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Abstract

We have developed a nanocarrier consisting of large unilamellar vesicles (LUVs) for combined delivery of two
human immunodeficiency virus type 1 (HIV-1) entry inhibitors, enfuvirtide (ENF) and protoporphyrin IX
(PPIX). The intrinsic lipophilicity of ENF and PPIX, a fusion inhibitor and an attachment inhibitor, respectively,
leads to their spontaneous incorporation into the lipid bilayer of the LUVs nanocarrier. Both entry inhibitors
partition significantly towards LUVs composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and a 9:1 mixture of POPC:1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DPPE-PEG:000), representative of conventional and immune-evasive drug delivery formulations,
respectively. These co-localize in the core of lipid membranes. Dual-loaded nanocarriers are monodispersed
and retain the size distribution, membrane fluidity, and surface charge of the unloaded form. Combination of
the two entry inhibitors in the nanocarrier resulted in improved synergy against HIV-1 entry compared to
combination in free form, strongly when immune-evasive formulations are used. We propose that the improved
action of the entry inhibitors when loaded into the nanocarriers results from their slow release at the site of viral
entry. Overall, liposomes remain largely unexplored platforms for combination of viral entry inhibitors, with
potential for improvement of current antiretroviral therapy drug safety and application. Our work calls for a

reappraisal of the potential of entry inhibitors combinations and delivery for clinical use in antiretroviral therapy.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) entry into host immune cells results from the complex interplay
between the viral envelope glycoproteins (Env), cellular receptors and co-receptors, and lipid membranes.' Env,
a key player in this process, consists of a heterodimeric ensemble of gpl20 (peripheral) and gp4l
(transmembrane) protein homotrimers, non-covalently associated in heavily glycosylated metastable
complexes.? Both subunits participate in the multi-step entry process though with independent functions; gp120
mediates binding to CD4 receptors and docking to CCR5 or CXCR4 co-receptors, while gp41 inserts into target
cell lipid membranes, leading to conformational-dependent membrane approximation, lipid mixing and fusion.’
Entry inhibitors, one of the antiretroviral drug classes in clinical use against HIV-1, target early stages of
infection, prior to viral entry into cells.* The mechanism may consist in preventing efficacious virion attachment
to cells,’ either by inhibiting receptor or co-receptor docking,® or blocking the conformational transitions
required for membranes fusion.” New entry inhibitor drug candidates frequently fail during clinical trials®’ due
to high associated costs,'® undesirable side effects'' and suboptimal pharmacokinetic performance,'? namely
low solubility, short half-life, slow absorption and/or low bioavailability.

In principle, the pharmacokinetics and safety profiles of entry inhibitors would benefit from alternative drug
delivery and targeting strategies, using soft-matter nanocarrier devices. Recently, liposomes have been
suggested as potential scaffolds for nanocarriers of HIV-1 antiretrovirals,'® particularly for entry inhibitors
delivery." Current liposome technology has achieved highly stable formulations, such as immune-evasive
liposomes,'” capable of efficient delivery through blood and lymphatic circulation, while avoiding extensive
immune system-mediated elimination.'® Lipids can be fine-tuned and chemically modified to provide
compatible design-function relationships, tailored for stable loading, targeted delivery and stimuli-responsive
controlled release.'” Through this, liposomes can improve the efficacy and safety profiles of multiple drugs,
reducing clearance levels, off-target effects and toxicity. As a result, numerous liposome-based formulations
have obtained approval for clinical use, though few have been successfully designed for anti-HIV-1 therapy.'®
Despite the potential of liposomes as carriers for antiretroviral drug combinations, these remain largely
unexplored in the context of antiretroviral delivery and synergy.

Several Env-targeting entry inhibitors share a common high affinity towards lipid membranes. Entry inhibitor-
lipid membrane interactions are well described in the literature and correlate with entry inhibitors efficacy.'**
Enfuvirtide (ENF), a fusion inhibitor peptide,” and protoporphyrin IX (PPIX), a small molecule targeting the
Env V3 loop-CD4 binding,** are known for their ability to extensively interact with zwitterionic lipid
membranes.'*?* To take advantage of this property, we opted for incorporation within liposomes membranes
instead of a common encapsulation strategy, such as the one described for antimicrobial amphotericin B-loaded
liposomes (AmBisome™).”* This provides fundamental advantages for PPIX solubility, which is low in polar
solvents but high in organic amphipathic solvents such as DMSO. Additionally, the ENF a-helix interfacial
hydrophobicity associated with membrane adsorption and partition is also a determinant of gp41 binding,

modulated by peptide secondary structure content in both environments.'*** Further advantages were found in



applying immune-evasive liposomes compositions, exposing hydrophilic coatings from PEG-derivatized lipids,
as an alternative to conventional bare liposomes.”> While conventional liposomes are susceptible to protein
opsonization and subsequent systemic elimination, immune-evasive PEG-coated liposomes are expected to
prolong circulation times, protecting membrane associated cargo.’*?’ In the present work, we explore how these
clinically-relevant entry inhibitors can be loaded into liposome nanocarriers, either independently or in
combination, with a focus on dual-delivery and synergistic HIV-1 entry inhibition. Considering that ENF is

28,29

approved for antiretroviral therapy and PPIX has multiple applications in the clinic, our proposed

nanocarrier represents a promising proof-of-concept for improved therapeutic entry inhibitors drug delivery.

