIV-1 particles with
membrane-coated gold NPs suggests that lipid-mediated cell binding plays an important
role in the early stages of viral infection. Intriguingly, previously published studies have
indicated that GM3 loaded onto membrane-coated gold NPs have a higher propensity for
sequestration into non-lysosomal compartments than liposomes with the same size and

membrane composition in CD169-expressing macrophages.®

These observations are consistent with the model that interactions between ligand-
functionalized NPs (endogenous or artificial) and cells are in general not exclusively
determined by chemical recognition of the ligand but are also dependent on the
physicochemical properties of the NPs (size, surface charge, shape, and others).28-131
These additional NP-specific parameters can lead to differences in uptake even if both NPs
carry the same ligand. Variations in size and shape can result in different uptake rates and
for large morphological differences even trigger different uptake mechanisms.!32-133

NP stiffness is another important physical parameter that has recently attracted significant
theoretical®'4* and experimental®*?-167 attention for its role in NP uptake. Prior work
revealed that differences in core stiffness impact both the energetics and kinetics of plasma
membrane coating around NPs and that these changes have important implications for the
efficiency of NP internalization. NP stiffness was shown to affect not only the mechanism

of NP internalization'*® but also intracellular trafficking.4
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The reported stiffness range relevant for affecting cellular interactions covers a wide range
from kPa,142-143. 155 \pg 142 198 g GPa 148 155 158 The differences in the relevant stiffness
reported in these studies may arise from the application of different cell models, targeting
of different receptors that leads to uptake through different mechanisms, or from
differences in the definition of stiffness and in the method used to quantify it. Furthermore,
differences in the hydration and temperature of the NPs during the measurements can affect
the phase of the polymer (glassy versus rubbery) with important consequences for the
stiffness of the NPs. In the case of GM3-CD169-mediated NP internalization, the role of
the physical properties of the NP core in general and of the stiffness in particular remain
insufficiently understood, motivating additional studies under well-defined conditions.

In this chapter, we characterize the intracellular fate of GM3-presenting NPs that have
similar size and surface composition but differ in their core stiffness in CD169-expressing
macrophages. We chose this cell model as it i) has high relevance in the context of HIV-1
trans-infection®®-1%° and ii) is an important general target for NP delivery. Lipid-coated
polymer NPs allow for an uncomplicated presentation of the ganglioside GM3 and
facilitate a variation of the core stiffness through choice of core composition.

We investigate the effect of the core stiffness on binding, uptake, and the intracellular
distribution of GM3-functionalized polymer NPs and validate the hypothesis that the
unique GM3-CD169 binding induced spatial segregation patterns observed for both HIV-
1 and HIV-1-mimicking NPs requires not only the recognition of the ligand through the

receptor but that it also depends on the stiffness of the NP core.
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2.1 Fabrication and Characterization of Lipid-coated Polymer NPs

Lipid-coated polymer NPs were synthesized in a single step through nanoprecipitation of
polymers in the presence of a lipid mix of defined composition through sonication. The
assembly of a lipid monolayer, referred to in the following as membrane, around the
polymeric NP core is driven by hydrophobic interactions between the lipid tails and the
polymer core.’?* As core materials, we used ester-terminated poly(lactic-co-glycolic) acid
(PLGA) with an intrinsic viscosity of 0.32-0.44 dL/g and a molecular weight (MW) of
24,000-38,000 g/mol and polylactic acid (PLA) with an intrinsic viscosity of either 0.25-
0.35 dL/g and a MW of 18,000-28,000 g/mol (low molecular weight PLA, PLA™W) or 1.3-
1.7 dL/g and a MW of 209,000 (high molecular weight PLA, PLA™W)_ Unless otherwise
noted, the membrane was assembled from 56-59 mol% 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 40 mol% cholesterol, either 3 mol% ganglioside GM3 or o-
Galactosylceramide (Gal-Cer), and small amounts of fluorescently labeled
phosphatidylethanolamine lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (Liss Rhod PE). This lipid composition
was chosen as a minimalistic model to capture all the main properties of the HIV-1
membrane.®® Gal-Cer, which has a similar structure as GM3 but lacks sialic acids and,
therefore, does not bind to CD169 was used as a control to test that the NP binding is GM3-
specific. The fluorescent lipid was added to allow detection of the NPs through
fluorescence. The structure and composition of a lipid-coated polymer NP is schematically

depicted in Figure 2.1.
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Figure 2.1: Structure and composition of lipid-coated polymer NPs. A) Schematic drawing of
the NP structure. Hydrophobic interactions between NP polymer core and hydrocarbon chains of
the lipids result in a lipid monolayer (“membrane”) around the NP core. B) Chemical structure of
the polymers in the NP core (PLGA and PLA) and of membrane components (DPPC, cholesterol,
GM3 or Gal-Cer). Gal-Cer has a similar structure as GM3 but is lacking the sialic acid and,
therefore does not bind to the sialic acid recognizing CD169. For lipids the mol % used for the
membrane assembly is specified.

High-resolution TEM images of GM3-functionalized PLGA, PLAMW and PLA™W NPs
treated with sodium phosphotungstate NaszP(W30O10)4 are shown in Figure 2.2A-C.
Consistent with a successful coating of the NPs with lipids,”™ 4% 17 we observed an
accumulation of stain at the periphery of lipid-caoted polymer NPs (marked with arrows in
Figure 2.2A-C). To further validate the successful assembly of a lipid membrane around
the polymer (PLGA, PLA™MW and PLA™W) NP cores, we included 3 mol% biotin-
functionalized lipids (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[biotinyl(polyethyleneglycol)-2000] (ammonium salt) (DSPE-PEG-Biotin)) in the
membrane mix and tested the binding for NPs without membrane as well as for NPs coated

with a DPPC, cholesterol membrane with and without biotin (Figure 2.2D).
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We observed low non-specific binding of the polymer NPs that decreased after assembly
of the passivating membrane but then increased strongly in the presence of biotin-
containing lipids. Overall, the observed binding behavior is consistent with a successful
formation of a lipid membrane around the polymer cores.

The hydrodynamic diameters, as determined by dynamic light scattering (DLS), for the
lipid-coated polymer NPs are 138 + 13 nm (PLGA), 145 + 11 nm (PLAMY), and 155 + 17
nm (PLA™W) with an average polydispersity index (PDI) < 0.28. The average diameter
for all lipid-coated NPs of 146 + 17 nm is in excellent agreement with the typical diameter
of HIV-1 particles.}”* The zeta potentials of the GM3-functionalized PLGA (-35 + 8 mV),
PLAMW (.36 + 8 mV), and PLA™W (-39 + 9 mV) NPs confirmed statistically
indistinguishable surface charges. The hydrodynamic diameters and zeta potentials of
GM3-presenting PLGA, PLAMY and PLA™W are summarized in Figure 2.2E.

Polymer NP cores that were formed through nanoprecipitation in the absence of lipids had
average hydrodynamic diameters of 80 = 7 nm (PLGA), 120 + 16 nm (PLAMW), 123 + 8
(PLA™W) "and zeta potentials of -27 + 9 mV (PLGA), -15 + 5 mV (PLA™W) and -24 + 8
mV (PLAM™W),

The concentration of the ganglioside GM3 in the membrane around the NP core plays an
important role in targeting CD169 and the subsequent cellular response induced by NP
binding.}"? To avoid systematic biases in NP uptake and trafficking due to differences in
the ganglioside content of the membrane around the different polymer cores, it is important
to ensure equal ganglioside loadings for all polymer NPs. We characterized the loading of

the structurally closely related ganglioside GM1 by ELISA (Figure 2.2F).
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Figure 2.2: Characterization of lipid-coated polymer NPs. A-C) High-resolution TEM images
of GM3-functionalized PLGA, PLAMW and PLA™W NPs. Samples were treated with sodium
phosphotungstate (1% wi/v in water). White arrows indicate the lipid membrane around the polymer
cores. D) Number of NPs bound to a BSA-Biotin NeutrAvidin treated surface for NPs with and
without biotin containing lipids in the membrane as well as for the no membrane controls. For each
condition the average number of bound NPs was determined from 5 separate field-of-views, error
bars represent standard error of the mean (SEM). E) Hydrodynamic diameter and zeta potential of
GM3-presenting PLGA, PLAMW and PLA™W NPs. Error bars represent standard deviation. F)
Relative ganglioside (GM1) concentration on the investigated NPs quantified by ELISA performed
in triplicates (n=3). Gal-Cer-presenting or blank NPs were included as controls. Error bars represent
standard deviation. (Statistical p-values are determined using one-way ANOVA followed by a
Tukey post-hoc test, **p < 0.01, ****p < 0.0001, NS, not significant).

We detected virtually identical GM1 levels for PLGA, PLAMW and PLA™W NP cores,
confirming that the nature of the NP core does not affect the ganglioside concentration
loaded onto the NPs. Additional TEM images of larger fields of view of sodium
phosphotungstate treated lipid-coated PLGA, PLA™MY and PLA™W NPs are included in

Figure 2.3A-C. Any “clustering” in the TEM images is a by-product of the sample

preparation on the TEM grids.
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Figure 2.3: TEM images of GM3-presenting lipid-coated polymer NPs. The TEM images of
(A) PLGA, (B) PLAMW and (C) PLA™W NPs. All NPs were treated with 1% (w/v) sodium
phosphotungstate NasP(W3010)4. Any “clustering” in the TEM images is a by-product of the sample
preparation on the TEM grids.

As stated above, consistent with a successful formation of lipid coatings around the
polymer core NPs,’ 148 170 an accumulation of stain at the periphery of lipid-coated
polymer NPs (marked with arrows in Figure 2.2A-C) was observed which was not
detected for the polymer core NPs without membrane. The comparison of PLGA NPs with
and without lipid membrane is shown in Figure 2.4. The homogenous contrast along the
NP periphery in the high-resolution TEM images suggests that the encapsulation of the NP
core in lipids is complete. Both samples were treated with sodium phosphotungstate and

the mean gray value of pixels were calculated.
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Figure 2.4: TEM images of GM3-functionalized lipid-coated PLGA NPs and PLGA core NPs
(no membrane). A) High-resolution TEM of PLGA core NP (without membrane), B) magnified
view of the selected area in (A). C) Mean gray value of pixels along the red line for the
representative NP shown in (A) and (B) (determined with ImageJ). D) High-resolution TEM of
GM3-presenting lipid-coated PLGA NPs, E) magnified view of the selected area in (D). F) Mean
gray value of pixels along the red line for the representative NP shown in (D) and (E) (determined
with ImagelJ). Both samples were stained with 1% (w/v) sodium phosphotungstate NasP(W3010)a.
The membrane-coated NPs show a stronger accumulation of NasP(W3010)4 at the periphery than
the control NPs without membrane.
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Figure 2.5: Optical colocalization of the core and membrane of GM3-functionalized Polymer
NPs. A-C) Hydrophaobic dye (coumarin) incorporated in the core and the lipid dye (Liss Rhod PE)
in the membrane of the NPs generate fluorescence signal. The overlay (yellow) and the individual

fluorescence images of core (red) and membrane (green) are shown in (A) PLGA, (B) PLAMW and
(C) PLA™W NPs,

We also characterized the lipid-coated NPs through optical colocalization of the signals
from fluorescently labeled membrane and polymer core. Optical colocalization of polymer
core and lipid membrane is shown in Figure 2.5 and further confirms a successful coating
of the polymer core with the lipid membrane.

In summary, the characterization data reveal that PLGA, PLA™MY and PLA™WY NPs have
nearly identical sizes of approximately 146 + 17 nm and are successfully coated with lipid
membranes with identical ganglioside concentration and surface charge.

Additionally, the lipid-coated polymer NPs are stable under typical cell culture conditions
in vitro. We confirmed that GM3-functionalized polymer NPs do not agglomerate in 10%
FBS RPMI for at least 24 h. The size distribution of GM3-presenting polymer NPs in water
is shown in Figure 2.6A, and size distribution of GM3-presenting PLGA, PLA™W, and
PLA"™W immediately and after 24 h incubation in 10% FBS RPMI are demonstrated in

Figure 2.6B-D.
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Figure 2.6: Hydrodynamic size of the GM3-presenting Polymer NPs by DLS in water and
10% FBS RPMI. A) Intensity statistics of size measurements of PLGA, PLA™MY and PLA™W NPs
in water. B-D) Intensity statistics of size measurements of PLGA (B), PLAMW (C), and PLA™W
(D) GM3-presenting NPs in the 10% FBS RPMI immediately and 24 h after incubation.

To validate the stability of the lipid-coated NPs under simulated intracellular conditions,
we incubated surface-immobilized fluorescently labeled lipid-coated NPs with cell lysate
and imaged the same field of view immediately after addition of the cell lysate as well as
after different incubation times. The overlay (yellow) fluorescence images of immediately
after addition of cell-lysates (red) and after different incubation times (green) are shown in

Figure 2.7. The lipid-coated NPs were stable for the duration of the experiment of 5 days.
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Figure 2.7: Stability of the GM3-presenting PLGA NPs in CD169* THP-1 cell lysates. Optical
microscopy of surface-immobilized fluorescently labeled lipid-coated GM3-included PLGA NPs
with cell lysates. The overlay (yellow) fluorescence images of immediately after addition of cell-
lysates into flow-chamber (red) and after different incubation times (green) are shown in (A) after
16 h, (B) after 24 h, (C) after 48h, (D) after 72 h, (E) after 96 h, and (F) after 120 h. PLGA was
chosen for the stability test as it has the fastest degradation rate among of all the investigated
polymers.

