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Abstract

Drug-combination nanoparticles (DcNPs) administered subcutaneously represent a potential long-
acting lymphatic-targeting treatment for HIV infection. The DcNP containing lopinavir (LPV)-
ritonavir (RTV)-tenofovir (TFV), Targeted-Long-Acting-Antiretroviral-Therapy product candidate
101 (TLC-ART 101), has shown to provide long-acting lymphocyte-targeting performance in
nonhuman primates. To extend the TLC-ART platform, we replaced TLC-ART 101 LPV with
second-generation protease inhibitor, atazanavir (ATV). Pharmacokinetics of the ATV-RTV-TFV
DcNP was assessed in macaques, in comparison to the equivalent free drug formulation and to the
TLC-ART 101. After single subcutaneous administration of the DcNP formulation, ATV, RTV,
and TFV concentrations were sustained in plasma for up to 14 days, and in peripheral blood
mononuclear cells for 8 to 14 days, compared with 1 to 2 days in those macaques treated with free
drug combination. By 1 week, lymph node mononuclear cells showed significant levels for all 3
drugs from DcNPs, whereas the free controls were undetectable. Compared with TLC-ART 101,
the ATV-RTV-TFV DcNP exhibited similar lymphocyte-targeted long-acting features for all 3
drugs and similar pharmacokinetics for RTV and TFV, whereas some pharmacokinetic differences
were observed for ATV versus LPV. The present study demonstrated the flexibility of the TLC-
ART's DcNP platform to include different antiretroviral combinations that produce targeted long-
acting effects on both plasma and cells.
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Introduction

Daily oral fixed-dose combination antiretroviral therapy is routinely used to suppress the
plasma viral load of the HIV in patients. Combination antiretroviral therapy requires a high
degree of patient adherence with likelihood of viral rebound if interrupted or discontinued.
Rebounds may be due to residual HIV in cells of lymphoid tissues not adequately targeted
by oral regime.! Since our initial proposal and discovery of low lymph tissue and cell drug
exposure in patients after oral HIV drug therapy, the lymphoid tissue and cell drug
insufficiency have been validated in prospective studies for multiple oral drug combination
and fixed-dose combination therapy.2 Thus, targeted long-acting strategies have been
developed initially based on a single-drug nanosuspension? and more recently using a novel,
co-formulated drug-combination nanoparticle (DcNP) suspension approach,* intended to
target lymphocytes in tissues and blood.>:6 We previously published pharmacokinetic
characterization of a novel DcNP formulation called Targeted-Long-Acting-Antiretroviral-
Therapy product candidate 101 (TLC-ART 101), which combined 2 lipophilic protease
inhibitors lopinavir (LPV) (log P = 5.9) and ritonavir (RTV) (log P = 6), plus 1 hydrophilic
reverse transcriptase inhibitor tenofovir (TFV) (log P = —1.6), in a 4:1:3 molar ratio.*
Subcutaneously administered TLC-ART 101 has demonstrated to enhance localization of its
3 drugs—LPV, RTV, and TFV—together in the mononuclear cells of lymph nodes in
nonhuman primates.* After a single subcutaneous injection, TLC-ART 101 sustained
significant drug concentrations in plasma and peripheral blood mononuclear cells (PBMCs)
for up to 2 weeks. By contrast, when the same set of drugs were given subcutaneously in the
free form, that is, not nanoformulated, plasma drug concentrations fell to near or below the
limit of detection by 24 to 48 h. Moreover, TLC-ART 101 achieved efficient intracellular
mononuclear cell concentrations when measured 1 week after administration, whereas the
free-drug control was mostly undetectable.*

As combination HIV drug therapies evolve over time, especially with the introduction of
newer and improved antiretroviral (ARV) drugs, there is a need to evaluate whether the
TLC-ART nanoparticle platform is applicable across different combinations of ARVs. As
the first step in a systematic investigation, we explored effects of substitution of the protease
inhibitor by replacing LPV (log P = 5.9) in TLC-ART 101 with atazanavir (ATV), which is a
widely deployed, second-generation protease inhibitor (log P = 4.5). ATV is highly selective
for the HIV-1 protease with a reported 2- to 20-fold higher antiretroviral activity compared
with several other commercialized protease inhibitors.” In humans, oral ATV/RTV 300/100
mg once daily has demonstrated to be similar or higher antiviral activity compared with oral
LPV/RTV 400/100 mg twice daily.® Hence, a DcNP containing 2:1:3 molar ratio of ATV,
RTV, and TFV, respectively, was prepared based on the same rigorous protocol, including in
process controlled procedure, developed to produce for TLC-ART 101.°

In this report, we have characterized the effects of the DcNP on ATV-RTV-TFV long-acting
pharmacokinetics in plasma and cells of nonhuman primates in comparison with those
treated with equivalent free drug combination as a control. Noncompartmental and
compartmental analyses (mechanism-based pharmacokinetic) were performed for the time-
course plasma, PBMCs, and lymph node mononuclear cells (LNMCs) after a single
subcutaneous administration in macaques. Parallel analyses were also performed to compare
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the pharmacokinetics of the ATV-RTV-TFV DcNP with the TLC-ART 101 LPV-RTV-TFV
formulation in macaques.