Results and Discussion

ENF and PPIX have synergistic activity against HIV-1 entry

The effectiveness of drugs combinations used in antiretroviral therapy regimens are dependent on advantageous
drug-drug interactions, i.e. synergy.’’*! ENF targets the gp41 pre-fusion conformation and prevents the
conformational transitions required for viral fusion pore formation.” On the other hand, PPIX is known to bind
to gp120 domains relevant for CD4 recognition, but its mode of action is not yet fully understood.**** For
instance, PPIX photodynamic properties do not correlate with increased HIV-1 inactivation,* as observed for
other viruses.?* Therefore, we first questioned if ENF and PPIX act on different steps of the viral entry, thus not
competing for the same target. For this purpose, we studied the efficacy of each entry inhibitor against HIV-1
laboratory-adapted strain NL4-3 (HIV-1nr43) entry into TZM-bl cells, at different moments of the viral entry
process, by varying the time of entry inhibitors addition in vitro (Fig. S2 and 1, A). Both entry inhibitors were
most effective when pre-incubated or added simultaneously with HIV-1np4.3 to cells. Pre-incubation of HIV-
Ints-3 viruses with either ENF or PPIX, for 1 h, did not improve virus inactivation when compared to
simultaneous addition. ENF showed a gradual decrease in effectiveness when added 1 h or later after virus
addition, becoming totally ineffective when added 3 h post-infection. PPIX was totally ineffective when added
1 h or later post-infection, such as observed with the attachment inhibitor dextran sulfate (DEX). Our results
are consistent with PPIX acting upon the initial Env gp120-CD4 recognition, whereas ENF blocks the gp41-
mediated fusion, which occurs afterwards. PPIX antiretroviral properties were not dependent on
photoactivation, as suggested in previous studies.** This is favorable for our liposomal nanocarrier system, since
porphyrin photoactivation is known to disrupt lipid bilayer structures. PPIX applications, as well as metal
derivatives, may also have potential for viral co-infection treatment since they show antiviral properties against

Dengue, Yellow Fever and Vesicular Stomatitis viruses, with complementary modes-of-action.***
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Figure 1 — In vitro evaluation of ENF and PPIX time-of-action and efficacy against HIV-1 entry. (A) Effect
of time-of-inhibitor-addition on ENF (1 uM), PPIX (25 uM) and DEX (0.5 uM) efficacy against HIV-1nr4:3
entry into TZM-bl cells. TZM-bl cells were treated with each entry inhibitor at -1 h, 0 h, +1 h, +2 hor +3 h
relatively to the moment of HIV-1ni4.3 virus addition (100 TCIDso). The presented % of infection inhibition
values were taken from the respective dose-response curves, at the maximum entry inhibitors concentration
tested (Fig. S2). (B) Dose-response curves of ENF, PPIX, and ENF:PPIX (1:25) combination against HIV-1nga-
3 entry into TZM-bl cells. entry inhibitors were added simultaneously with HIV-1x14.3 (100 TCIDso) to TZM-bl
cells. Viral infectivity was quantified 48 h post-infection through luciferase reporter-enzyme activity and
converted to viral inhibition using Eq. 4 and 5. Results correspond to the average of three independent

experiments.

Since virus attachment and fusion are sequential steps of the HIV entry mechanism, associated with different

3637 we further tested if ENF and PPIX have synergistic activity against HIV-1Inia; entry,

target glycoproteins,
when combined in aqueous solution. Thus, we compared the efficacy of each entry inhibitor separately to the
efficacy of a ENF:PPIX (1:25) combination, simultaneously added with viruses to cells in vitro (Fig. 1, B). Cell
culture viability in the presence of each entry inhibitor and combinations was assessed, in parallel. Entry
inhibitors combination lowered the ICso of ENF from 65.8 nM to 21.3 nM and of PPIX from 987.8 nM to 531.4
nM (Table 1). Both ENF and PPIX were non-cytotoxic under the same assay conditions (Fig. S3). In order to
understand if the observed effect was the result of synergy, we performed a combined comparative and
quantitative analysis of the combination dose-response data (Fig. S4). Both the Bliss Independence and the
Loewe Additivity models were used as reference for the comparative analysis. These models make use of the
individual performance of each entry inhibitor to predict the additive efficacy of their combination,
independently of any synergistic effects. Because their assumptions differ, the models provide complementing
thresholds for comparison with the experimental data in order to evaluate synergy (Supporting Information,
Section 1). The median-effects plot for the ENF:PPIX combination overlapped with the Bliss Independence
model and showed a relative positive inflection at high concentrations when compared to the Loewe Additivity
model, suggesting low-moderate synergism (Fig. S4, A). Since both ENF and PPIX act upon the Env complex,

at the level of viral entry, their combined effect was not expected to overcome the predicted Bliss effect.®'*



Combination index (CI) values, determined through the Chou-Talalay quantitative method, also suggest entry
inhibitors synergism at concentrations above the 1Cso, as demonstrated by CI values below 1 (Fig. S4, B). In
both analysis, synergism was dose dependent, i.e. evident at entry inhibitors concentrations inducing more
potent inhibition.

According to the literature, ENF shows higher synergy with maraviroc (MVC) and AMD3100, respectively,
CCRS5 and CXCR4 antagonist entry inhibitors, compared to PPIX.*!'*¢ Even though both compounds inhibit the
HIV-1 entry, neither MVC nor AMD3100 act on the viral Env complex. These bind to endogenous cell co-

receptors,”"‘o

which may contribute to the apparent differences in synergistic potential relative to PPIX.
Nonetheless, PPIX can broadly impact HIV-1 CD4 attachment independently of viral co-receptor tropism, while
MVC and AMD3100 application is specific towards R5 or X4 viruses, respectively, in independent stages of
systemic infection. It is also relevant to consider potential differences resulting from the combination of

molecular ratios between the respective entry inhibitors.

Table 1 — ICso of ENF and PPIX alone and in combination against HIV-1nr4.3 entry in vitro. In the case of
combined administration of ENF:PPIX, the columns ENF and PPIX pertain to the concentration of the

component in the mixture.