Finally, we evaluated the cytotoxicity of the lipid-coated polymer NPs under the
experimental conditions of this study with a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenylterazolium bromide (MTT) assay. The MTT cell viability of GM3-presenting
polymer NPs at different concentration and 10 min incubation time is shown in Figure
2.8A and result of MTT assay after 16 h subsequent chase is depicted in Figure 2.8B. No
cytotoxicity was detected under the experimental conditions (NP concentrations,

incubation time, and chase time) of cell-NP experiments.
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Figure 2.8: MTT cell viability assay for GM3-presenting Polymer NPs in CD169"
macrophages. Cell viability was measured A) after 10 min incubation of NPs with a concentration
of 1 x 10*, 1 x 10%?, and 5 x 10'> NPs/mL and B) after 10 min incubation of NPs with the
concentration of 1 x 10> NPs/mL and subsequent chase of 16 h after removal of the NPs. No
cytotoxicity was detected under the experimental conditions of cell-NP experiments in this

study.
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2.2 Characterizing Glass Transition Temperature and Stiffness of Polymer
NPs

Differential scanning calorimetry (DSC) was used to detect the glass and phase transition
temperatures in NPs, membrane, and lipid-coated NPs. In these experiments we adjusted
the composition of the lipid membrane to 10 mol% cholesterol and 90 mol% DPPC to
allow for a detectable phase transition from solid ordered to liquid disordered membrane.*”
The thermograms of polymer NPs without any membrane and liposomes of identical lipid
composition each have one endothermic peak (Figure 2.9A-C), which corresponds to the
glass transition temperature of the polymer and the phase transition temperature of the lipid
membrane in liposomes, respectively. The glass transition temperatures for PLGA,
PLA™MW and PLA™W \were determined as 32.8 + 0.6 °C, 33.9 + 0.3 °C, and 41.9 + 0.3.
The phase transition temperature of liposomes was found to be 40.5 £ 0.5 °C.
Importantly, the thermograms of lipid-coated polymer NPs show two peaks for PLGA and
PLA™W cores (Figure 2.9A-C). Consistent with the lipid-coated polymer NP design, one
peak aligns well with the glass transition temperature of the polymer core while the second
peak at higher temperature is close to the phase transition temperature of the lipid
membrane. For PLA™W NPs, glass transition temperature and phase transition temperature
occur at nearly the same temperature and cannot be resolved. We attribute the broad feature
in the PLA™W thermogram to the coexistence of the two transitions at around 40 - 44 °C
(Figure 2.9C). The observations of membrane- and core- associated phase transitions in
Figure 2.9A-C provide further experimental evidence of a successful membrane assembly

around the polymer NP cores.
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The lipid-coated polymer NPs investigated in this work can be sub-divided into two groups:
NPs with a polymer core whose glass transition temperature in solution lies below 37 °C
(PLGA and PLAMW) (Figure 2.9A-B) or above 37 °C (PLA"™WY) (Figure 2.9C).
Consequently, at the physiological temperatures of the cell experiments, only PLA™W NPs
remain in the glassy state, while all other polymers are in the rubbery state.

The intrinsic elasticity, described by the Young’s modulus (E), determines the stiffness of
a NP with a given size and shape. We measured the Young’s moduli of individual PLGA,
PLA™W and PLA™W NPs immobilized on a glass substrate in water at 37 °C using atomic
force microscopy (AFM). A typical AFM image of PLA™W NPs is depicted in Figure
2.9D. Representative force versus indentation curves for PLGA, PLA™MW, and PLA™W
NPs are shown in Figure 2.9E. Nanoindentation curves obtained from individual NPs were
fit using a modified Hertzian model that incorporates the comparable size of the spherical
indenter to that of the nanoparticle and the planar substrate (see Materials and Methods
section). The average Young’s moduli obtained from the fits (at least 11 NPs per
conditions) are: EpLca =60 32 MPa, Epta™W =86 25 MPa, and Ep,a™W = 1.41 +0.67
GPa (Figure 2.9F). The differences between the Young’s moduli of PLGA/PLAMY and
PLA"™Ware significant at a p-value < 0.0001.

The observed difference in the stiffness of the investigated polymer cores (PLGA, PLAMW,
and PLA™W) with different phase states at physiological conditions makes it possible to
probe the fate of NPs with a hard or rubbery core upon GM3-CD169-mediated uptake with

lipid-coated polymer NPs.
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Figure 2.9: Thermal analysis and stiffness characterization of lipid-coated polymer NPs. A-
C) DSC thermograms of PLGA, PLAMW and PLA™W NPs. In each plot there are three
thermograms which correspond to polymer NPs (without membrane), liposomes, and lipid-
wrapped (LW) polymer NPs. T1 and T represent glass transition and phase transition temperature
of polymer core and lipid membrane, respectively. DSC software was used to determine the glass
transition and phase transition temperatures, the onset values are reported on the plots. All DSC
experiments were performed at least as triplicates. D) Representative atomic force microscopy
(AFM) tapping mode amplitude map of dispersed PLA™W NPs in water at 37 °C, scale bar = 500
nm, and amplitude colorbar range from 57 - 71 nm. The tallest NP height in the scan (as denoted
by white arrow) is measured from the height channel from the same scan as 174.6 nm. E) Force-
indentation curves of representative PLGA, PLAMY and PLA"™W NPs with overlaying modified
Hertzian fits. AFM force measurements were performed on hydrated NPs in water at 37 °C. PLA™W
and PLA™W force curves are offset vertically by 1 nN and 2 nN respectively, for visual clarity. F)
The average measured Young’s modulus (E) of PLGA, PLAMY and PLA™W NPs, values represent
means of at least n = 11 NPs. Error bar represents standard deviation. (Statistical p-values are
determined using one-way ANOVA followed by a Tukey post-hoc test, ****p < 0.0001, NS, not
significant).

AFM tapping mode amplitude images of PLGA and PLA™W NPs in water and at
physiological temperature (37 °C) are shown in Figure 2.10A-B. Additionally, scheme of
the experimental approach used for scanning and nanoindentation AFM measurements of

polymer NPs is provided in Figure 2.10C.
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Figure 2.10: Characterization of the mechanical properties of polymers NPs by atomic AFM.
A) Typical AFM tapping mode amplitude map of a 2 x 2 ym? scan of PLGA NPs, dried at room
temperature, scale bar = 500 nm, with amplitude color bar range = 75.5 — 98.5 nm, tallest
nanoparticle height is measured from height channel at 75 nm, denoted by white arrow. B) Typical
AFM tapping mode amplitude map of a 3 x 3 ym? scan of PLA™W NPs, dried at room temperature,
scale bar = 500 nm, with amplitude color bar range = 62 — 87 nm, tallest nanoparticle height is
measured from height channel at 127 nm, denoted by white arrow. C) Schematic of AFM scanning,
showing approximate proportions of tip radius and NP size, necessitating the need for the modified
Hertzian contact model. Dashed line indicates the measured particle size by way of tip convolution.

To further investigate the glass transition temperature of polymer NPs under different
experimental conditions, thermograms of dried polymer NPs are provided in Figure 2.11A.

The glass transition temperatures of dried polymer NPs are in the range of 39 - 49 °C.
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Figure 2.11: DSC thermograms of dried polymer NPs and powder of bulk polymers. A) DSC
plot of dried PLGA, PLAMW and PLA™W NPs with glass transition temperature (Tg) in the range
of 39 — 49 °C. The shape of the phase transitions were previously attributed to the coexistence of
glass transition and relaxation endotherms (reference 17). B) DSC plots of powder (bulk) of PLGA,
PLAMW and PLA™W,_ DSC software was used to determine the glass transition temperature and
the onset values are reported on the plots.
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We also measured the glass transition temperatures of bulk PLGA, PLAMW and PLA™W
(as powders) by DSC (Figure 2.11B), these values were in the range of 43 - 51 °C. The
glass transition temperatures for dried polymer NPs as well as for bulk polymers are
appreciably higher than those of their NPs in solution. This discrepancy is explained by the
plasticizing effect of water in the polymer NPs. Even a relatively small amount of water, 3
to 5 weight %, in polymer NPs can induce a significant decrease in the glass transition
temperature. The depression of the glass transition temperature in water containing
polymer NPs is well described by the Gordon-Taylor relationship.t’

2.3 GM3-CD169-mediated Binding of Lipid-coated Polymer NPs to CD169*
THP-1 Cells

CD169" THP-1 cells (monocytes) were incubated with lipid-coated NPs containing GM3
or Gal-Cer, or without glycosphingolipids (blank) controls for 60 min at a NP : cell ratio
of 1 x 108: 1. In a first set of experiments we incubated NPs with cells at 4 °C to minimize
active NP uptake. The cells were washed after NP exposure and fixed in 4% PFA before
NP binding was measured via FACS. Independent of the choice of the polymer core, only
GM3-presenting NPs but not Gal-Cer-presenting NPs or blank controls bound to the
CD169-expressing cells, confirming that the binding of all investigated NPs is GM3-
specific (Figure 2.12A-C). Next, we varied the NP input concentration between 108 to 103
NPs per mL (corresponding to NP:cell ratios between 1000:1 - 108:1) and recorded binding
curves for the lipid-coated NP binding to CD169* THP-1 cells (Figure 2.12D-F). While
Gal-Cer and blank controls show negligible binding at all concentrations, GM3-presenting

NPs show a concentration-dependent increase in binding to CD169* THP-1 cells.
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Figure 2.12: Specificity of GM3-CD169 binding of polymer NPs and binding curves obtained
with undifferentiated CD169* THP-1 cells. A-C) Histograms of fluorescence intensity of NP
binding after 60 min incubation at 4 °C. Conditions include GM3- or Gal-Cer-presenting NPs, or
blank NPs with (A) PLGA, (B) PLAMY and (C) PLA™W cores. D-F) Relative binding (normalized
geometric-mean of fluorescence intensity histograms) of CD169* THP-1 cells after 60 min
incubation at 4 °C. Conditions include GM3- or Gal-Cer-presenting NPs, or blank NPs with (D)
PLGA, (E) PLAMW and (F) PLA™Y cores. G-I) Histograms of fluorescence intensity of NP
binding after 10 min incubation at 37°C. Conditions include GM3- or Gal-Cer-presenting NPs, or
blank NPs with (G) PLGA, (H) PLAMW and (1) PLA™W cores. All experiments were performed
as triplicates and error bars represent SEM.

The binding curves for GM3-presenting PLGA, PLAMY and PLA™W NPs are well
described by Langmuir isotherm fits (included as continuous lines) with dissociation
constants, Kq, (average of three independent binding experiments) of K¢ = 1.29 + 0.25 nM

for PLGA, 0.95 + 0.27 nM for PLAMW and 1.86 + 1.10 nM for PLAM™W,
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With a dissociation constant for individual GM3-CD169 contacts in the mM range, 6% 17
the observed Kg values suggest a strong multivalent amplification of the binding avidity.1"2
The differences between Kq values of GM3-presenting PLGA, PLAMW and PLA™W NPs
are statistically not significant, indicating that the binding affinity of the GM3-presenting
polymer NPs is determined by GM3-CD169 recognition and does not significantly depend
on the choice of the polymer as core material.

Since at 4 C all investigated polymers are rigid and in the glassy state, which might limit
the role of the NP core in affecting binding affinities, we performed additional binding
experiments at 37 °C with a limited incubation time of 10 min (Figure 2.12G-I). For this
short incubation time, the measured NP signal is mostly dominated by binding to cell
surface expressed CD169. At 37 °C all NP cores with the exception of PLA"™W are in their
rubbery state. We observed again nearly identical binding for all GM3-presenting PLGA,
PLAMW and PLA™W NPs, which further confirms that the initial binding of GM3-
displaying polymer NPs to CD169 is independent of the core stiffness.

2.4 Uptake of GM3-presenting Polymer NPs by CD169* Macrophages

CD169" THP-1 cells were differentiated into macrophages using 48 h incubation with
phorbol myristate acetate (PMA).% 176 We first confirmed that the binding of lipid-coated
polymer NPs without GM3 to the CD169" macrophages was negligible and that GM3-
presenting polymer NPs did not bind to CD169  macrophages (Figure 2.13A-C). Next,
GM3-presenting PLGA, PLA™W and PLA™W NPs were incubated with CD169*
macrophages at the concentration of 5 x 10*? NPs/mL in serum-containing medium at 37

°C for time durations between 10 to 300 min.
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After that, we determined the fluorescence intensity of the cell lysates obtained from the
adherent cells using a plate reader. Figure 2.13D summarizes the association (binding and
uptake) of GM3-presenting PLGA, PLAMY and PLA™W NPs with cells measured at
different time points. For incubation times 120 min we observe a moderate increase in
the number of associated NPs as a function of time, but there is no statistically significant
difference between PLGA, PLAMW or PLAM™W NP cores. However, differences become
detectable at longer incubation times. After 240 and 300 min, PLA™W NPs show a
statistically significant higher association than PLGA and PLA™W NPs. For long
incubation times, differences in association will be determined by uptake. Consequently,
the observed differences between NPs with identical lipid coating but different polymer
cores indicate that the core affects GM3-CD169-mediated internalization.

A higher uptake for PLA™W NPs, which is the stiffest among the investigated NPs, is
congruent with the majority of previous studies4? 144 148,155,138 characterizing the role of
NP stiffness in uptake and corroborates the hypothesis that core stiffness influences GM3-
CD169 mediated uptake. Only a few studies have reported increased uptake for softer
NPs4® 147 or for NPs with intermediate elastic moduli.}*3

Development of a robust difference in the association of GM3-presenting PLGA, PLAMY,
and PLA™W NPs with CD169* macrophages for different polymer cores is relatively slow
(Figure 2.13D). It takes more than two hours before the increase for the PLA™Y NPs
become statistically significant. The time-scale of the internalization process of GM3-
presenting polymer NPs in CD169" macrophages in these experiments is in general

agreement with that reported by Anselmo et al.1*? and Banquy et al.'*.
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The results of their studies of the effect of core stiffness on the uptake of hydrogel NPs in
macrophages suggest that relatively slow cellular processes are responsible for the
observed core-specific uptake differences in macrophages. Several factors can account for
a preferential uptake of GM3-presenting NPs with a stiffer core.
One factor that relates to NP-cell interactions in general is cell-induced morphological
change of soft NPs during uptake. Computational analyses of the elastic deformation
energy as a function of surface wrapping illustrated that in order to accomplish full NP
wrapping, which is a key step during uptake, soft NPs become ellipsoidal during uptake
(cell-induced morphological alternation), and ellipsoidal NPs require up to 30% more
energy than stiff spherical NPs (stiffer NPs do not undergo a morphological change during
uptake).'*® Experimental studies investigating the effect of shape on the uptake of nm to
m-sized particles confirmed that spherical NPs are in general more efficiently uptaken
than elongated ones.*3 77170 Stiff NPs, PLA™W NPs, show a higher resistance against
structural deformations during uptake than softer PLGA or PLA™W NPs, which could be
a contributing factor to their enhanced uptake.
Another effect that couples NP stiffness to uptake efficiency in macrophages, especially in
the case of actin-dependent phagocytosis, is a failure of soft NPs to induce the formation
of actin filaments.'** This point is of particular interest for HIV-1-mimicking polymer NPs
as actin also plays an important role at various stages of the HIV-1 infection,.80-18
Perturbation or modification of actin-driven internalization and subsequent trafficking of
GM3-presenting polymer NPs with a soft core may result in a gradual accumulation of

stiffness-dependent differences in total intracellular NP content.
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Figure 2.13: Specific binding and cellular uptake of GM3-presenting polymer NPs in CD169"
THP-1 cells. A) Confocal sections of CD169" and CD169" THP-1 macrophages incubated with
fluorescent PLGA, PLAMYW and PLA™W NPs (without membrane, no GM3) and GM3-presenting
PLGA, PLAMY and PLA™W NPs for 10 min at 37 °C. Scale bar = 5 pm. B) Integrated NP-
containing area in 25 CD169" and CD169" cells. C) Normalized fluorescence intensities of CD169*
/ CD169" THP-1 cell lysates after 10 min incubation at 37 °C with PLGA, PLAMY, and PLA™W
NPs without GM3 (and membrane), with GM3-containing membrane, and with Gal-Cer-containing
membrane. D) Number of associated GM3-presenting PLGA, PLAMY and PLA"™W NPs with
CD169* macrophages after specified incubation times at 37 °C. NP concentration was 5 x 10*2
NPs/mL throughout. The average of three independent experiments is plotted in B — D, and error
bars represent the SEM. (Statistical p-values are determined using one-way ANOVA followed by
a Tukey post-hoc test, *p < 0.05, **p < 0.01, ****p < 0.0001, NS, not significant).
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2.5 Characterization of the Intracellular Fate and Spatiotemporal Distribution
of GM3-presenting Polymer NPs in CD169" Macrophages

To characterize the intracellular fate of GM3-presenting NPs with different cores, we
mapped the intracellular distribution of NPs with PLGA, PLA™Y and PLA™W cores in
CD169-expressing macrophages (CD169* THP-1) through confocal fluorescence
microscopy. Cells were incubated with GM3-presenting polymer NPs for 10 min followed
by a chase of 16 h. The rationale for this approach is that potential differences in the uptake
mechanism(s) triggered by different NP cores can be distinguished through differentiable
spatiotemporal distributions of the NPs.