Materials and Methods

Materials and Animals

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[poly (ethylene glycol)2000] (DSPE-mPEG2000) (both GMP
grade) were purchased from Genzyme Pharmaceuticals (>99% purity; Cambridge, MA).
ATV (C38H52N607), RTV (C37H48N605S2), and TFV (C9H14N504P) were purchased
from Waterstone Technology (>99% purity; Carmel, IN). Ficoll separation medium,
Lymphoprep was purchased from Axis-Shield PoC AS (Oslo, Norway). 10X RBC lysis
buffer was obtained from eBioscience Inc. (San Diego, CA). United States Pharmacopeia—
grade dimethyl sulfoxide was obtained from Avantor Performance Materials (Center Valley,
PA). Tween-20 was purchased from Roche Diagnostics GmbH (Mannheim, Germany). All
injection vehicles were United States Pharmacopeia grade. Other reagents were of analytical
grade or higher.

Pharmacokinetic study with the ATV-RTV-TFV DcNP was conducted in 4 adult male
nonhuman primate macaques (Macaca nemestrind), weighing 5.5 = 0.5 kg (mean + SD),
under a protocol approved by the University of Washington Institutional Animal Care and
Use Committee. Animals were housed and cared for by the Washington National Primate
Research Center according to standard operating procedures.

Free-Drug Preparation

The free-drug suspension was prepared in the same molar ratio of 2:1:3 ATV:RTV:TFV as
the DcNP formulation using injection-grade aqueous solutions and aseptic technique. ATV
and RTV were dissolved to concentrations of 16 mg/mL and 8.2 mg/mL, respectively.
Separately, a solution of 2% Tween-20 was prepared in water and sterilized by passage
through a 0.2-pum filter. The suspension and Tween-20 solutions were mixed 1:1 (v/v) to
produce a suspension containing a final concentration of 8 mg/mL ATV and 4.1 mg/mL
RTV. TFV was dissolved to 20 mg/mL in 0.5% sodium chloride with 60 mM sodium
bicarbonate and given as a separate but concurrent injection.

DcNP Preparation

DcNPs composed of ATV, RTV, and TFV were prepared as described previously.® Drugs
were in a molar ratio of, ATV:RTV:TFV, 2:1:3. The molar ratio of total lipids relative to
RTV was 38.3. Lipid excipients DSPC and DSPE-mPEG2000 at a molar ratio of 9:1 were
used to stabilize the 3 drugs listed previously in aqueous suspension. Drugs and lipids were
dissolved together in chloroform and ethanol (2:1 v/v) in a glass tube and then evaporated
under controlled conditions with N5 gas. Residual solvent was removed overnight under
vacuum desiccation. The dried lipid-drug mixture was then rehydrated at 60°C for 2 h in
0.9% NaCl containing 20 mM sodium bicarbonate (pH 7.4).
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For small-scale preparation of lipid nanoparticles, 200 uL samples were sonicated using a
bath-type sonicator (Avanti Polar Lipids Inc., Alabaster, AL) until the sample was whitish
nanosuspension. For the large-scale preparation, 45 mL hydrated lipid-drug mixtures were
homogenized for 15 cycles with an Avestin EmulsiFlex-C5 (Avestin Inc., Ottawa, Ontario,
Canada) operating at 5000-6000 psi. Osmolality of the final preparation was measured with
a VAPRO 5520 vapor pressure osmometer (Wescor Inc., Logan, UT). Lipid-drug
nanoparticles were stored at 4°C-8°C. Drug association efficiencies, as measured by
equilibrium dialysis, were 99 + 8.2%, 92 + 7.1%, and 10 £ 0.8% for ATV, RTV, and TFV,
respectively, as described previously® (Table 1). The final DcNP formulations contained a
well-characterized percentage of drug association for each drug. DcNPs had an average
diameter of 6-62 nm.9 A scaled-up preparation of 45 mL was produced under aseptic
conditions at pH 7.2-7.6 and osmolality 213.5 mOsm/kg, comparable with that of the
laboratory-scale preparations of 0.2 mL.?

Pharmacokinetic Study of the ATV-RTV-TFV DcNP in Nonhuman Primates

Macaques were assigned to 2 treatment arms. The free-drug (control) arm consisted of 2
groups. In one group, 2 macaques were administered a single subcutaneous dose of 20
mg/kg ATV, 10.2 mg/kg RTV, and 12.3mg/kg TFV in combination dissolved in dimethyl
sulfoxide and diluted with water to a volume of 20 mL. Free RTV and TFV displayed
similar pharmacokinetics as those observed in the free-drug control group (7= 3) for the
previous TLC-ART 101 study* and therefore were pooled with the current control group (1
= 5). The pharmacokinetic data for free RTV and free TFV formulations across the 2 studies
were pooled to provide a sufficient number of monkeys for statistical comparisons with the
pharmacokinetics of DcNP formulations. The pharmacokinetic data for animals treated with
free RTV and TFV were similar, and therefore pooling data did not impact the overall time-
course of these 2 drugs. In the DcNParm, 2 macaques were administered a single 20-mL
subcutaneous injection of lipid nanoparticles containing a combination of 25 mg/kg of ATV,
12.8 mg/kg of RTV, and 15.3 mg/kg of TFV (n=4).