. ICso (£ SD nM)
Formulation
ENF PPIX

aqueous solution 65.8 (x6.9) 987.8 (x105.9)

individual POPC? 81.2 (£15.4) 1422 (£275.9)

POPC:DPPE-PEGag00 (9:1)* 27.2(£5.3) 484.0 (+41.8)
. aqueous solution 21.3 (£3.3) 531.4 (£141.9)

combined POPC? 19.7 (#3.8)  491.8 (+94.8)

ENF:PPIX (1:25
) POPC:DPPE-PEGao0 (9:1) 104 (£1.3)  259.0 (£16.7)

# Lipid concentration was 500 pM.

ENF and PPIX co-partition into the core of lipid bilayers in liposomes

ENF shows high affinity towards 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)," an approved
lipid for clinical use." We questioned whether PPIX would have similar behavior, establishing POPC as a
possible lipid scaffold for dual-loading of ENF and PPIX. Using the intrinsic fluorescence emission of both
entry inhibitors, we monitored partition towards POPC LUVs membranes (Fig. 2, A and B). In addition, an
immune-evasive formulation composed of a 9:1 mixture of POPC and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DPPE-PEG2o0) was also studied. PPIX shows
considerable partition towards POPC and POPC:DPPE-PEGyp0 LUVs membranes, as portrayed by the
respective partition constants (K,) values of 3.07 x 10° and 3.98 x 10° (Table 2). ENF also partitions towards
LUVs membranes with both lipid compositions, with K}, values of 1.18 x 10° and 0.92 x 10°, respectively (Table
2). According to the entry inhibitor time-resolved fluorescence emission profiles, the partition equilibrium is

reached within 10 min for both ENF and PPIX upon addition of LUVs (Fig. S5). The high order of magnitude



of the K, values associated with each entry inhibitor suggest that the partition equilibrium will be substantially
shifted towards membrane incorporation and accumulation. PEG-coated liposomes had already been suggested
as suitable carriers for lipophilic porphyrins since these seem to be stabilized by the polymer coating.** Even
though the PEG mesh coating prevents protein adhesion to the membrane surface, it still allows penetration of
small molecules and peptides. As the system depends on entry inhibitors partition towards lipid membranes for
effective loading, it also depends on the impact of environmental factors on the partition equilibrium for release

from the membrane at the site of action,**

such as the equilibrium shifts due to entry inhibitors incorporation
into cell membranes, or liposome internalization or degradation. Since these compounds accumulate in the outer
leaflet of the liposomes lipid bilayer, they are released to the extracellular space even in the event of liposome

fusion with cells plasma membrane, becoming bioavailable near their site of action.
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Figure 2 — Biophysical characterization of ENF and PPIX interaction with LUVs membranes. (A and B)
Partition of ENF (A) and PPIX (B) towards POPC and POPC:DPPE-PEGao0 (9:1) LUVs membranes. Partition
profiles of ENF and PPIX (10 uM) were followed by Trp or intrinsic fluorescence emission, respectively, at
increasing lipid concentrations. Lines correspond to the best fit of Eq. 1 to the experimental data. Results
correspond to one of three independent replicates. (C and D) Intra-membrane depth localization of ENF and
PPIX (10 pM) within POPC (C) and POPC:DPPE-PEGao0 (9:1) (D) LUVs membranes. Lipid bilayer
penetration depth histograms of fluorophores were estimated through differential fluorescence emission
quenching with lipophilic 5-NS and 16-NS (Fig. S6), in the presence of liposomes (3 mM). Results correspond
one of three independent replicates. (E) Co-localization of ENF and PPIX in aqueous solution and within POPC
and POPC:DPPE-PEGzp0 (9:1) LUVs membranes. FRET efficiency between ENF and PPIX was quantified



through Trp fluorescence emission, in the absence or presence of LUVs (200 uM), using Eq. 3. Results

correspond to the average of three independent experiments. *** — P < 0.001.

Table 2 — K, of ENF and PPIX towards LUVs membranes

K, x 10° (SD)
Formulation ENF PPIX
POPC 1.18 (£0.09) 3.07 (£0.57)
POPC:DPPE-PEG200 (9:1) 0.92 (£0.19) 3.98 (£0.03)

Although both entry inhibitors partition towards the studied LUVs, they may compete for loading space in the
membrane, reducing the transportation effectiveness of the entry inhibitor-LUV (EI-LUV) nanocarrier system.
We probed the entry inhibitors penetration depth into POPC and POPC:DPPE-PEGa¢ lipid bilayers in LUVs
through a differential entry inhibitors fluorescence emission quenching approach. Lipophilic quenchers 5-doxyl
stearic acid (5-NS) and 16-doxyl stearic acid (16-NS) located at the bilayer interface and center regions,
respectively, were used to estimate the respective entry inhibitors intra-membrane depth localization (Fig. 2, C
and D; Fig. S6). ENF tryptophan residues (Trp) were found to locate closer to the bilayer interface, at 12.8 and
9.6 A from the bilayer center in POPC and POPC:DPPE-PEGa00 LUVs, respectively. This is a trend followed

2045 and is in agreement with previous reports in the literature."

by other gp120-derived fusion inhibitor peptides
Since ENF Trp are located closer to the C-terminus, the peptide may assume a slightly tilted inserted position
as predicted for other membrane-active peptides.*® PPIX was predicted to be buried within membranes, at
approximately 4.8 and 4.0 A from the bilayer center in POPC and POPC:DPPE-PEGao0 LUV, respectively.
Quenching by the 5-NS quencher was undetectable in this case (Fig. S6). PPIX is expected to fully insert within
highly hydrophobic environments,* orienting its carboxyl groups towards the lipid polar heads. Thus, ENF and
PPIX insert in lipid bilayers but have minimal overlap, therefore being potentially competent for simultaneous
loading into LUVs, independently of the PEG coating.

To evaluate if both entry inhibitors can indeed be simultaneously loaded into LUVs, we monitored ENF and
PPIX co-localization within membranes using a Forster Resonance Energy Transfer (FRET)-based fluorescence
spectroscopy approach (Fig. 2, E). FRET efficiency correlates with the proximity between donor and acceptor
fluorophores. The FRET efficiency between entry inhibitors in aqueous solution was 0.17, which we assign to
a basal level of PPIX aggregation,” facilitating contact between donor and acceptor fluorophores. When
incubated with either POPC or POPC:DPPE-PEG2o00 LUVs, the FRET efficiency increased to 0.49 and 0.41,
respectively. Such an increase in FRET efficiency suggests that the distance between ENF and PPIX is reduced
as a result of co-partitioning towards the same membranes. This further supports the compatibility of both
conventional and immune-evasive LUVs formulations for entry inhibitors dual-loading and respective

antiretroviral applications.