It has previously been shown that GM3-CD169 mediated binding of HIV-1 to macrophages
is instrumental in avoiding an endolysosomal pathway as it can trigger collection of virus
particles in specialized, non-lysosomal, but tetraspanin CD9-positive compartments that
are commonly referred to as virus-containing compartments (VCCs).1® We tested for
colocalization of GM3-presenting NPs with lysosomes and VCCs using lysosomal-
associated membrane protein 1 (LAMP-1) and CD9 as markers.'8® Confocal sections of
the dominant cell phenotypes obtained after NP treatments and staining with LAMP-1 and
CD9 are shown in Figure 2.14. For GM3-presenting PLGA and PLA™W NPs we observed
a predominant localization in lysosomes (Figure 2.14A-B). Intriguingly, for GM3-
presenting PLA™W NPs we found that a significant fraction of NPs did not colocalize with
the lysosome marker (Figure 2.14C).

Differences between the soft PLGA, PLAMW NPs and the stiffer PLA™W NPs were also

prevalent in the CD9 staining patterns. For cells incubated with PLGA or PLA™MW, CD9
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staining was confined to the cell periphery, where the NP concentration was low after 16
h. Consequently, the colocalization of PLGA and PLAMY NPs with CD9 was very low
(Figure 2.14D-E). In contrast, in cells incubated with PLA™W NPs we frequently observed
NP localization within intracellular CD9-positive compartments (Figure 2.14F).

Next, we quantified the colocalization of GM3-presenting polymer NPs with LAMP-1 and
CD9 by calculating Manders’ Colocalization Coefficients (MCC).'®* M; quantifies the
overlap of NP and respective marker (LAMP-1 or CD9) signal, and M2 characterizes the
overlap of the marker signal with the NP signal. Box plots of the M1 values for 40 randomly
selected cells per staining conditions are included in Figure 2.14. For LAMP-1 the average
MCC values in 40 randomly selected cells per conditions are M1 = 0.89 £ 0.08, M2 = 0.15
+ 0.15 (PLGA); M; = 0.88 + 0.09, M2 = 0.23 + 0.15 (PLAMW): M; = 0.41 + 0.15, M2 =
0.20 = 0.18 (PLA™W) and for CD9 we found average MCC values of M; = 0.02 + 0.02,
M; = 0.01 + 0.01 (PLGA); M = 0.06 + 0.04, M2 = 0.01 + 0.01 (PLA™MW): M; = 0.60 +
0.28, M2 = 0.06 + 0.03 (PLA"™W),

PLGA and PLA™MW NPs show good colocalization with LAMP-1 and only negligible
overlap with CD9, but for PLA™W the colocalization between NPs and CD9 is increased
whereas the colocalization between NPs and LAMP-1 is decreased. The average M value
for the NP colocalization with LAMP-1 is significantly lower (p-value < 0.0001) for
PLA"™W when compared with PLGA and PLA™MW put significantly higher (p-value <
0.0001) in the case of CD9. Intriguingly, the distribution of the M1 values for PLA™W NPs
and CD9 (median = 0.70) as shown in the box plot in Figure 2.14F exhibits a bimodal

distribution with two groups of M values.
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Figure 2.14: Mapping the intracellular fate of GM3-presenting polymer NPs in CD169"
Macrophages. After 10 min NP incubation and subsequent chase of 16 h and staining for LAMP-
1 and CD9. A-C) Confocal sections of macrophages stained for LAMP-1. LAMP-1 was
fluorescently labeled as lysosome marker. D-F) Confocal sections of macrophages NPs with
immunolabeled CD9. CD9 was fluorescently labeled as VCC marker. M1 values represent
Manders’ Colocalization Coefficients for the overlap of NP signal with the marker of interest. The
M; values of 40 randomly selected cells are included as the box plots. Scale bar =5 pm.

The first one clustered at around Mi1 = 0.36 indicates cells with moderate NP-CD9
colocalization, but the second group of cells clustered at around M1 = 0.84 shows a strong
optical colocalization of the signals from PLA™W NPs and CD9. A localization of
PLA™W NPs in CD9-positive, non-lysosomal compartments in a significant fraction of the
cell population accounts naturally for the drop in colocalization with LAMP-1. The M;
values for the colocalization of PLA"™W NPs with LAMP-1 lie below 0.41 for
approximately half of the cell population (see box plot in Figure 2.14C) is in excellent
agreement with CD9 staining. Additional confocal sections of CD169" macrophages
incubated with GM3-presenting polymer NPs and stained with LAMP-1 and CD9 are shown

in Figure 2.15 and 2.16, respectively.
48



| PLGA NPs

| PLAMY NPs

| PLAMW NPs

Figure 2.15: Characterizing the intracellular fate of GM3-presenting polymer NPs in LAMP-
1 immunolabeled CD169" macrophages. Confocal fluorescent images of CD169-expressing
macrophages (CD169* THP-1 cells after differentiation) after 10 min incubation with GM3-
presenting PLGA, PLAMW and PLA™W NPs and subsequent chase of 16 h and stained for LAMP-
1, scale bar =5 um.

Overall, the systematic differences in the M1 values for GM3-presenting NPs with PLA"™W
or PLGA, PLAMW cores corroborate different intracellular fates for the two groups. PLGA,
PLA™MW NPs are exclusively collected in lysosomes, but PLA™W are trafficked via a
different pathway into CD9-positive compartments in a significant fraction of the cells.
The staining pattern of the GM3-presenting PLA™WY NPs in Figure 2.14 — 2.16 with a
localization in CD9-positive and LAMP-1-negative compartments is reminiscent of the

collection of virus particles in VCCs in macrophages.
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Figure 2.16: Mapping the intracellular fate of GM3-presenting polymer NPs in CD9
immunolabeled CD169" macrophages. Confocal fluorescent images of CD169-expressing
macrophages (CD169* THP-1 cells after differentiation) after 10 min incubation with GM3-
presenting PLGA, PLA™MW, and PLA™Y NPs and subsequent chase of 16 h and stained for CD9,
scale bar =5 pm.

Nest, we validated that this compartmentalization was not unique to the THP-1 cell lines
by repeating the experiment with human monocyte derived macrophages (MDMs) and
dendritic cells. Figure 2.17A-C shows confocal sections of MDMs stained for CD169
(Figure 2.17A), CD9 (Figure 2.17B), and LAMP-1 (Figure 2.17C). Figure 2.17D-E
shows confocal sections dendritic cells stained for CD169 (Figure 2.17D), CD81 (Figure
2.17E), and LAMP-1 (Figure 2.17F). In good agreement with findings in CD169" THP-1

cells, we observed a collection of GM3-presenting PLA™W NPs in compartments that

optically colocalize with CD9/CD81 and CD169 but not the lysosome marker LAMP-1.
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Figure 2.17: Mapping the intracellular fate of GM3-presenting PLA™WY NPs in human
monocyte derived macrophages (MDMs) and dendritic cells. After 10 min NP incubation and
subsequent chase of 16 h and staining for CD169, CD9/CD81, and LAMP-1. A-C) Confocal
sections of MDMs containing fluorescent PLA™W NPs and stained for (A) CD169, (B) CD9, and
(C) LAMP-1. D-F) Confocal sections of macrophages containing fluorescent PLA™W NPs and
stained for (D) CD169, (E) CD9, and (F) LAMP-1.

The lower number of intracellular NPs in Figure 2.14 - 2.16 compared to those of that in
Figure 2.13A is attributed to the longer chasing time of 16 h in Figure 2.14 — 2.16 versus
no chasing time in Figure 2.13A. In the case of GM3-presenting PLA"™ NPs with the
stiffest core, sequestration of NPs in VCCs can explain the seemingly lower number of
intracellular NPs. We have shown previously in a study with stiff gold GM3-NPs in
dendritic cells that initially randomly distributed GM3-NPs are eventually collected in a
central VCC-like compartment, resulting in a lower number of optically discernable
“particles”per cell.> The increase in compartmentalization in non-lysosomal
compartments observed for PLA™W NPs in Figures 2.14 and 2.17 suggests that this

intracellular fate is favored by higher NP core stiffness.
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Figure 2.18: Characterizing the intracellular fate of polymer NPs with 10 mol% DOPS in
their membrane. A-C) Confocal fluorescent images of CD169-expressing macrophages (CD169*
THP-1 cells after differentiation) incubated with DOPS-containing PLGA (A), PLAMY (B) and
PLA™W (C) NPs for 10 min and subsequent chase of 16 h and stained for LAMP-1, scale bar =5
pm.

To address the question whether high core stiffness is sufficient to trigger selective
compartmentalization of NPs in non-lysosomal compartments, independent of GM3-
CD169 binding, we mapped the intracellular fate of lipid-coated NPs with a modified
membrane that did not contain GM3 but phosphatidylserine (PS) (50 mol% DPPC, 40
mol% cholesterol, 10 mol% 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)
(DOPS)). The negatively charged PS allows NPs to bind to scavenger receptors'® as well
as specialized PS receptors, such as TAM or TIM.*8" Importantly, all of the GM3-free
NPs, regardless of the nature of the polymer core, were found to accumulate in the
lysosomal compartments (Figure 2.18).

The fact that both GM3 ligand and PLA™W cores are required to induce sequestration in
non-lysosomal VVC-like compartments indicates that biochemical recognition of GM3

through CD169 and mechanical recognition of the NP core interact synergistically to

trigger cargo sequestration in non-lysosomal VCC-like compartments.
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2.6 Conclusion

In this work, we have investigated the intracellular fates of ganglioside GM3-presenting
lipid-coated polymer NPs with different polymer cores in CD169-expressing macrophages.
Core materials included PLGA (MW 24,000-38,000 g/mol) and PLA with two molecular
weights (MW 18,000-28,000 g/mol (PLA™MW) and 209,000 g/mol (PLA"™W). The lipid-
coated NPs resembled each other in shape, ganglioside concentration and surface
composition, and had similar hydrodynamic diameters but differed in the glass transition
temperature and stiffness of the NP core. Only PLA™W NPs had a glass transition
temperature above 37 °C in solution. Due to the higher glass transition temperature,
PLA"™W NPs were much stiffer under physiological conditions than PLGA or PLAMW
NPs. Nanoindentation experiments revealed a Young’s modulus of Epia™%W = 1.41 + 0.67
GPa, compared to Ep.a™W =86 25 MPa and EpLca = 60 32 MPa, for hydrated NPs at
37 °C. Young’s moduli between 60 32 and 86 25 MPa, which is sufficiently soft to
allow different degrees of deformation in response to typical cellular forces in the nN
range,'®1% and 1.41 + 0.67 GPa as “stiff” NP controls.

The differences in the core stiffnesses were associated with different uptake behaviors and
intracellular fates. GM3-presenting NPs with PLA™W cores showed a higher cellular
uptake than GM3-presenting NPs with PLAMW or PLGA cores under condition of
continuous incubation. A characterization of the spatial distribution of GM3-presenting
PLGA, PLA™MY and PLA™W NPs in THP-1 cells revealed that GM3-presenting NPs with
PLA™W cores but not the softer PLAMW or PLGA cores, were sequestered in non-

lysosomal compartments.
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While PLA™W NPs were preferentially collected in non-lysosomal, CD9-positive
compartments, GM3-presenting PLGA and PLA™W NPs were almost exclusively
collected in lysosomes. The non-lysosomal PLA™W NPs containing compartments shared
distinct similarities with VCCs in CD169-expressing macrophages, ** 82 including the
enrichment of tetraspanin CD9. We validated in control experiments with PS-containing
PLA™W NPs without GM3 that the spatial sequestration in CD9-positive compartments
required GM3-CD169 interactions.

Considering the fact that all NPs were coated with the same membrane, but differed in the
stiffness of the polymer cores, these experimental observations suggest that the
biochemical recognition of GM3-presenting NPs is augmented or modified by a
mechanical recognition. Only for NPs that present GM3 and with enhanced core stiffness,
an alternative uptake and trafficking pathway becomes available that results in
sequestration of GM3-presenting NPs in non-lysosomal CD9 positive compartments in
macrophages. These findings are also consistent with different intracellular fates of GM3-
presenting gold NPs (E 60 GPa*%) and liposomes (for which Young’s moduli between
E 3 kPa’ and 13 MPa® have been reported) in macrophages.®

The observed interplay between chemical and mechanical aspects of recognition in the
determination of the intracellular fate of the lipid-coated virus-mimicking NPs is
particularly interesting considering an earlier observation of a “stiffness switch” in HIV
particles at different stages of the virus life cycle.®® In the previous study the Young’s
modulus of mature and immature HIV particles were determined to be 440 MPa and 930

MPa, respectively. Among the NPs investigated in this work, only PLA™W falls in the
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“stiff region” of the virus life cycle, which gives additional biological context for the
preferential collection of these NPs in VCC-like compartments.

These findings highlight NP stiffness as a potential regulatory element of NP-cell
interactions and intracellular fates that should be considered in addition to size and

multivalency-related control mechanisms!®

in the design of next-generation artificial NP
platforms for applications in nanomedicine. This work focused on macrophages as cell
model, and these findings warrant future studies to test if the same interplay of mechanical
and chemical recognition applies to other cell types and to test whether GM3-presenting
NPs can act as delivery platform for the selective delivery of payload to non-lysosomal
compartments in antigen presenting cells in vivo.