Venous blood samples were collected from a femoral vein at 0, 0.5, 1, 3, 5, 8, 24, 48, 120,
168, 192, and 336 h (14 days) after subcutaneous injection. Whole blood in
ethylenediaminetetraacetic acid tubes was immediately centrifuged, and plasma was
removed and frozen at —80°C until liquid chromatography with tandem mass spectrometry
analysis.

Plasma drug concentrations were reported in unit of nanomolar. Noncompartmental
parameters were estimated from plasma profiles for free and DcNP formulations using
Phoenix WinNonlin (Certara, Princeton, NJ). The following noncompartmental parameters
were estimated: area under the plasma concentration—time curve AUC extrapolated to
infinity; terminal half-life (t1/,); apparent clearance (CL/F); and mean body residence time
(MBRT) based on moments extrapolated to infinity.

Intracellular concentrations of ATV, RTV, and TFV were initially calculated as picogram/
million cells. For comparison to plasma extracellular drug concentrations, PBMC
intracellular concentrations were converted to nanomolar based on an average mononuclear
cell volume of 4 x 1079 mL.10
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Isolation of PBMCs and LNMCs

PBMCs were isolated from whole blood using density gradient centrifugation and divided
into pellets of 2 x 10° cells each. Two axillary lymph nodes were surgically excised at 24
and 192 h after drug administration. LNMCs were isolated by pressing the tissue through a
100-pum nylon cell strainer (Corning, Tewksbury, MA) into cell culture media, and cells,
followed by similar treatment as that of PBMCs, were analyzed for drug concentrations
based on 2 x 10° cells for each sample/timepoint. All samples were stored at ~80°C before
liquid chromatography with tandem mass spectrometry drug analysis.

Determination of Drug Levels in Plasma, PBMCs, and LNMCs

Plasma drug concentrations were measured using an assay developed and validated
previously.11 The lower limit of quantification was 0.01 nM for all 3 ARVs in plasma.

For determination of drug concentrations in PBMCs and LNMCs, pellets of 2 x 106 cells/
tube were lysed using 200 puL water/methanol (50:50 v/v). To ensure complete lysis, the
samples were sonicated for 10 min. Subsequent extraction and analysis was the same as for
plasma. The lower limit of quantification was 0.01 nM for lysed cell suspension
concentration converted.

Compartmental Modeling

Statistics

Compartmental modeling was carried out using SAAM Il v2.3 (The Epsilon Group,
Charlottesville, VA). A recently proposed mechanism-based pharmacokinetic (MBPK)
model for subcutaneous administration of DcNPs was employed.12 Briefly, the model
featured uptake and sequestration of DcNPs by the lymphatics during first pass following its
absorption from the injection site; subsequent release of DcNPs into the blood circulation
occurred via 3 successive, time-delayed waves (Fig. 1). Liberation of free drug from the
DcNPs is assumed to occur once the nanoparticles reaches the blood circulation. As a result,
the systemic portion of the model comprised two submodels—one for DcNP and the other
for free drug; sum of the concentrations in the two central (blood) compartments for the two
submodels represented the measured plasma concentration. Based on drug-particle
association data (Table 1), the model assumed that, at the subcutaneous site, ATV and RTV
were 100% incorporated in the DcNP, whereas TFV was only 10% associated. The free,
90% fraction of the injected TFV dose was assumed to move directly into the vasculature
from the subcutaneous space, skipping first pass through the lymphatics.

Data and noncompartmental parameters were reported as geometric mean and 95%
confidence interval when 7> 2. Compartmental modeling parameter estimation was carried
out using a weighted least-squares method according to an additive error model with 10%
error (SAAM Il v2; The Epsilon Group). For free ATV, where n= 2, the geometric mean
subject was reported. For the rest of the data, the standard 2-stage approach was employed.
Comparisons of the ATV-based DcNP with the previously published TLC-ART 101 were
carried out using unpaired Student t-tests at 95% confidence level.
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Differences in antiviral dosages between the free drug formulation and the DcNP
formulation were due to loading into nanoparticles. Doses of free drug formulations were
scaled to match the doses given in DcNP formulations, assuming dose linearity in this small
dose variance.

Differences in antiviral dosages between ATV-RTV-TFV DcNP and LPV-RTV-TFV DcNP
(TLC-ART-101) were accounted for comparison (ATV normalized by LPV), assuming that
dosage differences fell within the linearity range.