EI-LUV nanocarriers are stable in solution



The pharmacokinetic advantages of liposomes for nanocarrier drug delivery applications rely on colloidal
stability, especially if the therapeutic molecules are loaded at the membrane-level,*® which is the case in this
study. Most clinically approved liposomes formulations have diameters between 50 and 300 nm. We opted for
POPC LUVs extruded through polycarbonate membrane filters with 100 nm pore size, which are suitable for in
vivo applications; they evade the mononuclear phagocyte system and maximize entry inhibitors partition.*
Depending on the affinity towards the lipid phase and respective chemistry, small molecules and peptides may
induce LUVs aggregation, lipid mixing and/or disruption, which are undesireable for drug delivery
applications.’®' LUVs average hydrodynamic diameter (D), polydispersity index (PDI) and {-potential were
quantified through dynamic light scattering (DLS) and used as a measure of stability (Fig. 3, A-C; Fig. S7).
Unloaded POPC and POPC:DPPE-PEG200 (9:1) LUVs were monodispersed (PDI~0.1) and zwitterionic, with
a Dy between 110 and 130 nm, respectively. Both entry inhibitors were combined with LUVs at concentrations
relevant for in vifro experimentation, generating single- or dual-loaded EI-LUV nanocarriers. ENF single-
loading into LUV's membranes did not significantly change their biophysical properties of size and charge (Fig.
S7). In contrast, upon PPIX single-loading, LUV of both lipid compositions showed a slight increase in Dpy,
without significant impact on the intensity-averaged size distribution (Fig. S6). This was complemented by an
increase in PDI and decrease in {-potential of PPIX-loaded EI-LUV. The PEG coating of immune-evasive LUVs
prevented the PPIX-associated decrease in {-potential. When both entry inhibitors were combined in LUVs,
their biophysical properties, as size and charge, were predominantly affected by PPIX, as expected from
independent experiments with each entry inhibitor (Fig. 3, A-C). In all cases, LUVs maintained PDI values
below 0.3, which is within acceptable values for monodisperse systems.” It is relevant to acknowledge that
entry inhibitors did not disrupt the LUVs membrane integrity, even at relevant inhibitory concentrations.
Importantly, system stability seems to depend on a balance between the entry inhibitor/lipid ratio which can be
easily regulated by increasing/decreasing one of these components (Fig. 3 and S7). ENF, for instance, was
predicted to saturate in POPC membranes at a 1/50 peptide/lipid ratio,* with negligible effect on membrane

stability. Such observations are encouraging for further applications in more challenging in vivo environments.
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Figure 3 - Effect of entry inhibitors dual-loading on zwitterionic (POPC, POPC:DPPE-PEG2p0 or
DMPC) lipid vesicles properties and colloidal stability. (A) Representative intensity-averaged size
distribution histograms of POPC (top) or POPC:DPPE-PEG20 (9:1) (bottom) LUVs (500 uM) dual-loaded
with PPIX (25 uM) and ENF (1 uM). Unloaded LUVs are presented as a control. (B and C) Dy, PDI (left) and
{-potential (right) of dual-loaded POPC (B) and POPC:DPPE-PEG:000 (9:1) (C) EI-LUV (500 uM). LUVs were
loaded with ENF:PPIX (1:25) combination, at increasing entry inhibitors concentrations. Results correspond to
the average of at least three independent experiments. (D) DSC profiles of DMPC multilamellar vesicles (1
mg/mL) single-loaded with ENF and dual-loaded with both ENF and PPIX. ENF and PPIX were incubated with
multilamellar vesicles at 1/50 and 1/10 molar ratios relatively to the final lipid concentration, respectively.
Unloaded multilamellar vesicles are presented as a control. Results correspond to one of two independent

replicates.

Assessing the effect of the addition of ENF and PPIX on the membrane fluidity is also important, as it can
influence liposomes deformability and tissue penetration.’** To further complement our analysis, we
questioned whether entry inhibitors incorporation into lipid membranes would have an impact on the lipid
membrane phase behavior. Differential scanning calorimetry (DSC) was used to quantify lipid phase transition
temperature variations (Fig. 3, D); 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) membranes were
used, due to the technical limitations associated to the low 7, of POPC membranes (~ -2°C). DMPC
multilamellar vesicles have a Ty of 15.1 °C and Tr, of 24.6 °C (Table 3). Addition of ENF alone led to a large
modification of the transition peaks. The pre-transition is dampened, almost disappearing. The main transition
is also strongly affected, with a large broadening of the peak and a decrease in transition enthalpy, suggesting
efficient insertion of ENF in the bilayer, as reported for POPC. Splitting of the transition peak is likely due to
lateral segregation in the bilayer. The broad transition peak can be deconvoluted into two components. The low

temperature component (Tmi = 23.6 °C; slight stabilization of the fluid phase) contributing for 16 % of the total



transition enthalpy corresponds to regions where DMPC is little affected by the presence of ENF. The high
temperature component (Tm2 = 27.1 °C) corresponds to regions where ENF is enriched and strongly affects
DMPC, with a tendency to destabilize the fluid phase. When ENF and PPIX were combined, the transition peak
is similarly affected. This suggests that both entry inhibitors interact with the surface and the core of the
membrane and lead to membrane fluidification in contrast to ENF alone. The ENF:PPIX molar ratio was
adjusted to 1:5 in this case to avoid excessive DMSO concentrations in samples, which could impact the
integrity and stability of liposomes.*>® Altogether, ENF and PPIX insert in the bilayer of DMPC multilamellar
vesicles and lead to lateral segregation in the bilayer. In the presence of PPIX, the more rigid region is slightly
less stabilized than with ENF alone. It should be stressed that although ENF slightly destabilizes the fluid phase,
other studies showed that it has higher affinity towards fluid phase membranes and may benefit from dual-

loading with PPIX."