2.7 Materials and Methods

Polymer and Lipid-coated Polymer NP Preparation. Polymer and lipid-coated polymer
NPs were prepared through one-step nanoprecipitation synthesis. A lipid mixture (0.15 mg)
containing 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (25 mg/mL) and
cholesterol (25 mg/mL) and the fluorescence marker 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Liss Rhod
PE) (1 mg/mL) in chloroform was added to 4 mL of Milli-Q water. Next, 0.4 mL of PLGA
(poly (D,L-lactide-co-glycolide) lactide:glycolide 50:50, ester terminated, RG503, with
intrinsic viscosity of 0.32-0.44 dL/g and MW of 24,000-38,000), PLA (poly(D,L-lactide),
ester terminated, R203S with intrinsic viscosity of 0.25-0.35 dL/g and molecular weight of
18,000-28,000) or high molecular weight PLA (poly(D,L-lactide) ester terminated, R207S

with intrinsic viscosity of 1.3-1.7 dL/g and molecular weight of 209,000%%) solution in
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acetonitrile was pipetted dropwise to the aqueous solution. Concentration of all the polymer
solution is 2.5 mg/mL. The volume ratio of aqueous to organic solution was chosen to be
10:1,%?* using a lipid/polymer weight ratio of 15%.%"° To ensure the formation of the lipid
membrane around the polymer core, the final solution was sonicated in a bath sonicator
(Branson Ultrasonics 5510, Danbury, CT) for 5 min. Next, NPs were washed 3 times
(40009 — 15 min) using an Amicon Ultra-4 centrifugal filter (MilliporeSigma, Burlington,
MA) with a molecular weight cutoff of 10 kDa to remove organic solvent and free lipid
molecules.

To fabricate GM1, GM3, Gal-Cer, and biotinylated lipid-coated NPs; GM1
ganglioside(Ovine Brain) (2 mg/mL), GM3 ganglioside (Milk, Bovine-Ammonium Salt)
(2 mg/mL), D-galactosyl-B-1,1" N-palmitoyl-D-erythro-sphingosine(Gal-Cer) (2 mg/mL),
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG-Biotin) (10 mg/mL) were added to the lipid mixture,
respectively. To generate negatively charged lipid-coated NPs, 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (sodium salt) (DOPS) (10 mg/mL) was added to the lipid mixture. To
incorporate the hydrophobic dye into the core of NPs, 7-Methoxycoumarin-3-carboxylic
acid, succinimidyl ester (ATT Bioquest, Inc., Sunnyvale, CA) was added to the polymer
solution before the nanoprecipitation process. Polymer NPs without membrane were
obtained following the same procedure in the absence of lipids. Dynamic light scattering
(DLS) was applied to monitor the quality of the samples. All lipids were purchased from
Avanti Polar Lipids (Alabaster, AL). Chloroform, acetonitrile, and all the polymers

(PLGA-PLAMW.PLAW) were purchased from Sigma-Aldrich (St Louis, MO).
56



Liposome Preparation. Lipid mixture containing DPPC and cholesterol of a total amount
of 10 pmol was dissolved in 1 mL of chloroform in a 25 mL round-bottom flask. The
solvent was evaporated, and the samples were dried overnight under vacuum. One mL of
20 mM HEPES buffer was then added to the lipid dry layer. The mixture was then sonicated
for 5 min by using a probe sonicator (120 Sonic Dismembrator, Fisher Scientific, Waltham,
MA) under argon protection.

Dynamic Light Scattering (DLS) and Zeta Potential Measurements. Size and zeta
potential measurements were performed by using Zetasizer Nano ZS90 (Malvern,
Worcestershire, UK). For size measurements, NPs were diluted with Milli-Q water.
Colloidal stability of NPs were monitored in the cell media (10% FBS RPMI). The zeta
potential of GM3-functionalized polymer NPs were measured in 10 mM NaCl solution.
UV—-Vis Spectroscopy: The absorption spectra of polymer NP in Milli-Q water were
acquired using Spectronic 200 UV-vis spectrometer (Fisher Scientific, Waltham, MA).
Milli-Q water was used for baseline correction. Beer's law was used to calculate the
concentration of NPs using the absorption value of fluorescently labeled lipid (Liss Rhod
PE) at the wavelength of 570 nm (Lambda max), and the molar absorptivity of € = 73,000
Mt cem™,

Transmission Electron Microscopy (TEM) Characterization. GM3-presenting polymer
and core only NPs drop-cast onto carbon-coated TEM grids and incubated for 20 min
before removing the excess solution. Next, samples were stained with 1 % sodium
phosphotungstate NasP(W3010)4 in water (w/v) for 10 sec and excess stain solution was

removed. Samples were dried and stored in vacuum before imaging using a Tecnai Osiris
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transmission electron microscope with a Super-X EDX detection system at an acceleration
voltage of 200 kV. TEM, high-resolution TEM, and scanning TEM images and energy
dispersive X-ray spectra were obtained.

Biotin-NeutrAvidin Binding Experiment. Rectangular borosilicate capillaries (100 x 2
x 0.1 mm?3, Vitrocom, Mountain Lakes, NJ) were used to perform Biotin-NeutrAvidin
binding experiment. Chambers were incubated with 50 mg/ml Bovine Serum Albumin,
Biotinylated (BSA-Biotin) (Thermo Fisher Scientific, Waltham, MA) in 0.2 x PBS for 10
min, then 100 mg/mL NeutrAvidin (Thermo Fisher Scientific, Waltham, MA) in 0.2 x PBS
was incubated for 10 min, followed by washing with 0.2 x PBS. Next, superblock
(SuperBlock (PBS) Blocking Buffer, Thermo Fisher Scientific, Waltham, MA) was
incubated in the flow chambers for 30 min. Then, NPs were incubated for 15 min, and
unbound NPs were washed by flushing 0.2 x PBS to the flow chambers. Samples were
inspected through fluorescence microscopy. The recorded images were processed by
ImageJ to calculate the number of NPs bound to the surface.

GM1 Tetramethylbenzidine (TMB)-based Sandwich ELISA Quantification. Relative
GML1 concentration were quantified through a TMB-based sandwich ELISA assay in a
polylysine-coated 96- well plate. GM1, Gal-Cer, and without any glycosphingolipids
(blank) PLGA, PLA, and PLA"™W NPs at a concentration of 10*? NPs/mL were incubated
in poly-lysine-coated 96-well plate for 1 h. The concentration of NPs was determined
before and after loading into the wells. After 3 times washing with the washing buffer
(Thermo Fisher Scientific, Waltham, MA), 200 uL rabbit polyclonal anti-GM1 antibody

(ab23943, abcam, Cambridge, MA) (dilution 1:1000) in 0.1 mg/mL BSA in 1 x PBS was
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added into each well and incubated at room temperature for 2 h. Next, each well washed
three times to remove the excess antibodies. Following the washing step, 200 pL goat anti-
rabbit IgG HRP-conjugated antibody (ab205718, abcam, Cambridge, MA) 10 ng/mL in 0.1
mg/mL in 1 x PBS was added into each well and incubated at room temperature for 1 h.
After three times washing, 100 uL TMB solution (0.5 mM) (Thermo Fisher Scientific,
Waltham, MA) was added into each well and incubated for 10 min at room temperature
before adding the stop solution (Thermo Fisher Scientific, Waltham, MA). The
SpectraMax M5 plate reader (WVR, Radnor Corporate Center, Radnor, PA) was used to
measure the absorbance of samples at excitation wavelength of 450 nm.

Optical Colocalization of Polymer Core and Membrane of GM3-functionalized
Polymer NPs. Rectangular borosilicate capillaries (100 x 2 x 0.1 mm?3, Vitrocom,
Mountain Lakes, NJ) were used to perform colocalization experiment. Chambers were
incubated with 0.1% poly-L-lysine for 10 min. Then, GM3 NPs diluted in 0.2 x PBS were
incubated for 10 min, and unbound NPs were washed by flushing 0.2 x PBS to the flow
chambers. Samples were inspected through fluorescence microscopy. The recorded images
were processed by ImagelJ to process and overlay the fluorescence images of the core and
the membrane. The images were corrected for the drift.

Optical microscopy for Stability of the Membrane in Cell-lysate. Rectangular
borosilicate capillaries (100 x 2 x 0.1 mm?®) were incubated with 0.1% poly-L-lysine for
10 min. Then, GM3-functionalzied PLGA NPs in 0.2 x PBS were incubated for 10 min,
and unbound NPs were washed by flushing 0.2 x PBS into the flow chambers. Next, cell

lysate of CD169" THP-1 cells were flushed into the chamber. The same field of view was
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inspected through fluorescence microscopy for up to 5 days. The recorded images were
processed by ImagelJ to overlay the fluorescence images immediately after addition of the
cell-lysates and after different incubation times. The images were corrected for drift.

Cell Viability 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylterazolium bromide (MTT)
Assays. Cell viability was quantified through MTT assays. After 24 h differentiation with
PMA (100 nM) CD169* THP-1 cells were lifted off using enzyme free cell dissociation
buffer (Enzyme-Free Cell Dissociation Solution PBS based, MilliporeSigma, Burlington,
MA). Then, cells were counted and reseeded at a concentration of 1.25 x 10° cells per well
in a 96 well-plate using the complete growth medium. Cells were incubated with various
concentrations of GM3-presenting NPs (1 x 10%, 1 x 10%* and 5 x 10'? NPs/mL) for 10
min, and for some conditions, after removing the NPs, cells were maintained in the full
media for 16 h. Then cells were subsequently washed and incubated with 100 uL of RPMI
containing 10% MTT solution (5mg/mL) for 3 h at 37°C. After incubation, the MTT
solution was removed, and 100 pyL of a DMSO and ethanol solution (1:1 ratio) was added
to each well and mixed thoroughly. Absorbance was measured at 570 nm using a
SpectraMax M5 plate reader (WVR, Radnor Corporate Center, Radnor, PA).

Differential Scanning Calorimetry (DSC) Measurements. Polymer NPs (with and
without membrane) were concentrated by a factor of 3. To characterize thermal behavior
of polymer NPs (with and without membrane) and liposomes, 30 pL of solution was
transferred into an aluminum pan (Thermal Support, Hayesville, NC) and sealed. For the
dried NPs, 30 pL of the NPs solution was transferred to the DSC pan and air dried for 4 h,

following 4 h further drying at 35 °C before sealing the pans. Thermograms from 25 °C to
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75 °C, at a heating rate of 5 °C/min were recorded by using a Mettler Toledo Polymer DSC
R (Mettler-Toledo, Columbus, OH). For polymer powder measurements, samples were
sealed in the aluminum pans, and thermograms were recorded under the same experimental
conditions. DSC software was used to determine the glass transition and phase transition
temperatures.

Atomic Force Microscopy (AFM) Measurements. Experimental Procedure. Samples
were prepared by 20 min incubation of polymer NPs (without membrane) on 0.1% poly-
L-lysine (Sigma-Aldrich, St Louis, MO) treated circular cover slips (Asylum Research).
Following the incubation, unbound NPs were removed by successive washes, and
inspected via AFM without drying. Surfaces were first placed inside a Peltier heater
attachment (Asylum Research, CoolerHeater) integrated with the AFM (Oxford
Instruments — MFP3D Infinity AFM) with 2 mL of Milli-Q water and left to equilibrate
with the AFM head in place for 20 minutes. After this time, the AFM probe was calibrated
using quintuplicate indentations on the rigid cover slip (to find the optical lever sensitivity)
and a measurement of the thermal power spectral density (to find the spring constant). For
measurements on soft PLGA and PLA™W NPs, probes with stiffness k = 0.08 N/m (Asylum
Research, BL-AC40TS) were used, whereas for the more rigid PLA™W NPs, probes with
stiffness k = 0.9 N/m (MikroMasch, CSC37/Al BS) were used. In order to visualize the
NPs, an area of 3 x 3 um? was scanned at 1 Hz in tapping mode to locate a sizeable number
of particles (Figure 2.9D and 2.10). Next, the tallest NP in the scan was identified using
AFM software, and the diameter of the AFM tip was calculated by subtracting the height

of the NP from its measured width. Calculated AFM tip radii ranged from 20 to 40 nm
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based on duration of use. Once the survey scan had been completed, a magnified area of
300 x 300 nm? was scanned at 3 Hz in tapping mode to image a single NP. The scan rate
was increased to prevent interactions between tip and NP from manipulating the NP. The
highest point of the NP was once again found using AFM software, and subsequent force
curves with a force set point of 1 nN (PLGA and PLAMY) or 10 nN (PLA"™W) at 0.04 Hz
were carried out at the point of maximum height of the NP. The NP was scanned after
indentation to check for movement or drift. If the particle was observed to have moved
appreciably as a result of drift during the force testing, the indentation data for that
particular NP was not used. The probe was then moved to another location on the surface
and the imaging and indentation was repeated. If the tip radius was calculated to be larger
than 50 nm, the probe was replaced.

Atomic Force Microscopy (AFM) Measurements. Data Processing. Data in the form of
force and indentation was exported from the AFM software. The force and indentation
were calculated using the calibration of the optical lever sensitivity and stiffness conducted
on every probe prior to use.'® To isolate * the modulus of the NP, the following equation

196 \was used to calculate the NP modulus:

3 1
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where F is the force exerted by the AFM probe, Enp is the modulus of the NP, d is the

indentation depth measured by the AFM, and v is the Poisson’s ratio of the NP. Poisson’s
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ratio for PLGA % and PLA % were taken to be 0.25 and 0.35, respectively. The term b

accounts for the curvature of the indenter and NP *®and is given by:

Wi
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where Rnp is the radius of the NP, calculated from the height of the NP under test, and Rnp

is calculated as:

+
where Ry is the radius of the tip. Here, Rt is calculated as the difference between the NP’s
measured width and its height as the measured width of the NP is represents a convolution
of the shapes of the tip and the NP (Figure 2.11). The force-indentation curve was fit from
its initial contact point, d = 0 nm to d = Rnp/10, to avoid substrate effects.!®® For each
polymer, at least eleven NPs were used and a mean modulus was calculated from the batch.
Cell Culture: CD169*/ CD169" THP-1 cells have been described previously, 2 and
they were cultured in complete medium containing 10% fetal bovine serum (FBS), 1%
penicillin—streptomycin, 2% G418 in RPMI-1640 medium (Gibco Cell Culture, Thermo
Fisher Scientific, Waltham, MA) in a 5% CO> atmosphere at 37 °C. Differentiation of both
CD169" and CD169" THP-1 cells to macrophages were performed by incubation of the
cells with 100 nM phorbol myristate acetate (PMA, Sigma-Aldrich, St Louis, MO). CD169
THP-1 cells were cultured in the same medium without addition of G418.