Effects of Subcutaneously Injected DcNPs on ATV, RTV, and TFV Drug Concentrations
Time-Course in Plasma in Nonhuman Primates

To determine the effects of DcNPs on ATV, RTV, and TFV, we determined the time -course
of each drug in both plasma and PBMCs over 336 h (2 weeks) for the macaques treated with
either DCNP or the counterpart free soluble combination. The time-courses are presented in
Figure 2. When the ATV-RTV-TFV DcNP was given as a single subcutaneous injection to
the macaques, all 3 drugs showed sustained plasma concentrations up to 336 h (Figs. 2a-2c,
solid lines), whereas when those macaques treated with the free 3 drugs, at equivalent dose,
all free drugs fell below the limit of detection by 48 h (Figs. 2a-2c, dashed lines). The drugs'
time-concentration profiles following a DcNP injection showed the long-acting
characteristic and wave-like pattern as noted previously for TLC-ART 101 containing LPV,
RTV, and TFV.12

We also analyzed the DcNP effects on cellular time-course of ATV, RTV, and TFV. When
the ATV-RTV-TFV DcNP was given as a single subcutaneous injection to the macaques,
sustained drug concentration in PBMCs up to 336 h for ATV and RTV, and up to 192 h for
TFV, was observed (Figs. 2d-2f, solid lines), whereas when those macaques treated with the
free 3 drugs, at equivalent dose, all free drugs fell below the limit of detection by 48 h from
PBMC intracellular concentration (Figs. 2d and 2f, dashed lines), except for free RTV whose
last PBMC concentration timepoint was detected at 48 h (Fig. 2e).

Noncompartmental Analysis of ATV-RTV-TFV DcNP and Free Formulation

Plasma time-courses were analyzed for pharmacokinetics characterization of ATV, RTV, and
TFV either given in DcNP or as free form. Results from the noncompartmental analysis
were presented in Tables 2 and 3. Compared with its soluble counterpart, DcNP-formulated
ATV showed 5-fold higher plasma area under the curve (AUC, 3.2 vs. 0.6 h uM), 4-fold
lower CL/F (11 vs. 42 L/h/kg body weight), 110-fold longer apparent ty/, (469 vs. 4.3 h),
and 116-fold longer MBRT (650 vs. 5.6 h). RTV in DcNP had similar AUC (4.4 vs. 3.3 h
uM) and CL/F (4 L/h/kg), with 17-fold longer t1/» (73 vs. 4.2 h) and 22-fold longer MBRT
(110 vs. 11 h) compared with RTV delivered in free form. In contrast, remarkable DcNP
effects in both exposure and persistence were observed for TFV. TFV delivered in DcNP had
35-fold higher AUC (3057 vs. 85 h uM), 23-fold lower CL/F (0.004 vs. 0.46 L/h/kg), 7-fold
higher t1» (66 vs. 9.6 h), and 41-fold higher MBRT (103 vs. 2.5), compared with TFV in
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free form. Hence, the incorporation of ATV and TFV in the nanoparticle formulation mainly
led to persistent and higher plasma exposure per dose.

Effects of Subcutaneous DcNPs on ATV, RTV, and TFV on Intracellular Concentrations of
Targeting Cells in Nonhuman Primates

Intracellular concentrations of PBMCs and LNMCs were measured as targeting metric of
ARVs loaded in current DcNP. The data on cell targeting parameters are summarized in
Tables 4 and 5. In comparing DcNP to free drug formulation, ATV achieved 33-fold higher
intracellular PBMC drug levels measured by AUCpgmc (435 vs. 13 h uM), along with 3-
fold higher intracellular LNMC concentrations at 24 h (0.1 vs. 0.33 uM) and at 192 h (0.09
vs. 0.03 muM). We also evaluated drug uptake into the mononuclear lymphocyte
populations /n vivo by examining the cell-to-plasma concentration ratios, which are
governed by cell-plasma drug transport and clearance, along with plasma clearance and
intracellular processing. We also compared drug localization in LNMCs and PBMCs, the
latter being readily accessible monocytes in blood and could serve as a biomarker for lymph
node monocyte population. When ATV from DcNP formulation is compared with free ATV,
LNMC-to-plasma ratio was 4-fold lower at 24 h (13 vs. 57) and LNMC-to-PBMC ratio was
37-fold lower at 24 h (0.7 vs. 11); these lower ratios largely reflect the fact that plasma and
PBMC concentrations were sustained after DCNP injection compared with after free drug
injection. Animals treated with RTV in DcNP formulation exhibited 1.5-fold higher
AUCpgmc (79 vs. 22 h uM), 3-fold higher LNMC concentration at 24 h (0.40 vs. 0.14 uM),
13-fold higher LNMC-to-plasma ratio at 24 h (21 vs. 1.6), and similar LNMC-to-PBMC at
24 h (1 vs. 0.76) compared with RTV in free form. TFV in DcNP had 5-fold higher
AUCpgmc (1134 vs. 260 h uM) compared with TFV in free form. In the DcNP study, the
LNMC sample for TFV at 24 h was missing. Also, free drugs were consistently undetectable
at 192 h in all the macaques; therefore, free drug ratios were not available for this late
timepoint.