Table 3 — Effect of ENF and PPIX on the thermodynamic parameters of DMPC multilamellar vesicles

membranes (average £ SD, n=2)

Twi °C)  AHmi (kJ.mol?) T2 (°C)  AHmz (kJ.mol™)
DMPC 24.6 (£0.1) 29.1 (£2.0) n.a. n.a.
DMPC:ENF (50:1) 23.6 (£0.02) 2.7 (£2.0) 27.1 (£0.2) 14.1 (£1.0)
DMPC:ENF:PPIX (50:1:5) 23.8 (£0.3) 2.3 (£2.0) 26.3 (£0.7) 21.0 (+4.0)
n.a. — non-applicable

Combination of entry inhibitors within lipid bilayers of LUVs enhances synergistic activity

Anti-retroviral therapy regimens benefit from drug co-administration in single formulations. Such is evidenced
by approved multi-class combination products, integrating up to three different antiretrovirals for single
administration.”” Previous studies have suggested that HIV-1 antiretrovirals combination in liposomal
formulations is suitable for improved delivery of synergistic inhibitor classes towards CD4" T-cells.”™ Based on
our previous observations, ENF and PPIX are potentially synergistic and compatible for simultaneous loading
within LUVs membranes. We then compared the efficacy of single- and dual-loaded EI-LUV nanocarriers
against HIV-1nr43 entry in vitro, using conventional and immune-evasive formulations (Fig. 4). Single entry
inhibitor and ENF:PPIX (1:25) combination were pre-loaded into LUV and simultaneously added with viruses
to TZM-bl cells. To discard any background effects of LUVs on cell viability or HIV-1np43 infectivity, we
performed control experiments in the presence of LUVs (Fig. S3; Fig. S8). Single-loaded POPC LUVs had
lower efficacy compared to the free entry inhibitors, while the opposite was observed for entry inhibitors loaded
in POPC:DPPE-PEGa2000 (9:1) LUVs (Table 1). In addition, dual-loaded EI-LUV were more potent than single-
loaded ones, independently of the lipid composition, resulting in a characteristic dose-response curve shift. To
further evaluate entry inhibitors synergy in dual-loaded EI-LUV systems we applied the comparative and
quantitative approaches mentioned above (Fig. 5). The median-effects plots for dual-loaded EI-LUV composed

of POPC overlapped with the Bliss Independence model, as previously observed for free entry inhibitors
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combination (Fig. 5, A). POPC:DPPE-PEG2o00 EI-LUV showed higher efficacy than predicted by both the
Loewe’s Additivity and Bliss Independence models (Fig. 5, B). Deviation towards synergy from the Bliss
prediction was observed at entry inhibitors concentrations above the ICso. CI values were also lower for
POPC:DPPE-PEG20 EI-LUV systems when compared to POPC EI-LUV and free entry inhibitors, suggesting
remarkable improvement in synergy, especially at concentrations above the ICso (Fig. 5, C). Values of CI for f;
< 0.5 should be discarded as error amplification due to poor noise/signal ratios make CI unreliable in this

condition.>
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Figure 4 — Efficacy of single- and dual-loaded EI-LUV nanocarriers on HIV-1 entry in vitro. Dose-
response curves of ENF, PPIX and ENF:PPIX (1:25) combination loaded within POPC (A and B) and
POPC:DPPE-PEG200 (9:1) (C and D) LUVs membranes (500 uM) against HIV-1x14.3 entry into TZM-bl cells.
Single- and dual-loaded EI-LUV were added simultaneously with HIV-1x143 (100 TCIDso) to TZM-bl cells.
Viral infectivity was quantified 48 h post-infection through luciferase reporter-enzyme activity and converted

to viral inhibition using Eq. 6 and 7. Results correspond to the average of three independent experiments.
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Figure 5 — Comparative and quantitative synergy analysis of ENF and PPIX combination in EI-LUV
nanocarriers. (A and B) Median-effects plots of ENF:PPIX (1:25) combination loaded within POPC (A) and
POPC:DPPE-PEG200 (9:1) (B) LUVs membranes against HIV-1n14-3 entry in vitro, compared to the predicted
Bliss Independence and Loewe’s Additivity models. Models predictions were determined through Eq. 9 and 10.
Effects that exceeded the predicted models are considered as synergistic. Results correspond to the average of
three independent replicates. (C) Chou-Talalay quantitative CI analysis of ENF:PPIX (1:25) combinations in
aqueous solution and loaded within LUV's membranes. CI values were determined through Eq. 11. Combination
CI values below the unit (dashed line) are evidence of synergy. Results correspond to one of three independent

replications.

Since entry inhibitor act extracellularly and are incorporated within lipid membranes, one cannot exclude that
slowed release and/or slowed cell-mediated clearance, hallmarks of PEG-coated liposomes, are on the basis of
the observed improved dose reduction. An analogous improvement in synergy was reported for antiretroviral
MV C-etravirine dual-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles.** MVC-etravirine efficacy,
moderately synergistic in aqueous solution, exceeded the predictions of the Bliss model when combined in
nanoparticles. An independent study combining nevirapine and saquinavir antiretrovirals within PEG-coated
eggPC:Chol:DSPE-PEG liposomes lumen, reported an improvement in efficacy compared to combination in
the absence of liposomes.*® Despite the lack of a more detailed synergy analysis in this case, the authors showed
clear evidence of combination dose reduction through targeted delivery to CD4 expressing cells.

The mechanism behind the reported synergy and dose reduction enhancement provided by liposomes remains
unclear. Other authors have suggested that this may correlate with drug formulations and intracellular trafficking
mediated by the delivery vehicles,” which was also proposed for anticancer drug combinations in nanosized
delivery systems.®"*? Since HIV-1 entry inhibitors act at the extracellular level, such hypothesis is not valid to
explain EI-LUV efficacy. Lower synergy with experimental data being described by the Bliss model suggests

that ENF and PPIX act by independent and uncorrelated mechanisms in the absence of a LUV or in the presence
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of POPC LUV. The key for synergy is associated to the carrier, which calls for revisiting the importance of
nanocarrier transporters as synergy enhancers in combined therapies. It is plausible that cell membranes and
viral proteins compete for entry inhibitors shifting its partition equilibrium towards release in extracellular sites
relevant for the mode of action. PEG coatings, which prevent protein opsonization, may also contribute towards
this end. Future studies using in vivo infection models are required to further characterize the role of liposomes

in entry inhibitors synergy of clinical importance.