Characterization of GM3-CD169 Binding in CD169* THP-1 Cells. 5 x 10° CD169*

THP-1 cells (before differentiation) were pelleted after centrifugation (5 min, 270 g). GM3,
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Gal-Cer, and without any glycosphingolipids (blank) NPs (107 to 102 NPs in 0.1 mL of
10% FBS RPMI-1640) were added to the cell pellets, and incubated at 4 °C for 60 min.
Unbound NPs were washed by centrifugation (270 g, 5 min - 2 times), and cells were fixed
with 4% paraformaldehyde (PFA) (Sigma-Aldrich, St Louis, MO) for 10 min at room
temperature. Following the last washing step, the fluorescence intensity of each sample
was measured by FACS using a FACSCalibur instrument (BD Biosciences, San Jose, CA).
For characterization of binding at 37 °C, 5 x 10! GM3, Cal-Cer, and blank NPs in 0.1 mL
10% FBS RPMI-1640 were added to the cell pellet, and incubated at 37 °C, 5% CO; for
10 min. Cells were washed, fixed with 4% PFA, and the fluorescence intensity of the
samples was determined via FACS. All FACS data were analyzed through Flowing
software 2. All fluorescence intensities were background corrected (cells without treatment
were used as background), and the calculated difference was used for the analysis.
Uptake in Differentiated CD169* THP-1 Macrophages. CD169* THP-1 cells after 24 h
differentiation with PMA (100 nM) were lifted using enzyme-free cell dissociation buffer
(Enzyme-Free Cell Dissociation Solution PBS based, MilliporeSigma, Burlington, MA).
Cells were reseeded at a concentration of 1.25 x 10° cells per well in a 96 well-plate in
complete growth medium, and returned to culture for 24 h. 5 x 101 GM3 NPs in 0.1 mL
of 10% FBS RPMI-1640 were added into each well, and incubated at 37 °C, 5% CO: from
10 min to 6 h. Cells were washed to remove unbound NPs, and lysed with 0.2% Triton-X
100 (Sigma-Aldrich, St Louis, MO) in 0.2 N NaOH. The SpectraMax M5 plate reader was
used to measure the fluorescence intensity of the cell lysates at excitation and emission

wavelengths of 544 nm and 590 nm. Fluorescence intensities of known concentration of
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NPs, ranging from 1 x 10'°to 5 x 10 NPs/mL, was used to build the calibration curve to
determine the number of internalized NPs.

For control experiments, both CD169" and CD169" THP-1 cells were differentiated with
PMA and reseeded in 96-well plates, as described above. PMA-differentiated CD169*
THP-1 cells were incubated with either polymer NPs without any membrane or Gal-Cer
NPs. Alternatively, both CD169*and CD169" THP-1/PMA cells were incubated with GM3
NPs at a concentration of 1 x 10** NPs in 0.1 mL 10% FBS RPMI medium for 10 min at
37 °C, 5% COs.. Fluorescence intensity of the cell lysates was determined, as described
above.

Intracellular Trafficking in CD169* THP-1 Macrophages. CD169* and CD169" THP-
1 cells were seeded in culture dishes (Cellvis, Mountain View, CA) for differentiation into
macrophages (PMA - 48 h). After 10 min incubation of GM3 NPs (5 x 10! NPs in 0.5 mL
10% FBS RPMI-1640) with cells at 37 °C, 5% CO., cells were washed subsequently with
RPMI-1640 to remove unbound NPs. Following the washing step, cells were incubated in
the complete growth medium for 16 h. Cells were incubated with nucleus stain, Hoechst,
for 15 min at 37 °C, 5% CO: prior to fixation. Cells were fixed in 4% PFA, permeabilized
with 0.2% TWEEN 20, and blocked with 1% BSA in 1 x PBS. To stain CD169, CD9, and
LAMP-1; anti-human CD169 (Sialoadhesin, Siglec-1, Clone: 7-239), anti-human CD9
(Clone: HI9a), and anti-human CD107a (LAMP-1, Clone: H4A3) mAbs (BioLegend, San
Diego, CA) and Alexa Fluor 647 (Goat anti-mouse, Clone: Poly4053) conjugated
secondary antibody (BioLegend, San Diego, CA) were added successively; a concentration

of 1 pg/mL was used for all antibodies. Multiple washing steps (1 x PBS) were performed

65



after incubation with primary and secondary antibodies. The same procedure was used for
lipid-coated polymer NPs with 10 mol% DOPS, without any GM3 (control experiment),
and labeled for LAMP-1.

For control experiments in Figure 5A, polymer NPs without any membrane with CD169*
THP-1 cells, and GM3 NPs with both CD169" and CD169" THP-1 cells were incubated at
37 °C, 5% CO for 10 min (same NP concentration). After removing the unbound NPs
(without any further 16 h incubation time) cells were fixed with 4% PFA and imaged via
confocal microscope. Nucleus stain Hoechst was used to locate the cells. The recorded
images were processed by ImagelJ to find the NP-containing area.

Monocytes Derived Macrophages (MDMs) Culturing and Staining. 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 5-6 days. Blood products were purchased from NY Biologics.

After 10 min incubation of GM3-presenting PLA™W NPs (5 x 10! NPs in 0.5 mL 10%
FBS RPMI-1640) with cells at 37 °C, 5% CO, cells were washed with RPMI-1640 to
remove the unbound NPs. Following the washing step, cells were incubated in the complete
growth medium for 16 h. Same staining protocol as described in the methods section was
repeated to stain for nucleus, CD169, CD9, and LAMP-1. Next, samples were imaged via
confocal microscope.

Image Acquisition and Data Processing. Optical imaging experiments were performed

with an Olympus 1X71 inverted microscope or Olympus FV1000 scanning confocal
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microscope. A 10x or 60x oil objective with variable NA (NA = 0.65-1.25) was used to
take the images via wide-filed microscope. Fluorescence imaging was performed under
epi-illumination using appropriate filter sets. Images were recorded with an Andor Ixon*
electron multiplying charge coupled device detector. For confocal microscopy, lasers with
excitation wavelength of (405,543,633 nm) and a 60x (water) objective were used. The
recorded images were processed by ImageJ. MCC (M1 and M) values were determined
via the Coloc 2 analysis plugin (ImageJ).

Statistical Analysis. All data are presented as mean + standard deviation (SD) or mean +
standard error of the mean (SEM), data presentation and sample size for statistical analysis
of individual experiments are specified in figure captions. Statistical significance of data
was determined using one-way ANOVA with a subsequent Tukey post-hoc test as
implemented in MATLAB. One asterisk (*) indicates significant differences at p < 0.05,
two asterisks (**) for p < 0.01, three asterisks (***) for p < 0.001, and four asterisks (****)
for p < 0.0001. NS was used to demonstrate non-significant differences.

Ethics Statement. This research has been determined to be exempt by the Institutional
Review Board of the Boston University Medical Center since it does not meet the definition
of human subjects research, since all human samples were collected in an anonymous

fashion and no identifiable private information was collected.
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Chapter 3 HIV-1 MIMICKING POLYMER NANOPARTICLES TARGETTING
CD169* MACROPHAGES AS LONG-ACTING NANOCARRIERS FOR
COMBINATION ANTIRETROVIRAL
Currently, the most effective treatment for human immunodeficiency virus-1 (HIV-1) is
achieved by combinatorial antiretroviral therapy (CART).>® 2022 Despite tremendous
progress in the development of effective cART, a cure remains elusive and lifelong
suppression of the virus with CART remains standard practice.} One key challenge for the
eradication of the virus is believed to be its localization in tissue reservoirs, and
hypothesized protection from immune surveillance mechanisms as well as antiretrovirals
(ARVs).>! Residual virus production, even in individuals on suppressive CART, might
lead to chronic immune activation®®* and could promote HIV-1 persistence by enhancing
viral transcription in latently infected cells, by increasing the number of activated target
cells for residual infection, and/or by clonal amplification of infected cells. Thus, strategies
to target the tissue reservoirs of HIV-1 and minimize bystander immune activation are

needed to achieve a sterilizing cure.

CD169" (Siglec-1) macrophages collect HIV-1 particles in special, non-endolysosomal
compartments, and these so-called virus containing compartments (VCCs) represent
potential virus reservoir sites.?® 33202 |_ong-lived, tissue resident CD169* macrophages that
are located in the secondary lymphoid tissues (spleen and lymph nodes), liver, lungs, the
bone marrow, central nervous system (CNS), and brain have recently attracted special
attention because of their emerging role in HIV-1 dissemination.68 202-206 |mportantly,

glycoprotein-independent sequestration of HIV-1 in VCCs can occur in myeloid cells via
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recognition and binding of the monosialodihexosylganglioside, GM3, in the viral
membrane to CD169 on the cell surface.32-3% 207208 Sewald et al. investigated the
dissemination of HIV-1 in secondary lymphoid tissues of humanized mice and found that
CD169" macrophages capture virus particles and facilitate trans-infection of CD4* T
cells.’®® CD169" macrophages were also shown to aid virus spread via cell-free
transmission through fluid flow-based dissemination.6®

Previous studies demonstrated that GM3-presenting lipid nanoparticles (NPs) can mimic
ganglioside-mediated binding of HIV-1 to CD169,*?! and show a similar segregation in
non-endolysosomal compartments in CD169* myeloid cells as observed for HIV-1.20%-212
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. The polymer NP platform is compatible with cCART
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 excellent control over relative drug concentrations, and
could potentially maximize their antiretroviral efficacy in vivo.

In this chapter, lipid-coated polylactic acid (PLA), PLA in this chapter is the same as
PLA"™W from Chapter 2 but in this chapter it is referred to as PLA, and poly(lactic-co-
glycolic acid) (PLGA) NPs, that incorporate both the non-nucleoside reverse transcriptase
inhibitor Rilpivirine (RPV)'% and the integrase inhibitor Cabotegravir (CAB),*?’ were

developed. An injectable combination of both compounds was previously demonstrated to
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achieve comparable viral suppression as a conventional regimen of an integrase inhibitor
with two reverse transcriptase inhibitors.?*-24 Although injectable nanoformulations of
either long-acting CAB or RPV are currently available, long-acting nanoformulations that
combine both compounds in one NP are lacking.

In this chapter, the effect of different NP parameter design such as polymer core material
or ligand on the surface of ARV-loaded polymer NPs on the potency of polymer NPs in
viral infection inhibition in CD169" MDMs will be investigated for a duration of up to 4
weeks. The modulation in potency of different polymer NPs in viral inhibition can be due
to different delivered intracellular concentration of drugs or different intracellular fate of
NPs (i.e. lysosomal versus nonlysosomal compartments). Therefore, to further investigate
the differences among different NP formulations, the inhibition data are correlated with
intracellular and extracellular drug concentrations quantified via HPLC analysis and the
intracellular fate of ARV-loaded lipid-coated polymer NPs mapped by confocal
microscopy over the same time span.

3.1 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 hiomimetic NP design, which
contains a hydrophobic polymer core that serves as matrix for the hydrophobic drugs
encapsulated by a GM3 containing lipid coating (the membrane). These NPs were prepared
through a one-step synthesis via nanoprecipitation of polymers in the presence of lipids.’*
72121 RPV and CAB were added to the polymer solution (PLA or PLGA) before the

nanoprecipitation process to ensure encapsulation.’
70



Hydrophobic interactions between the nascent polymer core and the aliphatic tails of the
lipids result in the formation of a lipid layer (the membrane) around the NP core. The
membrane serves multiple purposes. It disperses the hydrophobic core in an agueous
medium and ensures a surface presentation of GM3 (or other suitable lipid targeting
functionalities). Furthermore, the biomimetic lipid wrap 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.?'
Finally, the membrane can also have a role in regulating drug release from the NP core.”
The following lipid mix was used in the assembly of PLA or PLGA polymer NPs: 57 mol%
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 40 mol% cholesterol, and 3 mol%
GMa3. This lipid composition was chosen as a minimalistic mimic of the lipid composition
of a HIV-1 particle.?%

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 TAM?'® and TIM*®
family of receptors on macrophages. Small amounts of fluorescently labeled
phosphatidylethanolamine (PE) lipid, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Liss Rhod PE) were also
added to the lipid mixtures to facilitate a detection of lipid-coated NPs via their
fluorescence signal. The structure and composition of the drug loaded lipid-coated polymer

NP is schematically depicted in Figure 3.1A-C.
71



Throughout this dissertation, RPV and CAB loaded, GM3-presenting PLGA and PLA NPs
are referred to 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 -32x10mV, -37x10mV, -29+£7mV. A detailed
characterization of the lipid-coated polymer NPs generated following the same strategy
used in this work is provided in ref.*?!, 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 3.1D-E).

To determine the amount of drugs loaded into NPs, the latter were thoroughly washed and
then dissolved in acetonitrile. The drug concentrations were then determined by HPLC
with a diode array detector (DAD) following established procedures.?® Under the
experimental conditions, average concentrations of RPV and CAB in GM3 PLA NPs were
37.5 = 2.8 (standard error of the mean (SEM)) pg/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 pg/mL and
402.1 £ 107.5 pug/mL). These values correspond to encapsulation efficiencies of 28.1 + 2.1
(SEM) % for RPV and 8.0 £ 0.6 % for CAB in GM3 PLA NPs. The drug loadings were
1.5+ 0.1 (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.
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Figure 3.1: 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. B) Chemical structure of the polymers in the
NP core (PLA and PLGA), 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 (only contain 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 minat 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 drugs in HIV-1 infected TZM-b1l cells over a
concentration range of 0.0002 - 60nM based on RPV concentration in (G) and CAB concentration
in (H). The percentage of infection was normalized to the non-drug treated cells. A non-linear
regression model was used to generate the curve.

Encapsulation efficiencies and drug loadings of GM3 PLA, DOPS PLA, and GM3 PLGA
NPs are provided in Table 3.1. Overall, these values are in agreement with previously

published drug loadings of polymer NPs generated by nanoprecipitation.’® 102 217

Table 3.1. Encapsulation efficiency and drug loading in GM3 PLA, DOPS PLA, and GM3
PLGA NPs

NP Type Drug Encapsulation Efficiency (%) | Drug Loading (%)
GM3 PLA NPs RPV 281+21% 15+01%

GM3 PLA NPs CAB 8.0+0.6% 17.2+19%
DOPS PLA NPs RPV 38.1+33% 22+0.1%
DOPS PLA NPs CAB 6.0+0.7% 156+19%
GM3 PLGA NPs RPV 339+12% 1.1+01%

GM3 PLGA NPs CAB 83+0.7% 146+18%
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The 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. Cells were pre-treated with various concentrations of ARV-loaded NPs or free ARVs
(soluble free drug mixture) prior to virus exposure. A dose-dependent inhibition of HIV-1
infection of TZM-bl cells was observed (Figure 3.1F-G). The half-maximal inhibitory
concentrations (ICsp) of GM3 PLA NPs, DOPS PLA NPs, GM3 PLGA NPs, free ARVS,
and individual drugs are provided in Table 3.2. RPV and CAB co-formulated into the NPs
(GM3 PLA, GM3 PLGA, and DOPS PLA NPs) yielded similar ICso values as free RPV
(0.3 £ 0.2 nM) and CAB (1.8 £ 0.5 nM) drug mixtures, suggesting that ARVs can be

successfully co-encapsulated in a single NP and still retain their antiviral potency.