Comparison of Current DcNP Containing ATV, RTV, and TFV with the Reported TLC-ART
101 Containing LPV, RTV, and TFV

Previously, we reported successful development of long-acting and lymphocyte-targeted 3-
drug combination DcNP, called TLC-ART 101 formulation containing LPV, RTV, and
TFV4; the current DcNP contained both RTV and TFV, but LPV was replaced with ATV.
Thus, we have evaluated the pharmacokinetic parameters as a comparison with the current
DcNP with that of TLC-ART 101. Time-courses, plasma noncompartmental analysis and
cell-targeting values of TLC-ART 101 were reported in Figure 3 and Tables 4-6,
respectively.

Figure 3 compares drug concentration-time profiles in plasma and PBMCs between AT V-
RTV-TFV in DcNP and LPV-RTV-TFV in TLC-ART 101. RTV and TFV exhibit similar
plasma and PBMC profiles (Fig. 3), whereas plasma concentration of ATV was 2 orders of
magnitudes lower than that of LPV at equivalent dose over the entire 14-day study period
(Fig. 3a). Noncompartmental analysis yielded significantly smaller AUC of ATV compared
with LPV (3.2 vs. 11 h uM, p<0.01, Table 2). A corresponding difference in CL/F was
observed (11 vs. 0.85 L/h/kg, p<0.01, Table 2). ATV in DcNP also had significantly higher
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AUCpgmc than LPV in DcNP (435 vs. 79 h uM, p< 0.01, Table 4). RTV in the ATV-RTV-
TFV DcNP showed a statistically significantly lower LNMC concentration and LNMC-to-
PBMC ratio than for RTV in TLC-ART 101 (0.4 vs. 6.3 mM and 1.0 vs. 8.9, p< 0.01, Table
4).

Comparisons between free ATV and free LPV had lower plasma AUC (0.6 vs. 4.8 h uM)
and higher CL/F (42 vs. 5 L/h/kg), as observed for the same drugs but in DcNP form,
although no statistical test could be done due to 7= 2 for free ATV (Table 3). This could
indicate that DcNP pharmacokinetic differences between ATV and LPV observed may had
stemmed from free drug pharmacokinetics. Comparison of PBMC and LNMC data between
free ATV and free LPV was possible only for AUCpgmc as LPV LNMC concentrations
were undetectable at 24 h and 192 h* ; AUCpgmc between free ATV and free LPV did not
show significant difference.

Compartmental Modeling Results

These data were analyzed further following a MBPK model previously developed and
validated with TLC-ART 101 subcutaneous dosing of DcNP containing LPV, RTV, and TFV.
Based on the MBPK model schematically depicted in Figure 1, the experimental data are
fitted for each drug—ATV, RTV, and TFV—formulated as a combination DcNP and
graphically presented in Figure 4. We found that time-course kinetics of each drug in DcNP
within TLC-ART 101 fit well with RZ of 0.94, 0.90, and 0.96 for ATV, RTV, and TFV,
respectively (Fig. 4). The fitting generated a set of parameters reported in Table 6, which
may be useful to enhance the pharmacokinetics interpretation of DcNP drugs given
subcutaneously. First-pass parameters Ky, k31, kg1 and tlagl, tlag2, tlag3 represented the
rates and delays of the 3 lymphatic pathways and gave rise to the peculiar plasma
undulations. TFV was thus quicker to enter circulations while ATV and RTV lymphatic first
pass were comparably slower. This is in accordance with the fact that the hydrophilic
compound TFV has association efficiency lower compared with the other lipophilic drugs in
the combination (Table 1). Although free drug plasma apparent volume of distribution pool
(\V7_free) was similar between ATV and RTV (but greatly lower for TFV), the apparent
volume of distribution of the DcNP-associated drug plasma pool (V5_DcNP) was greatly
higher for ATV compared with the rest of the drugs. This, combined to the slower release
parameter k75, might indicate that ATV could be greatly associated with DcNP in7 vivo,
although experimental confirmation is needed.

Comparison of model parameter estimates between ATV-RTV-TFV DcNP and LPV-RTV-
TFV TLC-ART 10112 revealed significant differences between ATV and LPV for V5_DcNP
and kys (0<0.01, Table 6). V5_DcNP was 180-fold higher for ATV than LPV (1259 vs. 7 L/
kg). k75 was the rate constant for release of free drug from DcNP in plasma; this estimate
was 18-fold lower for ATV than LPV (0.04 vs. 0.7 1/h). Both observations are consistent
with the very low but sustained circulating level of ATV compared with LPV when they are
administered in DcNP formulations. Comparison across DcNP formulations did not report
differences in MBPK parameters between RTV and TFV (Table 6).

Taken together, these data indicate that ATV, RTV, and TFV in DcNP—based on the TLC-
ART platform—provided sustained plasma and PBMC intracellular concentrations for 2
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weeks of study in macaques. A greatly improved lymphocyte targeting is achieved with drug
combination coformulated in DcNP both in blood periphery (PBMCs) and lymph nodes
(LNMCs) in macaques. Compared with previously reported DcNP with LPV, RTV, and TFV,
called TLC-ART 101,% current DcNP with ATV replacing LPV had similar targeted long-
acting features found in TLC-ART 101, where intracellular ATV exposure may be higher
than that of LPV.