Conclusion

Entry inhibitors are underused despite their therapeutic potential due to suboptimal pharmacological properties.
We have developed a liposome delivery system combining two clinically relevant entry inhibitors, ENF and
PPIX, never tested before for synergy against HIV-1. This combination takes advantage of the complementary
lipid interaction shared by the entry inhibitors to efficiently co-load both compounds in a single liposomal
carrier. This approach has potential application to entry inhibitor lipopeptides (peptides conjugated to a
hydrophobic moiety) which are highly lipophilic and can become tightly anchored to lipid membranes, exposing
the entry inhibitor peptide domain through a flexible linker.*** Our results show that immune-evasive
POPC:DPPE-PEG200 (9:1) LUVs (average Dy of 120 nm) are suitable alternatives to conventional liposomes,
significantly enhancing entry inhibitors synergy compared to the combination in free aqueous form, bringing
new hope to a refreshed more complete use of entry inhibitors in the clinics. Future studies will focus on
evaluating the in vivo performance of the dual-loaded nanocarrier system compared to the entry inhibitors

combination in free form, exploring the viability of intravenous and intramuscular administration routes.'®

Materials and Methods

Chemicals and reagents

ENF and HIV-1np43 molecular clone (pNL4-3) were provided by the NIH AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH (Bethesda, MD, USA). PPIX was purchased from Frontier
Scientific (Logan, UT, USA) or Sigma-Aldrich (St. Louis, MO, USA). DEX (MW=8500 Da), 5-NS, 16-NS,
and CaCl, were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES), NaCl, Na;HPOs, tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl),
ethylenedinitrilotetraacetic acid (EDTA), dimethyl sulfoxide (DMSO), ethanol, and chloroform (the last three
with spectroscopic grade) were purchased from Merck (Darmstadt, Germany). Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS) and penicillin-streptomycin (Pen-Strep) were obtained from Gibco
(Thermo-Fisher, Waltham, MA, USA). The Luc-Screen® luciferase detection system was obtained from
Applied Biosystems (Thermo-Fisher). Lipids POPC, DPPE-PEGa000, and DMPC were purchased from Avanti
(Alabaster, AL, USA). AlamarBlue® reagent was purchased from Invitrogen (Thermo-Fisher).
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Cells and virus culture

Human embryonic kidney 293T (HEK293T) and TZM-bl cell lines were purchased from ATCC (Manassas,
VA, USA). Cells were cultured in DMEM supplemented with 10% (v/v) FBS and 100 U/mL Pen-Strep
(complete medium), and incubated at 37 °C, in a 5% CO» atmosphere. These conditions were applied to all cell
culture incubation periods.

Recombinant HIV-1Inp43 viruses were produced in HEK293T cell cultures transfected with the pNL4-3
infectious clone through the calcium phosphate co-precipitation method.**” HEK293T cells were seeded at
5x10° cells/well in tissue culture-treated 6-well microplates from TPP (Trasadingen, Switzerland), and
incubated for 24 h. To prepare calcium-phosphate-DNA transfection mixtures, pNL4-3 DNA (3.5 pg/well) was
initially diluted in 1 mM Tris-HCI, 0.1 mM EDTA, 250 mM CaCl,, pH 7.6 and then added, drop by drop, to an
equal volume of 50 mM HEPES, 280 mM NaCl, 1.5 mM Na,HPO4, pH 7.05, under gentle agitation.
Transfection mixtures were allowed to incubate at room temperature, for 20 min, before addition to cells. After
18 h, transfection mixtures were replaced with fresh complete medium. Viral supernatants were collected 48 h
post-transfection, centrifuged at 315 g for 5 min to remove cell debris, and stored at -80 °C until used.

Viral supernatants harvested from pNL4-3-transfected HEK293T cells were titered through the Reed-Muench
method,”® based on HIV-1y143 infectivity against TZM-bl cell cultures. TZM-bl cells were seeded at 2x10*
cells/well in tissue culture-treated 96-well microplates from Corning (Corning, NY, USA), and incubated for
24 h. Cells were then incubated with serial dilutions (2-fold) of viral supernatants for 3 h, after which the
supernatant was replaced with fresh complete medium. After 45 h, TZM-bl cell infection was quantified through
luciferase reporter-gene expression levels, under the control of an HIV-1 TAT-dependent LTR promoter,”
using the Luc-Screen® luciferase chemiluminescence detection system. Luminescence was measured in an
Infinite M200 microplate reader from Tecan (Ménnedorf, Switzerland). Cells were considered to be infected if
the respective luminescence intensity, L, was 5-fold higher compared to the intensity from control cells, in the
absence of viruses. Titration was performed with at least four replicates to allow accurate estimation of HIVnr4-

3 50% tissue culture infectious dose (TCIDso) of viral supernatants.

Entry inhibitors and liposomes samples preparation

Lyophilized ENF was dissolved in 10 mM HEPES, 150 mM NaCl, pH 7.4 (sample buffer) to final
concentrations of 1 mg/mL, sonicated in an ultrasonic bath for 10 min, and stored at -20 °C. PPIX was dissolved
in 100% DMSO to final concentrations of 1 mg/mL, and stored at -20 °C. ENF and PPIX stock solutions were
diluted to final working concentrations in sample buffer for biophysical experiments and in complete media for
in vitro HIV-1n143 inhibition experiments. DMSO content was kept below 0.5% (v/v) in the presence of cells
to prevent cell death and below 2% (v/v) in all other experiments.

Liposome suspensions were prepared as described elsewhere.”” Lipid formulations were first dissolved with
chloroform in a round-bottom flask. Then, a thin film was formed by solvent evaporation and lipid drying under
a stream of nitrogen and then in vacuum, overnight. Rehydration with sample buffer and a series of 8-10

freeze/thaw cycles yielded a multilamellar vesicles suspension. LUVs with the desired diameter were obtained
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from extrusion of the multilamellar vesicles through a 100 nm pore Nucleopore polycarbonate membrane
purchased from Whatman/GE Healthcare (Kent, United Kingdom). Extrusion was performed in a LiposoFast-
Basic plus Stabilizer setup from Avestin (Mannheim, Germany). POPC, DMPC, and POPC:DPPE-PEG:000

(9:1) liposome formulations were prepared.