Table 3.2. ICs values of free ARVs and GM3 PLA, GM3 PLGA, and DOPS PLA NPs

based on RPV and CAB concentrations.

Conditions ICs0 (RPV) Conditions ICso (CAB)

Free RPV 0.7+0.3nM | Free CAB 20+0.7nM
Free RPV + CAB 0.3+£0.2nM Free RPV + CAB 1.8+0.5nM
RPV + CAB GM3 PLANPs | 0.2+0.2nM RPV + CAB GM3PLANPs |14+0.1nM
RPV + CAB GM3 PLGA NPs | 0.2+ 0.1 nM RPV + CAB GM3 PLGA NPs | 0.6 + 0.1 nM
RPV + CAB GM3 DOPS NPs | 0.7 + 0.4 nM RPV + CAB GM3 DOPS NPs | 1.1+ 0.1 nM

Furthermore, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide (MTT) cell
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 3.2).
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Figure 3.2: MTT cell viability assay of RPV and CAB loaded polymer NPs in CD169* MDMs.
Cell viability was assessed after 5 days incubation following a 4 h NP (GM3 PLA, DOPS PLA,
and GM3 PLGA) incubation at a concentration of 1 x 10 NPs/mL, corresponding to
approximately 14 uM RPV and 148 uM CAB.

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

The release properties of RPV and CAB from GM3 PLA NPs in the temperature range
relevant for virus inhibition and drug storage were measured. Figure 3.3A-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 3.3A-B) over 28 days. The percentages of RPV and CAB
released at different temperatures are shown in Table 3.3-3.4, and the corresponding
remaining drug amounts in NPs are depicted in Table 3.5-3.6. Although CAB and RPV
showed different release kinetics from GM3 PLA NPs (Figure 3.3A-B) with CAB being
released faster, the initial loading of CAB in the NPs was higher (Tables 3.5-3.6). This
difference in loading off-set the effect of faster CAB release and the remaining RPV and

CAB content at later time points are equivalent.

76



A B

100p © 37°C 100
R O ° o _ [e%8%¢ 5 ¢ 8 ®
R e 4°C ® ® X _ -
% 80 ; ® £ 80l 5 b

Q 4} T

g o e Lo
8 sof? « g a0f® ° 37°C
> ) é@‘i o o ® 8 o e RT
i 20r @ © @ < 20 . 4°C

0 . . . . , , 0 , \ . . . ,
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (Day) Time (Day)
C D
M/M_=0.08t™* 0.7p
L - 0.39

0.6 M/M_ o_ogtuy o6l #

0.5 b M/M,_,=0.10t

g g 0.5
= o4}

M/M _=0.06t""
0.71

M/M_=0.05t
0.41

M/M _=0.08t
1 00

0.3F
0.2F

5 10 15 20 25
Time (h) 02F

0 24 48 72 96 120 0 24 48 72 96 120
Time (h) Time (h)

Figure 3.3: 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 R? 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.

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 (Figure 3.3A). In the case of

CAB, release from GM3 PLA NPs occurred at a faster rate than that observed for RPV at

all temperatures (Figure 3.3B).
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Table 3.3 Percentages of RPV released from GM3 PLA NPs at different temperatures.

Time % of RPV Released | % of RPV Released | % of RPV Released
@4°C @ RT @ 37 °C

Oh 0.0 0.0 0.0

4 h 151+ 5.8 154+40 154+15

8h 16.9+04 18.3+3.2 19.6 £5.9

12 h 20616 24.8+0.8 246+3.0
Day 1 23.8+2.38 30.1+£10.5 23.5+3.8
Day 2 28.3+34 31.4+50 46.3+5.1
Day 3 27.2+3.8 35.7+10.1 48.0+ 3.8
Day 4 30.5+7.3 29.8+4.1 56.2+1.9
Day 5 17.0+4.0 30.0+4.7 61.7 £ 3.8
Day 6 19.8+25 32.2+05 59.6+1.9
Day 7 25.7+3.6 23.7+11 68.0 £ 6.2
Day 10 22.1+0.6 31.0+1.6 78.8 4.7
Day 14 200+4.1 326+1.6 80.1+28
Day 21 30.8+6.3 39.1+1.0 923+18
Day 28 33.5+35 29.6+26 92.2+0.6
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Table 3.4 Percentages of CAB released from GM3 PLA NPs at different temperatures.

Time % of CAB Released | % of CAB Released | % of CAB Released
@4°C @ RT @ 37 °C

Oh 0.0 0.0 0.0

4 h 16.5+6.6 145+1.3 21.7+2.6

8h 18.9+84 18.2+4.6 445+ 23

12 h 215 £20 29.6+0.2 59.9+2.6
Day 1 28.0+3.2 491+72 90.5+0.9
Day 2 446 +8.5 74.3+3.9 97.6+0.3
Day 3 458+ 3.8 85.6+4.1 97.7+0.2
Day 4 60.0 +10.3 94.8+0.5 97.3+0.1
Day 5 55.8+8.0 96.2+0.3 96.3+1.2
Day 6 77.0+1.8 97.5%0.2 975201
Day 7 75.5+4.7 97.0+0.3 98.6+0.1
Day 10 89.5+24 98.3+0.2 98.6+0.2
Day 14 945+13 97.5+0.3 98.2+0.0
Day 21 939+11 97.5%0.2 98.7+0.2
Day 28 96.6 +0.4 97.8+0.2 98.6+0.1
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Table 3.5 The remaining RPV amount in GM3 PLA NPs over the release period.

Time Remaining RPV Remaining RPV Remaining RPV

amount (ug/mL) amount (ug/mL) amount (ug/mL)
@4°C @ RT @ 37 °C

Oh 195+138 35.7+43 27.6+3.0

4 h 16.6+£2.9 30.2+2.6 23.2+2.2

8h 16.2+0.6 29.0+ 3.6 21.7+16

12 h 155+1.7 23.6 £5.7 20.7+2.2

Day 1 149+1.3 249147 208+ 14

Day 2 14.0+£0.9 245+39 144 +0.7

Day 3 142 +1.7 225141 146+25

Day 4 13612 249+3.2 119+1.0

Day 5 16.1+16 25.0+3.38 10.3+0.8

Day 6 158+19 256+1.38 11.3+16

Day 7 144+09 29.2+4.7 94+24

Day 10 152 +2.3 245+3.0 5.7+14

Day 14 156+ 3.4 24.1+3.3 5.7+13

Day 21 135+22 21.6+2.3 20+04

Day 28 13.2+19 25.2+34 21+0.2
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Table 3.6 The remaining CAB amount in GM3 PLA NPs over the release period.

Time Remaining CAB Remaining CAB Remaining CAB

amount (ug/mL) amount (ug/mL) amount (ug/mL)
@4°C @ RT @ 37°C

0 4741+26.4 4344 +14.1 4975+ 32.6

4h 391.0+9.6 371170 387.2+12.9

8h 384.7 £56.3 354.0 £ 13.6 276.4 £ 22.0

12 h 373.6 £ 29.6 221.0+73.4 1975+ 7.3

Day 1 342.7 £ 29.6 223.3 £ 36.2 480+ 7.7

Day 2 268.3 £50.3 110.8 +15.3 124 +26

Day 3 259.9+31.2 61.2 +16.4 111 +0.6

Day 4 155.9 +57.6 224 +1.7 13.4+£09

Day 5 213.7+44.2 16.6+1.0 196 +7.2

Day 6 110.3+14.6 109+04 126 +1.3

Day 7 118.6 + 25.9 12.8+1.3 71+0.1

Day 10 48.7 +10.5 74+0.7 74+15

Day 14 18.2+5.38 10.7+1.3 91+04

Day 21 22.4+6.0 10.8+0.6 6.5+1.2

Day 28 158+1.38 9.6 +0.6 6.8+0.6
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Figure 3.4: Hydrodynamic size of GM3 PLA NPs. A) Intensity statistics of size measurements
of GM3 PLA NPs at 4 °C on day 0 and day 28. B) Intensity statistics of size measurements of GM3
PLA NPs at RT on day 0 and day 28. C) Intensity statistics of size measurements of GM3 PLA

NPs at 37 °C on day 0 and day 28.
The size of the GM3 PLA NPs was monitored throughout the duration of the release
kinetics determination experiments at 4°C, RT, and 37 °C via DLS. The hydrodynamic

diameters are demonstrated in Figure 3.4. The hydrodynamic diameter was constant at all

investigated temperatures, indicative of excellent stability of GM3 PLA NPs.
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The distinct release behaviors of CAB and RPV from GM3 PLA NPs (Figure 3.3) were
attributed to the 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.?*8The
solubility of RPV 2° in water was reported to be 18.5 + 1.1 pg/mL compared to 31.9 +
14.4 pg/mL for CAB.??° The higher relative hydrophilicity and water solubility of CAB is
consistent with a faster release from the hydrophobic PLA NPs than for RPV.

The release data were fitted to different models, including zero- and first-order release, as
well as to Higuchi and Korsmeyer-Peppas (power law) models.??*??2 Zero-order model is
described with the following equation, Q: = Qo + Kot, where Q: is the amount of drug
released at time t, Qo is the intimal amount of drug in the solution, and K is the zero order
release constant. In this model, the data are plotted as cumulative percentage of drug
released vs. time. First-order model is expressed with the following equation, log Q: = log
Qo — Kit/2.303, where Qq is the amount of drug released at time t, Qo is the intimal amount
of drug in the solution, and Kj is the first order release constant. In this model, the data are
plotted as log of cumulative percentage of the drug remaining vs. time. Higuchi model is
described with the following equation, Q: = Kn . t *, where Q is the amount of drug released
at time t, and Ky is Higuchi dissolution constant. In this model, the data are plotted as
cumulative percentage of the drug released vs. square root of the time.

The equations and R? values of the zero- and first-order, and Higuchi fits are summarized
in Table 3.7. The Korsmeyer-Peppas model is often applied to fit drug release from

polymer NPs as it provides insight into the mechanism of release.??3
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Table 3.7 Zero- and first-order, and Higuchi fits.

Model | Zero order First order Higuchi
Drug
RPV @ 4 °C y =0.43x + 13.87 | y=-0.0023x + 1.94 y=3.11x + 8.81
R2=0.934 R2 =0.9396 R2=0.9646
RPV @ RT y=0.73x + 13.32 | y=-0.0041x + 1.94 y=5.27x +4.75
R?=0.9276 R2=0.9377 R2=0.9591
RPV @ 37°C |y=0.34x +19.63 | y=-0.0025x + 1.9121 y =4.90x + 6.07
R2=0.8991 R2=0.917 R2=0.956
CAB@ 4 °C y=0.38x +18.32 | y=-0.0027x + 1.92 y =5.05x +5.14
R?=0.9153 R?=0.9224 R2 =0.9607
CAB @ RT y=179x+6.38 |y=-0.0117x + 1.99 y =12.50x —
R2 = 0.9857 R2=0.9871 13.39
R2 =0.9669
CAB@37°C |y=477x+3.84 |y=-0.0363x +2.04 y = 26.15x -
R2=10.9873 R2=0.9997 30.26
R2 =0.9986

In Korsmeyer-Peppas model, the first 60% of the data are fitto .~ =

~ s the fractional drug release, Kkp is a kinetic constant characteristic of the

[eo]

, Where

polymer/drug system, t is the release time, and n is 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 n value of 0.43 indicates Fickian
diffusion, n values in the range of 0.43 < n < 0.85 correspond to anomalous or non-Fickian

diffusion, n = 0.85 is representative of Case-1l transport, and n = 1 represents time-
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independent, zero-order release.??® For NP ensembles with different size distribution, the
threshold n values need to be adjusted to 0.3 for Fickian diffusion and n = 0.45 for Case-1I
transport.??® The Korsmeyer-Peppas fits of RPV and CAB at different temperatures are
demonstrated in Figure 3.3C-D.

For the RPV release from PLA NPs, n values of 0.27 (4 C), 0.39 (RT), and 0.41 (37 C)
and Kkp values of 0.10 (4 C), 0.09 (RT), and 0.08 (37 C) with the unit of (h ™) were
obtained (Figure 3.3C). The measured n values indicate release by Fickian diffusion at RT
and 37 C.Evenat4 C the nvalue is only slightly below the threshold (n = 0.30) for Fickian
diffusion in a NP ensemble with finite size distribution.?**22® The fraction of RPV released
in the course of 28 days greatly 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. For the CAB release from GM3 PLA NPs,
Korsmeyer-Peppas fits yielded n values of 0.41 (4 C), 0.71 (RT), and 0.94 (37 C) and Kkp
values of 0.08 (4 C), 0.05 (RT), and 0.06 (37 C) with the unit of (h ™) (Figure 3.3D). The
n values for CAB were overall higher and showed a larger increase with temperature than
for RPV. Only at 4 C the n value indicates Fickian diffusion, whereas the n values for RT
and 37 C are more consistent with Non-Fickian and Case-11 transport.

Release studies of RPV and CAB at 37 °C were performed for GM3 PLGA NPs as well.

Figure 3.5 provides a comparison of release curves of GM3 PLA and GM3 PLGA NPs.
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Figure 3.5: RPV and CAB release kinetics in GM3 PLA NPs versus GM3 PLGA NPs. A)
Percentage of the RPV released at 37 °C in 1 x PBS over a time span of 7 days. B) Percentage of
the CAB released at 37 °C in 1 x PBS over a time span of 7 days.

On day 7, GM3 PLGA NPs have released 92% of the RPV compared with 68% GM3 PLA
NPs (Figure 3.5A). In the case of CAB, on day 1, the release is slower in GM3 PLGA NPs
than in GM3 PLA NPs, however these differences diminish with time and after 7 days,
over 98% is released from both NPs (Figure 3.5B). Overall, GM3 PLGA NPs show a faster
release of RPV than GM3 PLA NPs, but the release kinetics of CAB is similar for both
NPs. PLGA is more hydrophilic than PLA, and unlike the PLA NPs, which remain in the
glassy state at 37 °C,'?1 22" the PLGA NPs used in this work have undergone a phase
transition into the rubbery state under physiological conditions.!?: 227 The higher
hydrophilicity, the phase change into the rubbery state, and a faster degradation%°-106: 228
of PLGA all account for a faster release of RPV from GM3 PLGA NPs compared to PLA
NPs. The slow RPV release kinetics of GM3 PLA NPs and the ability to load high amount

of CAB makes the PLA NPs the preferred choice as matrix for loading CAB and RPV.
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Figure 3.6: CD169 induction by IFN-A in MDMs. A) Histogram representative of CD169
staining of MDMs. B) Mean fluorescence intensity (MFI) of CD169 signal. MDMs were stimulated
with IFN- A (5ng/mL) for 48 h, and cell surface expression of CD169 was analyzed by FACS.
Results are represented as mean = SEM from 4 donors. Statistical analysis was assessed with a
paired t-test.