Discussion

Taking advantage of the ability to co-formulate ATV, RTV, and TFV in a stable and scalable
drug-combination nanosuspension (DcNP) for nonhuman primate studies, we have evaluated
the effects of DcNPs on pharmacokinetics with respect to long-acting plasma drug levels and
targeted lymphocyte accumulation in macaques. We found that nanoparticles formulated
with a combination of 3 HIV drugs, ATV-RTV-TFV, exhibited sustained plasma levels for
the 2-week study and intracellular levels persisting at higher than plasma drug levels.
Compared with free drug combination, subcutaneous injection in nonhuman primates of the
same set of drugs (ATV, RTV, and TFV) in this DcNP formulation exhibited sustained
plasma, PBMC, and LNMC drug concentrations for the 2-week study; as opposed to within
few days in primates receiving equivalent free drug combination.

This study is a follow-on investigation to a recently published study on the original DcNP
preparation, called TLC-ART 101 containing LPV, RTV, and TFV.# The current report
replaces LPV in the TLC-ART 101 drug combination with another hydrophobic HIV
protease inhibitor ATV. ATV is a widely used protease inhibitor used in HIV treatments and
often deployed as a replacement of LPV. Pharmacokinetics of RTV and TFV in macaques
for current ATV-RTV-TFV DcNP formulation was consistent with those observed for TLC-
ART 101.4 However, there are some differences in the protease inhibitor ATV and LPV
distribution and pharmacokinetic profiles, although both exhibit long-acting cell and plasma
behavior over the 2-week study in macaques.

ATV has been previously nanoformulated,® for example, to increase ATV brain barrier
penetration, 2 or in combination with RTV for HIV long-acting therapy.14 Thus, at 24 and
192 h after dosing as an ATV-RTV-TFV DcNP subcutaneous injection in primates, ATV and
TFV intracellular concentrations of peripheral blood mononuclear cells in primates exhibit
levels that exceed effective concentrations to suppress HIV. ATV in LNMCs was 100 nM
and 90 nM at 24 and 192 h after injection, respectively (Table 4), which are greater than
reported in vitro effective concentration that produces 90% of the maximal effect (ECgq) =
13 nM.15 Similarly, TFV in LNMCs was 130 nM at 192 h after injection (Table 4), which is
greater than /n vivo ECsp = 49 nM in nonhuman primates.? In particular, TFV is a
hydrophilic compound quickly cleared from circulation when given in free form; however,
when presented in such DcNPs, plasma and PBMC exposure greatly improved. Overall, the
ATV-RTV-TFV DcNP provided extended PBMC and LNMC effective drug concentrations,
far exceeding those achieved with free drug combination treatment.

Pharmacokinetic comparison of the current ATV-based DcNP and LPV-based (TLC-ART
1014) formulation revealed 2 key findings: (1) pharmacokinetics of the hydrophilic TFV was
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not altered by the exchange of hydrophobic protease inhibitors and (2) pharmacokinetics of
the protease inhibitor booster RTV was largely unaltered by the exchange of hydrophobic
protease inhibitors. These observations suggest that the pharmacokinetics of the constituent
drugs is not influenced by the co-formulated drugs; that is, they may maintain independent
pharmacokinetics with no apparent evidence of biophysical interaction between drug
components within the DcNP. Further /in vitroand /n vivo studies are needed to substantiate
this preliminary finding. Nonetheless, we found a lower trend in RTV concentration in
LNMC:s at 24 h, along with a reduced LNMC-PBMC ratio, when LPV was replaced by
ATV. Although this unexpected finding may suggest some subtle interactions between the 2
protease inhibitors within the DcNP, caution is warranted in drawing a definitive conclusion
as the molar ratio of lipid-to-drug and that of drug components, while similar, were not
identical between the 2 nanoformulations (Table 1). Although possible, clinical significance
of an alteration in RTV uptake into LNMCs is known, RTV is not considered an active drug
in the both TLC-ART 101 and ATV containing DcNP formulations; it was included because
of its standard use as a booster in all current oral protease inhibitor regimens.16 Whether
RTV acts as a booster for subcutaneous dosage form of protease inhibitors is an open
question. Thus, the observed differences for RTV for LNMC targeting may not impact the
anti-HIV potency of the LPV or TFV within drug combinations employed in respective
DcNP formulation.