Fluorescence spectroscopy studies

Fluorescence spectroscopy measurements were carried out in a FLLS920 spectrofluorometer from Edinburgh
Instruments (Livingston, UK). All measurements were performed at 25 °C.

Lipid membrane partition experiments were performed by successive additions of LUVs (15 mM) aliquots to
ENF or PPIX solutions (10 uM), covering final lipid concentrations between 0 and 5 mM. A 10 min incubation
period was allowed between each lipid addition. The extent of partition to lipid membranes was followed by
entry inhibitors steady-state fluorescence emission intensity, measured at each lipid concentration. Excitation
wavelengths (Aexc) used were 280 nm for ENF Trp and 397 nm for PPIX. Excitation slits were 3 and 1 nm for
ENF and PPIX, respectively. Emission slits were 10 nm. Fluorescence intensity was corrected for dilution,
background and light scattering.”’ K, values were determined from non-linear regression fit of equation 1 to

experimental data:**"?

I 1 +prL[]—\;[L] 0
Iy Kyy, [L]
in which Iw and /. are the integrated fluorescence emission intensities in aqueous solution and in lipid,
respectively, v is the lipid molar volume and [L] the lipid concentration. The kinetics of entry inhibitor partition
towards lipid membranes were assessed through a time-resolved fluorescence approach. PPIX and ENF (10
uM) fluorescence emission intensity was monitored for 1 min prior to the addition of POPC and POPC:DPPE-
PEGa000 (9:1) LUVs (5 mM), and for 10 minutes afterwards. Emission wavelengths (Aemi) were fixed at 335 nm
for ENF Trp and 635 nm for PPIX. Intensity values were corrected for background and dilution.
Entry inhibitors intra-membrane depth determination experiments were performed by successive additions of
either 5-NS or 16-NS lipophilic quenchers dissolved in ethanol to ENF or PPIX (10 uM) samples in the presence
of LUVs (3 mM). Ethanol content was kept below 2% (v/v). A 10 min incubation period was allowed between
each addition. The extent of fluorescence quenching by 5-NS and 16-NS, which correlates with the extent of
membrane penetration, was followed by entry inhibitors steady-state fluorescence emission intensity, measured
for each quencher concentration using the same experimental conditions as described for partition experiments.
Quenching data was analyzed through linear regression with the Stern-Volmer relationship:”

Iy

7 1+ Ksv[Q], 2

in which, Iy and 7 correspond to the integrated fluorescence emission intensities in the absence and presence of
quencher, respectively, Ksv is the Stern-Volmer constant and [Q]c is the effective molar concentration of

quencher in the LUV membrane itself. [Q]. was calculated from the K, values of both quenchers towards fluid-
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phase lipid bilayers.”* Intra-membrane fluorophore depth localization profiles were estimated as described
elsewhere.”

Entry inhibitors co-localization in LUVs membranes (dual-loading) was assessed by FRET between ENF Trp
(donor) and PPIX (acceptor). ENF and PPIX (10 uM) were co-incubated in sample buffer or in the presence of
LUVs (200 uM) for 10 min, before performing measurements. ENF Trp fluorescence emission spectra were
collected from 300 to 450 nm, using a Ac of 280 nm. Excitation and emission slits were 3 and 10 nm,
respectively. Fluorescence intensity was corrected for donor-acceptor shared excitation light.”” The FRET

efficiency between ENF and PPIX was quantified based on the following formalism:”?
Ip.
E=1——— 3)

in which /Ip.a and Ip correspond to the donor integrated fluorescence emission intensities in the presence and

absence of acceptor, respectively.

Dynamic light scattering

DLS experiments were carried out on a Zetasizer Nano ZS from Malvern (Worcestershire, UK) using
polystyrene folded capillary cells (DTS1070). All measurements were performed at 25 °C.

LUVs (500 uM) were pre-incubated with increasing concentrations of ENF, PPIX and ENF:PPIX (1:25)
combination for 15 min, at 25 °C, before initiating measurements. Entry inhibitors concentrations ranged from
0 to 25 uM for PPIX and 0 to 1 uM for ENF. LUVs average Dy and PDI were measured using DLS in particle
size analysis mode. Measurements consisted in a set of 10 individual runs (~16 scans), each corresponding to a
scattered intensity autocorrelation function. Normalized autocorrelation functions were analyzed using the
cumulants’® and CONTIN”""® methods, yielding the distribution of diffusion coefficients (D) in the sample.
This parameter was used for the calculation of the distribution-averaged Dy through the Stokes-Einstein-

Sutherland relationship:**

kT
3Dy

“4)

where, kp is the Boltzmann constant, T the absolute temperature, and n the medium viscosity. The average Dy
is mathematically equivalent to the Z-average. PDI values were calculated through the relationship PDI =
(Dx)*/(SD)?, in which the SD is the respective standard deviation.

LUVs surface charge density was measured using DLS in (-potential analysis mode (laser Doppler
electrophoresis). Samples were prepared as described for DLS particle size analysis. Measurements consisted
in a set of 10 individual runs (~100 scans), each corresponding to a value of electrophoretic mobility (L)
determined through phase analysis light scattering (PALS). Experiments were performed under a constant

applied voltage of 30 V. {-potential values were calculated through Henry’s equation:®'*

_ 2¢.60C F(xa)

M, 3n (5)
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where ¢ is the relative permittivity/dielectric constant, & is the permittivity of vacuum, F(ka) is the Henry
function and m) is the medium viscosity at the experimental temperature. The value of F(ia) was assumed to be

1.5 for aqueous media.

Differential scanning calorimetry

DSC experiments were performed on a NanoDSC calorimeter from TA Instruments (New Castle, DE, USA).
ENF (1 mM stock solution in PBS) was added to a suspension of DMPC multilamellar vesicles (1 mg/mL lipid
concentration; 1.47 mM) in PBS to peptide/lipid molar ratios of 1/50. In the case of ENF and PPIX combination,
ENF (1 mM stock solution in PBS) and PPIX (17.8 mM stock solution in DMSO) were added to the
multilamellar vesicles suspension to reach entry inhibitor/lipid ratio of 1/50 and 1/10, respectively, in order to
saturate the membranes with EI without compromising their integrity. Samples were scanned at 1°C/min
between 0°C and 50°C at least 3 series of alternated heating and cooling scans. Analysis and deconvolution

were performed using the NanoAnalyze software (TA Instruments), using a two-state model.