3.3 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 Il interferon inducible protein,?%
CD169 expression on MDMs was induced by exposure to type Il IFN (IFN-A, 5 ng/ml)
for 48 h (Figure 3.6). The long-term antiviral potential of RPV and CAB loaded NPs
(GM3 PLA, DOPS PLA, and GM3 PLGA NPs) as well as mix of free ARVs (as control)
in CD169" MDMs were explored. CD169" MDMs were incubated with NPs or soluble
drugs (1 uM of RPV equivalent and CAB concentration varying between 6 to 33 uM) for
3 hours, extensively washed and returned to culture. Drug-exposed CD169* MDMs were

challenged weekly with a VSV G pseudotyped HIV-1 (Figure 3.7).
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Figure 3.7: 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 uM RPV concentration for 3 h. (CAB concentration varied between 6 to
33 uM). 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.
Results were analyzed by one-way ANOVA with Tukey multiple comparisons test, *P < 0.05
**p <0.01 ***P < 0.001 ****P < 0.000.

Complete inhibition of virus infection was achieved in CD169* MDMs exposed to drug-
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 further with time and remained lower than
for all the NP conditions during the duration of the study. Starting from day 14, the
inhibitory effects of different polymer NP formulations began to differ. In contrast, HIV-1
infection of CD169* MDMs was at 13.8 £+ 5.5% (mean + SEM) and 28.5 + 4.9% for DOPS

PLA and GM3 PLGA NPs, respectively, on day 35 post NP addition. Importantly, GM3
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PLA NPs maintained the highest antiviral effect throughout the duration of the experiment
with an extremely low level of relative HIV-1 infection (4.7 £ 3.0%) even 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 GM3 PLA, DOPS PLA, and GM3 PLGA NPs confirm that nanoformulating
the ARVSs helps to retain their inhibitory effect over extended periods of time.

The distinct inhibition efficacies for the different formulations (GM3 PLA, DOPS PLA,
and GM3 PLGA NPs) are 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 function of time for
the different conditions.

3.4 Determination of RPV and CAB Concentrations in CD169* MDMs

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 uM 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 drug contents were measured on day 0, 1, 3, 5, 10, 15, 20, and 28 post NP
addition (Figure 3.8A-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 n, 158.7 £ 25.3 ng, and 86.4 + 32.0 ng, respectively.
89



%
% P
%

I GM3 PLA NPs

[ IDOPS PLA NPs
EIGM3 PLGA NPs
Il Freec ARVs

|Z
]

0o 1 3 5 10 15 20 28

B * % Kk .
3 Times(Diay) I GM3 PLA NPs
10¢ [_IDOPS PLA NPs
100 I GM3 PLGA NPs
3 ’g\) IlFree ARVs
%* % % é/
NS NS
5 6 . & =
S NS NS NS 0
o, NS e 10 15 20 28
< I NS T TN Time (Da
) NS NS r\T‘_s‘ (Day)
NS NS NS NS
O o Il Il I

0 1 3 5 10 15 20 28
Time (Day)

Figure 3.8: Quantification of RPV and CAB retention 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. 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, ****p < 0.0001, and NS, not significant.
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These results confirm that nanoformulation achieves an increased uptake of RPV in
CD169" MDMs and that for NPs the uptake increases in the order of GM3 PLA = DOPS
PLA > GM3 PLGA. While RPV concentration decreases as function of time for all
experimental conditions, by day 10, RPV was no longer detected 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 detectable RPV content in CD169" MDMs decreased to 10.4 + 0.8 (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 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.
However, the RPV uptake for GM3 PLGA NPs was much lower than for GM3 PLA NPs
despite the same GM3-CD169 binding mechanism. The average hydrodynamic size of
GM3 PLA is 298 + 38 nm and that of GM3 PLGA NPs is 207 £ 38 nm. It is consequently
conceivable that differences in the size contribute to differences in uptake. However,
previous studies with similar polymer NPs have reported that the uptake decreases with
increasing NP size in the range of 100 — 500 nm.230-231

An alternative explanation is provided by the difference in the phase transition temperature
of the PLA and PLGA NPs used in this work and the related higher mechanical stiffness
of PLA NPs at 37 °C.'2L 227 ynder otherwise identical conditions, stiff NPs are
preferentially uptaken over soft NPs,121-122. 142,155,232 Consequently, the observed trends in
RPV uptake between GM3 PLGA and GM3 PLA NPs were attributed to differences in the

NP core stiffness.
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The concentrations of intracellular CAB in CD169" MDMs exceeded those of RPV due to
higher initial CAB incorporation in polymer NPs (Figure 3.8B). The delivered CAB
contents in 5 x 10° cells on day 0 were: 7.7 + 2.3 (mean + SEM) ug 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 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* MDMs to free ARVS.

Consistent with a faster release of CAB from NPs (see Figure 3.3B), 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 of the different NPs at day 28 are 14.6 + 3.7
(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 3.9). The drug concentrations in extracellular medium show a decrease as function
of time that mirrors the same overall trend observed with cell lysates. However, due to the

higher dilution in medium, RPV and CAB were no longer detectable after day 20.
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Figure 3.9: Quantification of RPV and CAB released from CD169" MDMs. A) RPV
concentration in the media released from CD169* MDMs over 20 days. B) CAB concentration in
the media released from CD169* MDMs over 20 days. The inset in A and B show the zoomed in
view of released CAB after day 15 for better visualization of different NP types.

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 in the cell lysates reveals that
GM3 PLA NPs achieve the highest concentration 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.

3.5 Confocal Mapping of RPV and CAB Loaded Lipid-coated Polymer NPs in
CD169* Macrophages

To map the intracellular localization of ARV-loaded GM3 PLA, DOPS PLA, and GM3
PLGA NPs in CD169" MDMs over time, cells from separate donors were imaged on day
1, 10, 15, 20, and 25 after NP treatment. Confocal z-stack images of day 1 are depicted in

Figure 3.10.
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Figure 3.10: Localization of GM3 PLA, DOPS PLA, and GM3 PLGA NPs in regard to cell
membrane of CD169* MDMs. Confocal z-stack images of CD169* MDMs 1 day 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 um steps. Scale bar = 10 pm.

Confocal z-stack images, corresponding to day 10 and 25 are shown in Figure 3.11, and z-
stacks recorded on days 15 and 20 are depicted in Figure 3.12. The z-stack images?*® show
that GM3 PLA NPs are located closer to the top surface of the cell membrane than DOPS
PLA and GM3 PLGA NPs which are preferentially located in perinuclear regions towards
the center of the cell (Figure 3.10-3.12).

The localization of GM3 PLA NPs closer to the cell membrane is consistent with a
collection of NPs in VCCs as previous studies have demonstrated that VCCs are located
closer to the cell surface.?*2" While no systematic difference was observed among all the
investigated NPs at day 10, increased persistence of GM3 PLA NPs in CD169" MDMs

compared to either DOPS PLA or GM3 PLGA NPs was noted at day 25 (Figure 3.11).
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Figure 3.11: 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 um steps. Scale bar = 10 pum.

GM3 PLGA DOPSPLA GM3PLA gg GM3PLGA DOPSPLA

95



GM3PLA gg GM3PLGA DOPSPLA GM3PLA 3>

GM3 PLGA DOPS PLA

Figure 3.12: Localization of GM3 PLA, DOPS PLA, and GM3 PLGA NPs in regard to cell
membrane of CD169" MDMs CD169* MDMs A) Confocal z-stack images of CD169* MDMs 15
days post NP treatment. B) Confocal z-stack images of CD169* MDMs 20 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 um steps. Scale bar = 10 pum.
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Starting day 15, a gradual but noticeable degradation of DOPS PLA and GM3 PLGA NPs
was observed in CD169" MDMs as a reduction of overall NP concentration detected in the
cells, whereas the degradation was less conspicuous for GM3 PLA NPs (Figure 3.12).
GM3 PLA NPs treated CD169* MDMs were immunolabelled on days 1, 5, 10, 15, 20, and
25 to further characterize the intracellular fate of the NPs by confocal microscopy (Figure
3.13). The distribution of GM3 PLA NPs as well as of CD169, tetraspanin CD9 as VCC
marker'®3, and lysosomal-associated membrane protein 1 (LAMP-1) as lysosome marker
were determined. The optical colocalization of GM3 PLA NPs with CD169, CD9, and
LAMP-1 was quantified by calculating Manders’ colocalization coefficients (MCCs).
M1 describes the overlap of NPs with the respective markers (CD169 or CD9 or LAMP-1)
signal, and M2 quantifies the overlap of the marker (CD169 or CD9 or LAMP-1) signal
with the NP signal. M1 and M2 values were calculated for 10 cells per staining and NP
types, in total 180 cells are provided in Table 3.8.

The optical colocalization analysis confirmed a significant co-localization of GM3 PLA
NPs with CD169 and CD9 but not with LAMP-1, which corroborates a localization of
GM3 PLA NPs in non-lysosomal, VCC-like compartments. However, in the case of
negatively charged DOPS PLA NPs, the NPs were located in lysosomes. The confocal
section of CD169" MDMs incubated with DOPS PLA NPs and stained for LAMP-1 on
day 1 is shown in Figure 3.14.

The unique biophysical properties and targeting of VCCs in CD169" MDMs highlight the
potential utility of GM3 PLA NPs as sustained release nanoformulations for both HIV-1

prevention and treatment.
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Figure 3.13: Characterization of intracellular fate of GM3 PLA NPsin CD169* MDMs. 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-O), and 25 (P-R). Scale bar =5 pm.
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Figure 3.14: Optical colocalization of DOPS PLA NPs and LAMP-1 in CD169" MDMs. Single
confocal sections of CD169* MDMs incubated with DOPS PLA NPs and stained for LAMP-1 on
day 1. Scale bar =5 pm. MCCs (M1 and M2) values were calculated for 19 cells (4 independent
donors), and the average of M1 is 0.94 + 0.03 and M2 is 0.10 + 0. M; describes the overlap of NP
with the LAMP-1 signal, and M; quantifies the overlap of the LAMP-1 with the NP signal.

Table 3.8 Manders’ colocalization coefficients (MCCs) quantification for GM3 PLA NPs.

Day Post NP Day 1 Day 5

Treatments

MCCs M; M2 M1 M

Marker: CD169 0.92+0.05 | 0.53+0.13 0.71+0.12 | 0.39+0.22
Marker: CD9 0.83+0.14 | 0.05+0.03 0.66 £0.19 | 0.03 £ 0.02
Marker: LAMP-1 | 0.27 £0.12 | 0.06 + 0.09 0.06 = 0.06 | 0.002 + 0.002
Day Post NP Day 10 Day 15

Treatments

MCCs M1 M2 M1 M;

Marker: CD169 0.73+0.22 | 0.28 £0.13 0.56 £0.17 | 0.35+0.23
Marker: CD9 0.61+0.18 | 0.01+0.01 0.56 £0.26 | 0.01+0.01
Marker: LAMP-1 | 0.04 £0.04 | 0.004 £0.004 | 0.20£0.13 | 0.02+0.01
Day Post NP Day 20 Day 25

Treatments

MCCs M1 M M M:

Marker: CD169 0.42+0.29 | 0.34+£0.26 0.18+0.13 | 0.16 £ 0.22
Marker: CD9 0.44 +£0.15 | 0.02+0.01 0.16 £0.16 | 0.003+ 0.003
Marker: LAMP-1 | 0.16 £0.16 | 0.23 +0.39 0.07+0.08 | 0.01+0.01

99




3.6 Conclusion

RPV and CAB were successfully loaded in HIV-1 mimicking GM3-presenting lipid-coated
PLA and PLGA NPs as well as in DOPS-presenting PLA NPs. RPV and CAB loaded GM3
PLA, DOPS PLA, and GM3 PLGA NPs retained their potency upon encapsulation as
demonstrated with the similar ICso of NPs and free ARVs. Intriguingly, RPV and CAB
loaded GM3 PLA, DOPS PLA, and GM3 PLGA NPs differed in their ability to provide
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. The efficacy
dropped in the order of GM3 PLA > DOPS PLA > GM3 PLGA NPs > free ARVSs.

The relative efficiency of virus inhibition correlates with the intracellular RPV and CAB
concentrations in CD169" MDMs, which also decreased in the order GM3 PLA > DOPS
PLA > GM3 PLGA> free ARVs. The lower RPV uptake of GM3 PLGA NPs than GM3
PLA NPs or DOPS PLA NPs were attributed to differences in the NP core stiffness, stiff
NPs are preferentially uptaken over soft NPs, in Chapter 2 the Young’s moduli of the PLA
and PLGA NPs were determined to be EpLa = 1.41 £ 0.67 GPa and EpLca =60 32 MPa,
respectively.

In addition to uptake, differences in the intracellular fate can also play a role in the long-
term retention of NPs, thus shaping the protection provided by the ARV-loaded NPs. The
high intracellular stability and distinct intracellular distribution of GM3 PLA NPs in
CD169" MDMs outside of the lysosomal pathway are consistent with a longer retention of

these NPs in VCCs. In a previous study we observed that GM3-mediated binding to
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CD169" macrophages can result in the collection of polymer NPs either in VCC-like
compartments or lysosomes depending on the glass transition temperature of the polymer
core.*?! NPs that remain in their glassy state under physiological conditions were at least
partially collected in compartments that shared similarities with VCCs, while NPs with a
glass transition temperature below 37 °C (in their rubbery state) were collected in
lysosomes where the chemical and enzymatic conditions are much harsher than in the
VCCs. As the PLA but not the PLGA NPs used in this work have a glass transition
temperature above 37 °C, differences in the core stiffness could consequently account for
the observed differences in intracellular stability for GM3 PLA and GM3 PLGA NPs after
uptake. Likewise, PLA NPs containing DOPS (no GM3) in the lipid coating also access
the lysosomal pathway,'? and are consequently also expected to undergo faster
degradation than GM3 PLA NPs.

The differences in the intracellular fate among NPs with different polymer core (PLGA
and PLA) and lipid membrane composition (GM3 vs. DOPS) emphasize that the choice of
polymer and membrane composition are important for the design of virus-mimicking NPs
for ARV delivery. The higher relative stability of 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 gain obtained for GM3 PLA NPs in the cell culture studies is expected to be even more

relevant in vivo, where the GM3-CD169-mediated targeting of myeloid cells provides a
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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
might provide a new paradigm for targeted delivery of ARVs to CD169" macrophages to
enhance efficacy and sustained long-term anti-viral potency and provide rationale for
further development to deliver combination ARVs to tissue-resident sites of virus
persistence. Future studies are warranted to test the in vivo efficacy of GM3 PLA NPs in
animal models of chronic HIV infection as a viable alternative to daily suppressive CART.
3.7 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. Briefly, 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) (liss-RHG-
PE) was added to the lipid mixture when NPs were subjected to the fluorescence
microscopy or flow cytometry.