ATV in the present DcNP formulation exhibited a lower plasma exposure (or higher
apparent clearance) than LPV in TLC-ART 101 (Table 2). This may be explained to some
extent by inherent differences in the pharmacokinetics of these 2 protease inhibitors in free
form. In macaques, free ATV had a 9-fold higher CL/F or 8-fold lower AUC compared with
free LPV (Table 3). Furthermore, previous intravenous pharmacokinetics study of free ATV
in humans showed 2 orders of magnitude lower plasma concentrations compared with the
same dose of free LPV.17 ATV exhibited a 5.5-fold higher PBMC exposure than LPV
(AUCpgmc, Table 4); hence, the 2 protease inhibitors may have similar targeting
capabilities. Preclinical study in an appropriate HIV infection model may help to determine
whether this apparent PBMC-targeting difference is meaningful. Other explanations, such as
differences in the release rate of free ATV versus free LPV from DcNPs, cannot be ruled
out. In fact, modeling parameter kys—release rate of free drug from DcNPs—suggests that
ATV is predicted to exhibit lower rate of dissociation from DcNPs than that for LPV (Table
6). However, /n vivo nanoparticles dissociation from DcNPs is difficult to measure directly
and it is a complex multifactorial process.18

The long-acting mechanisms of subcutaneous HIV drug combination formulated in DcNP
has yet to be fully elucidated. Current working hypothesis is that after subcutaneous dosing,
drugs associated to DcNP are readily cleared from injection site, and preferentially taken up
collectively into lymph as a first pass where there may be an extensive distribution to both
central and peripheral lymph nodes. Nanoparticles could be retained in the sinuses of lymph
nodes or accumulate in lymphoid tissues. They could be gradually taken up by mononuclear
cells that transit in and out the node and peripheral blood. The nanoparticles taken up by
mononuclear cells in the lymph and blood may contribute to the slow release of DcNP-
bound drugs into circulation. Looking at the reported DcNP ATV terminal half-life of
around 20 days (Table 2), plasma concentrations may linger efficiently for more than 2
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weeks. The model, based on the experimental data in macaques, revealed that lymphatic
release occurs in 3 stages or waves: fast (tlagl), moderate (tlag2), and slow (tlag3) transit
through the lymphatic network (Table 6). This model has been described in greater details in
our previous publication for TLC-ART 101.12 Each wave of release generates a lagged
plasma peak that may explain the peculiar undulating pharmacokinetics of drugs loaded in
DcNP. The observed statistical differences between ATV and LPV in model parameters
reflect the pharmacokinetic differences discussed previously. Although such mechanism-
based models have great flexibility in representing the pharmacokinetics of DcNP drugs, a
physiological-based pharmacokinetic modeling approach, featuring a whole-body lymphatic
network, may be beneficial to gain further insights on absorption, distribution, and targeting
of DcNPs,19.20

Through data collected in the present study, we found that the TLC-ART platform can be
optimized to accommodate a different ARV combination, at least for an alteration in the
protease inhibitor component, and still achieve the necessary targeted and long-acting
features. Although replacing LPV with ATV may not represent a clear pharmacological
advantage, other hydrophobic and perhaps hydrophilic HIV drugs could yield a more potent
targeted, long-acting delivery system. For example, studies are currently underway in our
laboratory to investigate whether tenofovir disoproxil fumarate, tenofovir alafenamide, or
emtricitabine could be exchanged for TFV. The TLC-ART platform has recently been
extended to include coformulations of 4 drugs adding in another nucleoside reverse
transcriptase inhibitor lamivudine (LPV, RTV, TFV, and 3TC).2! Feasibility of these
extended approaches will depend on association efficiency of the component ARVs to the
nanoparticles; for instance, the protease inhibitor darunavir was found to be unstable in lipid
nanoparticles.® Given the potential flexibility of the DcNP platform, it could be applied to
drug targeting of hepatitis B, tuberculosis,?2 or tumors.23

In summary, using protease inhibitors for HIV treatment ATV, combined with RTV and TFV
into a DcNP, based on the TLC-ART platform, resulted in lymphocyte-targeted, long-acting
pharmacokinetics of all 3 HIV drugs in nonhuman primates. ATV, a newer protease
inhibitor, could replace LPV in TLC-ART 101 DcNP nanoformulation for consideration
long-acting product development. We demonstrated that the TLC-ART platform may have
the flexibility to accommodate diverse ARV combinations for development of long-acting
and targeted therapy for HIVV/AIDS and other diseases.
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Figure 1.
MBPK model schematics for the pharmacokinetics of DcNP subcutaneously administered.

The model has been thoroughly presented elsewhere.12 Briefly, the model features 2
portions, one for the DcNP uptake (above dashed line) and one for the free drug uptake
(below dashed line). Above dashed line: Uptake of DcNPs from injection site (g1 —
SC_LNP) to the lymphatics (k21, k31, k41) and subsequent release into the blood
circulation (d52, d53, d54) was modeled by 3 successive, time-delayed compartments (d2 —
Lymph_1, d3 — Lymph_2, d4 — Lymph_3). Liberation of free drug from DcNP (k75) was
assumed to occur once the nanoparticles reaches the blood circulation (g5 — Plasma_LNP).
Below dashed line: Uptake of free drugs from injection site (g6 — SC_Free) to blood
circulation (q7 — Plasma_Free) was modeled by a free drug uptake rate (k76). To q7 —
Plasma_Free connects g5 — Plasma_LNP. Plasma concentration measurements (s3) were the
sum of systemic q7 — Plasma_Free and g5 — Plasma_LNP concentrations (s1, s2), being
plasma concentrations of DcNP and equivalent free form measured indistinguishably.
Parameters K represented linear kinetics rates. Based on drug-particle association data, the
model assumed that, at the subcutaneous site, ATV and RTV were 100% incorporated in the
DcNP, whereas TFV was only 10% associated (above dashed line), whereas the 90%
fraction of the injected TFV dose was assumed to be free (below dashed line).
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Figure 2.
Effects of DcNP formulation ATV, RTV, and TFV on plasma and blood mononuclear cells in