In vitro inhibition of HIV-1n14.3 infection

The inhibitory activity of ENF, PPIX and ENF:PPIX (1:25) combination (with and without LUVs) on HIV-
InLas entry into TZM-bl cells was evaluated as previously described.® TZM-bl cells were seeded at 2x10*
cells/well in tissue culture-treated 96-well microplates and incubated for 24 h. Cells were then incubated with
serial dilutions (2-fold) of either single entry inhibitor or combination and, simultaneously, with HIV-1nr4:3
viral supernatants (100 TCIDs¢/well) for 3 h, after which the infection mixture was replaced with fresh complete
medium. ENF, PPIX and ENF:PPIX (1:25) combination were allowed to pre-incubate with LUVs (500 uM) for
10 min, to allow efficient entry inhibitors loading into lipid membranes. For the time-of-inhibitor-addition
experiments, entry inhibitor serial dilutions were instead added to cells at -1 h, +1 h, +2 h or +3 h relatively to
the moment of infection with HIV-1xr4.3 viral supernatants. Untreated cells (in the absence of entry inhibitors)
were used as a control. After 45 h, TZM-bl cells infection was quantified through luciferase reporter-gene
expression levels using the Luc-Screen® chemiluminescence detection system. Luminescence, L, measurements
were performed in an Infinite M200 microplate reader. L values were analyzed through non-linear regression

with the classical dose-response relationship (median-effects model based on mass action):**

1
fm
a IC (6)
1+ ([E_i(]))
L
f=1- s (7

where, f, is the fraction of inhibited virues, ICs is the entry inhibitor concentration at 50% inhibition, m is a
slope parameter mathematically analogous to the Hill slope, [EI] is the entry inhibitor concentration, and Ly is
the luminescence intensity of infected cell cultures in the absence of entry inhibitors. For clarity, dose-response

curves were represented as percentage of inhibition vs log([EI]).
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Cytotoxicity studies

The cytotoxic effects of each entry inhibitor, respective combination and loaded LUVs on TZM-bl cell cultures
were assessed using a resazurin reduction fluorometric assay. Resazurin, the active compound in alamarBlue®,
is a blue dye that can be reduced to a pink fluorescent intermediate, resorufin, as a result of cell metabolic
activity.®> TZM-bl cells were seeded at 2x10* cells/well in tissue culture-treated 96-well microplates and
incubated for 24 h. Cells were then incubated with serial dilutions (2-fold) of single entry inhibitor or
combination, with and without addition of LUVs, for 3 h, after which the mixture was replaced with fresh
complete medium. Untreated cells (in the absence of entry inhibitors) were used as a control. After 42 h, media
was replaced with alamarBlue® reagent and incubated for an additional 3 h. Resazurin reduction was quantified
by resorufin fluorescent emission intensity, measured in an Infinite M200 microplate reader. Fluorescence
emission intensity was collected at 590 nm, using a fixed Aexc of 560 nm. Excitation and emission slits were 9

and 20 nm, respectively. Cell viability was calculated through the following formalism:

I EI © 1 background

% of viable cells = x100% (®)

control ~ Ibackground

where [g; corresponds to the resorufin fluorescence emission intensity in the presence of single entry inhibitors
or combination, /control to the fluorescence emission intensity in the absence of entry inhibitors and Zyackground tO

the background fluorescence emission from the non-reduced alamarBlue® reagent.

Synergy activity analysis

To characterize and quantify the extent of synergy on the activity of the ENF:PPIX (1:25) combination, a
comparison of experimental data with theoretical expectations from reference additivity models was performed.
For comparative analysis, dose-response data for single entry inhibitors and combination were plotted as
median-effects log(fa/fa) vs log([EIl/[El]max) graphs, in which f; and f; are the fraction of viruses affected and
unaffected by the entry inhibitors, respectively, and [EIJ/[El]max is the concentration of entry inhibitor
normalized to the maximum concentration used. Loewe Additivity*® and Bliss Independence®” models (with

variable slope) expectations were calculated using equations 9 and 10, respectively:*'

B [EI], N [EI],
- f l/m1 f l/m2 9)
ICSO < al-*—2> ICSO < al+2> (
: j{{11+2 2 jful+2
1 1
ful+2 - EIT1. \™ X EIl.\"2
1+([ ]1) 1+([ ]2) (10)
IC501 IC502

ICso and m correspond to the entry inhibitor concentration at 50% effect and slope parameter, respectively.
Subscripts 1 and 2 refer to each entry inhibitor separately and 1+2 to the combination of both. A detailed
description of mathematical development of each model and their physical meaning in molecular terms is

provided in section 1 of the supporting information. These models serve to set thresholds that separate synergy
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from antagonism based on their individual performances. The Loewe Additivity model assumes that two
inhibitors, acting independently, without interfering with each other, will have separate effects which add to
produce the final effect, while the Bliss model is probabilistic: if drugs are independent from each other, then
the probability of finding unaffected targets in the mixture is the product of finding unaffected targets when
using each of the inhibitors alone. Entry inhibitors combination antiretroviral efficacy was considered to be
synergistic if the experimental log(f,/fs) was higher than the effect predicted by at least one of the models.”!

In addition to the models above, for direct quantitative analysis, the CI was calculated for the entry inhibitors
combination according to the Chou-Talalay method:®®

I= ﬂ + @ (11)
[ET], [EI],

in which [EI]; and [EI];’ correspond to the concentrations of entry inhibitors; (i=1 or 2) alone or in combination,
respectively, capable of inducing the same inhibitory effect. CI values were determined for the 50 to 80 %
inhibition range, since synergy at high effect levels is more therapeutically relevant for infectious diseases.”

CI>1 indicates antagonism, CI=1 indicates additivity and CI<1 indicates synergy.
Statistical analysis

Linear and non-linear regression analysis with the aforementioned equations was performed using GraphPad

Prism®. Error bars on presented data represent the standard deviation (SD).
p p
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