RPV in acetonitrile (100 pg/mL) and CAB in dimethyl sulfoxide (DMSO) (10 mg/mL)

with initial concentration of 20 pg (RPV) and 1 mg (CAB) were mixed with 1 mg polymer
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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. 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 209,0001%%)
and PLGA (Poly(D,L-lactide-co-glycolide) lactide:glycolide 50:50, ester terminated,
Mw 24,000-38,000, Resomer RG503) solution in acetonitrile was pipetted 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 NaCl solution was used to determine the zeta potential of GM3 PLA, DOPS

PLA, and GM3 PLGA NPs.
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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 € = 73,000 M cm™ at the wavelength of
570 nm (Lambda max) was used to calculate the NP concentrations, and Milli-Q water was
used for baseline correction.

Quantification of RPV and CAB Concentration. 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. The
temperature of the column oven was set at 35 °C. The mobile phase was 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 (IS) 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 pg/mL), and ATZ (IS) (100 pg/mL) were prepared in acetonitrile.
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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 pug/mL.

The encapsulation efficiency and drug loading percentages were determined using the

following formulas:

weight of drug in NPs
weight of total drug input

(%) = x 100

weight of drug in NPs

x 1
weight of total (NPs+drug) 00

(%) =

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 (IS) to the samples. The
release data were fitted using zero- and first-order, Higuchi, and Korsmeyer-Peppas (power
law) models.

Cell Culture. HEK293T (ATCC) and TZM-bl (NIH AIDS Reagent Program) were
maintained in DMEM (Gibco) containing 10% heat-inactivated FBS (Gibco) and 1%

pen/strep (Gibco) 33 238239 THP-1 (NIH AIDS Reagent Program) CD169+/THP1 cells
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were maintained in RPMI11640 (Gibco) containing 10% FBS and 1% pen/strep 24° 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?4°,

To induce CD169 expression on MDMs, cells were treated with IFNA (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). Note that at these
concentrations, IFN-A displayed no antiviral effects (data not shown).

Viruses. Single-round-replication-competent viruses 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, *. 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 purified and
concentrated by ultracentrifugation on a 20% sucrose cushion (24,000 rpm and 4°C for 2
hours 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
p24%9 ELISA 22 and virus titer was measured on TZM-bl by measuring -gal activity as

previously described 24,
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Specific Binding of GM3-presenting NPs and CD169 in THPs. After collecting the
pellet of 5 x10° CD169* and CD169 THP-1 cells (floating monocytes and no
differentiation) by centrifugation (270 g, 5 min); 5 x 10** ARV-loaded GM3 or DOPS or
blank (without any GM3 or DOPS) PLA or GM3 PLGA NPs in 10% FBS in RPMI were
added to the cell pellet. The mixture was incubated at 37 °C for 10 min. Next, unbound
NPs were washed by centrifugation at 270 g for 5 min (2 times). Then cells were fixed with
4% PFA (Sigma-Aldrich, St Louis, MO), and fluorescence intensity of samples were
determined by flow cytometry using a FACSCalibur instrument (BD Biosciences, San
Jose, CA) and analyzed through Flowing software 2.

Determination of 1Cso in TZM-b1 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
(10 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 2300rpm at 25°C for 1 hour, 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 242. Nonlinear regression
was used to fit the data with a constant Hill coefficient to determine the half-maximal
inhibitory concentrations (ICsp).

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
and incubated with IFNA contained media at a concentration of 5 ng/ml for 48 h. CD169*

MDMs were incubated with ARV-loaded GM3 PLA, DOPS PLA, and GM3 PLGA NPs
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at a concentration of 1 x 10'2 NPs/mL, corresponding to approximately 14 pM RPV and
148 uM CAB for 4 h. After removing the NPs, cells were maintained in the full media 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 and incubated at 37°C for 3 hours. Cells
were washed extensively, and cultured in fresh media (RPMI/10%FBS) prior to infection
with VSV-G pseudotyped luciferase expressing single cycle HIV-1 (HIVAenv/Luc VSV-
G, 100ng p249%9 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 242, 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.

RPV and CAB Quantification in CD169* MDMs and the Medium. MDMs were plated
in a 12-well plate at a concentration of 5 x 10° cells per well and incubated with IFNA

contained media at a concentration of 5 ng/ml for 48 h. ARV-loaded GM3 PLA, DOPS
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PLA, and GM3 PLGA NPs at a concentration of 10 uM RPV in 10% FBS in RPMI were
added to the cells 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 using RPMI and maintained in full medium for 28 days 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 the similar HPLC procedure as described above, ATZ
was added as the IS to all the samples. The total protein concentration was monitored in
the cell-lysate by a micro bicinchoninic acid (BCA) assay using a Micro BCA™ Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA).

To assess the drug contents released from CD169* MDMs into the culture medium, 300 to
500 pL of medium was added to 1 mL or HPLC-grade acetonitrile and the mixture was
centrifuged at 14,000 r.p.m for 10 min, the supernatant was dried using the Speed Vacuum
following established procedures.* 23 Extracted drugs were resuspended in acetonitrile and
RPV and CAB concentrations were determined via HPLC analysis following the same
method described above, and ATZ was added as the IS to all the samples.

Confocal Imaging in CD169* MDMs. 1 x 108 MDMs in 3 mL media were seeded in

culture dishes (Cellvis, Mountain View, CA) and incubated with IFN-A contained media at
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a concentration of 5 ng/ml for 48 h. ARV-included polymer NPs (5 x 10'? NPs/mL in 10%
FBS RPMI) were incubated with cells from different donors for 4 h at 37 °C and 5% CO>
atmosphere. CD169* MDMs were washed subsequently 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 incubated with 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. Anti-human CD169 (Sialoadhesin, Siglec-1, Clone: 7—-
239), antihuman CD9 (Clone: HI9a), and anti-human CD107a (LAMP-1, Clone: H4A3)
mADbs (BioLegend, San Diego, CA) were used to stain for CD169, CD9, and LAMP-1.
Alexa Fluor 647 (Goat antimouse, Clone: Poly4053) conjugated secondary antibody was
added successively, concentration of primary antibody was 2 pg/mL and the secondary
antibody was 1 pg/mL. After incubation of primary and secondary antibodies multiple
washing steps were performed using 1 x PBS. Samples were imaged via confocal
microscope.

Image Acquisition and Data Processing. Olympus FV3000 scanning confocal
microscope was used to perform the confocal imaging. 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. The recorded images were
processed by ImageJ. MCCs (M1 and M) values were determined via the Coloc 2 analysis

plugin (ImageJ).
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Statistical Analysis. 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 (****), and non-significant differences were indicated by NS.

Ethics Statement. All human PBMCs used in this article were acquired in an anonymous
fashion from NY Biologics, and no identifiable private information was collected, therefore
this research does not meet the definition of human subjects research and is determined to

be exempt by the Institutional Review Board of the Boston University Medical Center.
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Chapter 4 FUTURE DIRECTIONS

Following the work presented in Chapter 3, the next step of the research discussed in this
dissertation is to evaluate the potency of RPV and CAB loaded GM3-presenting HIV-1
mimicking PLA NPs in vivo and in mice animal models. The results observed for RPV and
CAB loaded GM3 PLA NPs in Chapter 3 and in the in vitro studies is expected to be even
more relevant in vivo, where the GM3-CD169-mediated targeting of myeloid cells provides
a viable strategy to enrich high local concentration of both drugs in the tissue resident
CD169" macrophages as tissue resident CD169" macrophages play a key role in the growth
and dissemination of the virus particles. Tissue resident CD169* macrophages are located
in the secondary lymphoid tissues (spleen and lymph nodes), liver, lungs, the bone marrow,
central nervous system (CNS), and brain. Due to the fact that tissue resident CD169*
macrophages are located in specific tissues, the distribution of GM3-presenting PLA NPs
is expected to be different in different tissues. Additionally, accumulation of GM3-
presenting PLA NPs versus control PLA NPs without GM3 in tissue resident CD169*
macrophages is also expected to be different.

Particularly, monitoring the concentrations of RPV and CAB in the blood and also
determining the drug distributions in the different tissues will shed light on better
understanding of GM3-CD169-mediated targeting in vivo. The concentration of the drugs
in blood and tissue can be determined via UPLC-MS/MS following previously published
reports. Concentration of nanoformulated CAB and long-acting CAB in blood, liver, lung,
spleen, lymph nodes, gut, kidney, and brain after a single 45 mg/kg intramuscular injection

to BALB/cJ mice?? are shown in the Figure 4.1.
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Figure 4.1: Drug distributions in different tissues. Concentration of nanoformulated CAB and
long-acting CAB in blood, liver, lung, spleen, lymph nodes, gut, kidney, and brain after a single
45 mg/kg intramuscular injection to BALB/cJ mice. Reproduced with permission from ref 220, ©
2017 Elsevier.

Additionally, the real time accumulation and bio-distribution of GM3-presenting PLA NPs
in different tissues in mice animal models and in vivo can be monitored via live in vivo
whole animal imaging. This goal can be achieved using fluorescence based microscopy
techniques by incorporating the fluorescent tags in the core or membrane of GM3-
presenting PLA NPs. Previously, polymer NPs loaded with cCARV + an IR dye were used
to determine the in vivo bio-distribution in live humanized mice.?* Representative images
of dorsal and ventral side of mice (1 hand 1, 8, and 14 days after NP treatments) are shown
in Figure 4.2A. Additionally, on day 14, the NP accumulation in target organs including

brain, female reproductive tract, colon, lymph nodes, and spleen are demonstrated in

Figure 4.2B.
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Figure 4.2: IR dye and c-ARV loaded NP bio-distribution in mice. A) Representative live
animal images of dorsal and ventral and side of mice, 1 hand 1, 8, and 14 days after NP treatments.
B) NP accumulation in target organs including brain, female reproductive tract, colon, lymph
nodes, and spleen on day 14. Reproduced with permission from ref 21, © 2018 Elsevier.

Following the procedure of the previously published reports, the in vivo bio-distribution of
RPV and CAB loaded GM3-presenting PLA NPs can be investigated. However, in pursuit
of the aforementioned goals, the drug loading and encapsulation efficiencies might need to
be improved due to limitation of injection volume in animal studies. This can be achieved
by changing the ratio of polymer and drug input, using other solvents as the organic phase
for the nanoprecipitation process, or using other solvents to dissolve the drugs before the
nanoprecipitation process. However, possible size changes could occur during these

modifications, therefore, final optimization of the size of ARV-loaded lipid-coated
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polymer NPs must be taken into consideration. Successful implementation of virus-
mimicking GM3 PLA NPs loaded with multiple ARVs to target the VCCs in animal
models which possibly could result in full eradication of HIV-1 particles will pave the path
to create new highly efficient long-acting prophylaxis and treatment strategies for HIV-1

infections for testing in clinical trials.
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APPENDIX
Data Organization and Storage
The data in this dissertation and all the other projects | have worked on during my time at
Boston University in the Reinhard Lab can be found on the Boston University Research
Drive in the folder of Behnaz Eshaghi in the Reinhard Lab:
(U:/eng_research_reinhard/Alumni/Behnaz Eshaghi)
This is a short introduction, if extra information is needed, | can be contacted through email

addresses: behnaz.eshaghi@gmail.com or behnaz@bu.edu.

The folder “Behnaz Eshaghi” has 5 main folders including: 1. Papers, 2. Presentations, 3.
Conferences, 4. Order Forms, 5. Group Related Folders.

Folder: 1. Papers

This folder contains 7 folders: Paper #1 — Stiffness, Paper #2 — RPV & CAB, Paper #3 —
Review - LC-MNPs, Paper #4 — DSC and FL measurements in LC-MNPs, Qualification
Exam, Dissertation, Side Project, and Raw Data.

Paper #1 — Stiffness

The data presented in Chapter 2 are stored under title of “Paper #1 - Stiffness”. This folder
has 4 folders: Data, Figures, Literature, and Manuscript. The folder Data has 5 main
folders: 1. Characterization, 2. AFM, 3. Binding + Uptake, 4. Intracellular fate, and PPT.
Each folder contains the raw data and the corresponding data analysis. The folder PTT
contains the PowerPoints of summary of some data analysis or meetings with Bjoern or

some word documents related to data analysis.
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Paper #2 - RPV & CAB

The data presented in Chapter 3 are stored under title of “Paper #2 — RPV & CAB”. This
folder has 4 folders: Data, Figures, Literature, and Manuscript. The folder Data has 8 main
folders: 1. Characterization, 2. Release Kinetics Studies, 3. Drug Quantification in MDMs
-- HPLC data, 4. Imaging in MDMs -- Confocal data, Data for Bjoern, Data from Rahm
Lab (IC50s + Inhibition), FACS data, and PTT Updates. Folder 1-4 contains the raw data
and the corresponding data analysis. The folder PPT Updates contains summary of some
data analysis and meeting updates with Bjoern.

Paper #3 — Review - LC-MNPs

This folder has 2 folders: Manuscript and Figures. All of the drafts and figure files used to

write the review manuscript can be found in this folder.

Paper #4 — DSC and FL measurements in LC-MNPs

This folder has 3 folders: Data, Literature, and Manuscript. The folder Data has 5 main
folders: 1.DSC, 2. Colocalization, 3. Fluorescence Intensity Measurements, 4. UV-Vis, and
PPT Updates.

Qualification Exam

This folder has all of the drafts, figures & presentation documents for my second year
qualification exam.

Dissertation

This folder includes prospectus files, drafts, and figure files used in this dissertation.

Copyright of articles their figures used in this dissertation are provided in the Figure folder.
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Side Projects

This folder includes all the side projects | worked on during my period in the Reinhard
Lab. The data used in the manuscript by Fangda Xu et al. (ref 93 in this dissertation) and
Nourin Alsharif et al. (ref 227 in this dissertation) are included in this folder.

Raw Data

This folder has all the raw data for DLS and Microcopy | did in the Reinhard Lab,
Microcopy folder has 2 folders, one for Confocal Microscope and one for Inverted
Microscope. The data in these folders are archived by year.

Folder: 2. Presentation

This folder contains all of my presentations including: Group Meeting, Meeting with
Bjoern, and PCHEM Seminar. They are organized in different folders and archived by year.
Folder: 3. Conferences

This folder contains all the abstracts submitted to ACS, BU, CROI, and MRS conferences.
They are organized in different folders and archived by year.

Folder: 4. Order Forms

This folder contains all of the order forms submitted for the general lab supply (Lab
Orders), and orders for my personal projects (My Orders), and a folder contained order
forms submitted for Bjeorn (Bjoern Orders).

Folder: 5. Group Related Folders

This folder includes 3 folders: Website, Group Posters, and Nano Workshops. Each folder

contains the corresponding files and documents.
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