nonhuman primates. A single subcutaneous dose of ATV, RTV, and TFV drug was
administered as nanocombination (DcNP) or as free drug equivalent. The 3 drug
concentrations in plasma and PBMCs were monitored over 14 d (336 h). Upper panels (a-c)
describe plasma concentration comparison of DcNP (solid lines) and free drugs (dash lines).
Lower panels (d-f) describe time-course of PBMC concentration comparison of DcNP (solid
lines) and free drugs (dashed lines). Free drugs were scaled to dosages equivalent to those in
DcNP. Circle symbols are plasma timepoints. Square symbols are PBMC timepoints. Star
symbols represent the last detectable timepoint. Limit of detection 0.01-0.03 pmol/mL. No
data points were plotted for measured drug levels that fell below the limit of detection. Data
expressed were geometric mean (xSD).
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Effects on plasma and blood mononuclear cells in nonhuman primates when substituting
protease inhibitors, ATV in place of LPV. A single subcutaneous dose of ATV, RTV, and
TFV drug was administered as nanocombination (DcNP) and compared with previously
reported TLC-ART 101 LPV, RTV, and TFV.4 The 3 drug concentrations in plasma and
PBMCs were monitored over 14 d (336 h). TLC-ART 101 drug plots are appended with
“101” to distinguish them from current DcNP drugs. Upper panels (a-c) describe plasma
concentration comparison of current ATV-RTV-TFV DcNP and previously reported TLC-
ART 101 LPV-RTV-TFV. Lower panels (d-f) describe time-course of PBMC concentration
comparison of current ATV-RTV-TFV DcNP and previously reported TLC-ART 101 LPV-
RTV-TFV. Current ATV-RTV-TFV DcNP dosages were scaled to dosages equivalent to
those in TLC-ART 101. Circle symbols are plasma timepoints. Square symbols are PBMC
time-points. Star symbols represent the last detectable timepoint. Limit of detection
0.01-0.03 pmol/mL. No data points were plotted for measured drug levels that fell below the
limit of detection. Data expressed were geometric mean (xSD).
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Figure 4.
The plasma time-course of experimental and fitted data for TLC-ART 101 based on the

MBPK model. MBPK-predicted and experimental average plasma concentration-time
profiles for ATV (panel A), RTV (panel B), and TFV (panel C) are presented. The regression
analysis of the fitted time-course drug concentration provides R? of 0.94, 0.90, and 0.96 for
ATV, RTV, and TFV, respectively. The model parameter estimates are presented in Table 6.
Model prediction is displayed as solid lines and observed DcNP data as squares (geometric
mean £ CV), for panel a: DcNP ATV, panel b: DcNP RTV, and panel ¢: DcNP TFV.
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Table 1
Characterization of Current ATV-RTV-TFV DcNP and Previously Published TLC-ART 101

Formulation Protease Inhibitors Reverse
Transcriptase

ATV-RTV-TEVE ATV RTV  TFV (PMPA)
Molar ratio relative to RTV 2 1 3
% Association to DcNP 99+8 92+7 10x1
TLC-ART 1017 Lopinavir RTV TRV (PMPA)
Molar ratio relative to RTV 4 1 5
% Association to DcNP 92+6 91+7 10+3

PMPA, 9-(2-Phosphonyl-methoxypropyly)adenine.
aATV—RTV—TFV DcNP was prepared accordingly to TLC-ART platform with DSPC-DSPE-mPEG2000 (9:1).9

bFrom previous study.4
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Target Mononuclear Cell Values of Free Drugs for Current ATV, RTV and TFV and Previously Reported Free

LPV

Free Drugs

ATV rTVA TRV LPV

AUCesnc (M) 139 59 (20.86)7 260 (197-301)7 22 (10-33)°
LNMC

24.h (UM) 0.337 0.14(0.01-0.45)d 1.81(0.29-9.3)d -

192 h (uM) 003? - 0117 -
LNMC/plasma

24h 577 167 137 -
LNMC/PBMC

24N 1% 0767 187 -

Geometric Mean (95% CI).

Free drugs scaled to equivalent DcNP dosages. DCNP containing ATV drugs scaled to equivalent DCNP containing LPV (TLC-ART 1014) drug

dosages.

DcNP containing LPV (TLC-ART 101) drugs and free LPV values were taken from previous TLC-ART 101 study.4

AUCPBMC area under the PBMC drug concentration-time curve extrapolated to infinity.

AUCPBMC, area under the PBMC drug concentration-time curve extrapolated to infinity; —, not detected; NA, not available.

aRTV and TFV merged with previous free drugs results.

b/7= 2.
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