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Abstract

Long acting nanoformulated antiretroviral therapy (hanoART) can sustain plasma drug levels and
improve its biodistribution. Cell targeted-nanoART can achieve this and bring drug efficiently to
viral reservoirs. However, if such improvements affect antiretroviral responses remains unknown.
To these ends, we tested folic acid (FA)-linked poloxamer407 coated-ritonavir boosted atazanavir
(FA-nanoATV/r) nanoparticles for their ability to affect chronic HIV-1 infection in humanized
mice. Following three every other week 100 mg/kg FA-nanoATV/r intramuscular injection
administered to infected animals viral RNA was at or below the detection limit, cell-associated
HIV-1p24 reduced and CD4+ T cell counts protected. The dosing regimen improved treatment
outcomes more than two fold from what was reported for untargeted nanoATV/r. We posit that
these nanoformulations have potential for translation to human use.
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Combination antiretroviral therapy can reduce, but not eliminate, human immunodeficiency
virus (HIV) replication. Therapeutic limitations, including adherence to therapeutic
regimens and inadequate drug penetration to viral reservoirs can lead to treatment failures.
To this end, our laboratories developed long-acting antiretroviral nanoformulations
(nanoART). These were demonstrated to improve antiviral activities (Balkundi et al., 2010).
Weekly parenteral administration of poloxamer188 formulated ritonavir-boosted atazanavir
(P188-ATV/r) for 6 weeks provided up to a 3-log viral load reduction in humanized HIV-1
infected NOD/scid-1L-2Ryc™!! (NSG) mice (Dash et al., 2012). Despite these
pharmacodynamics (PD) advantages, high dose, volume of injection and dosing frequency
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precluded nanoART translation to human use (Gautam et al., 2013; Nowacek et al., 2010;
Roy et al., 2012). Such limitations were compounded by injection site irritations and high
dose volume required to achieve plasma ATV/r levels sufficient for viral inhibition (Gautam
et al., 2013). In order to reduce dose and injection volume we developed a folic acid (FA)
modification approach to target the folate receptor on macrophages (Puligujja et al., 2013).
Advantage in antiviral activity of FA-nanoATV/r was demonstrated in NSG mice following
pre-exposure prophylaxis (PrEP) regimens. The present study on FA-nanoATV/r treated
NSG mice builds on prior PK and PD studies. The promising results lay a foundation to
further develop nanoformulations for clinical use(Puligujja et al., 2015).

Physicochemical characterization

FA-nanoATV/r nanoformulations (FA-P407-ATV/r) were prepared by high-pressure
homogenization(Puliguijja et al., 2013). Physicochemical characteristics including particle
size, charge, polydispersity (PDI) and shape were determined. Particle size, polydispersity
and zeta potential ranged from 257 to 433 nm, 0.17 to 0.33 and —8.9 to —12.1 mV for FA-
nanocATV and FA-nanoRTV.

Infection and nanoART treatments

The University of Nebraska Medical Center Institutional Review Board approved human
fetal tissue usage. CD34*- hematopoietic stem cells (HSC) were isolated from human fetal
liver by immune selection (Miltenyl Biotec Inc, Auburn, CA) then transplanted into NSG
mice at birth (Gorantla et al., 2007). At 22 weeks of age mice were infected with a 10 tissue
culture infective dose50 (TCIDsgg)/mouse of HIV-1pa by intraperitoneal injection. Ten
weeks later mice were administered 100 mg/kg FA-nanoATV/r intramuscularly with booster
doses at 2 and 4 weeks. Replicate animals were untreated. All mice were sacrificed at week
6. Mice were maintained on a folate deficient diet from 2 weeks before and throughout the
study. This enabled serum folate levels of < 25 nM that are comparable to humans (Figure
1A).

Plasma and tissue drug distribution

Plasma samples were collected at weeks 2, 4 and 6 after drug administration. Mouse tissues
were collected after sacrifice. Drug concentrations were determined by ultra-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)(Huang et al., 2011).
Following treatment with FA-nanoATV/r, plasma ATV concentrations were maintained
above the minimum effective concentration (MEC) of 150 ng/ml(Porte, 2006) throughout
the study. At 2, 4 and 6 weeks ATV levels were 285+£84, 701+128 and 404+101 ng/ml
respectively. Corresponding plasma RTV concentrations were 126465, 139+27 and 46+13
ng/ml respectively (Figure 1B). Tissue drug levels in liver, lung, spleen and kidney were
3835+792, 250495, 69+14 and 374472 ng/g for ATV and 24074554, 171+90, 289+93 and
452+136 ng/g for RTV respectively (Figure 1C).
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Viral load determinations

To determine antiviral efficacy of FA-nanoATV/r, pre- and post-treatment viral loads were
determined in blood from HIV-1 infected-CD34*-HSC-NSG mice. Viral load (RNA
copies/ml) was determined in plasma using COBAS Amplicor System v1.5 kit (Roche
Molecular Diagnostics, Switzerland) (Dash et al., 2012). Individual mouse viral loads before
treatment with FA-nanoATV/r were 0.7 x 10°, 5.0 x 10°, 2.0 x 10°, 3.2 x 10°, and 0.7 x 10°
viral RNA copies/ml. Treatment with FA-P407-ATV/r produced an up to 3 log decrease in
the viral load and was statistically significant at P<0.05 with Mann-Whitney test (Figure
1D); with 2 mice showing undetectable viral RNA, one with a 2-log decrease (3 x 103 viral
RNA copies/ml) and the fourth exhibiting a log decrease (7 x 10% viral RNA copies/ml). The
variance in viral levels is likely attributable to humanization, mouse-human cell biology and
drug biodistribution differences and irradiation-associated toxicities. The average post-
infection and post-treatment viral loads for the untreated group were 2.9 x 10° and 2.2 x 10°
viral RNA copies/ml.

Flow cytometric analyses

To assess whether FA-nanoATV/r treatment provided immune protection, we determined
the percent of human CD45, CD3, CD4 and CD8 positive cells in blood, spleen and bone
marrow. The number of human CD45+, CD3+, CD4+ and CD8+ cells (BD Pharmingen, San
Diego, CA) were determined by fluorescence-activated cell sorting (FACS) using a BD
FACSDiva® (BD Immunocytometry Systems, Mountain View, CA) system. CD4+
lymphocyte percentages were determined from the CD3+ gated cells. After sacrifice, CD4+
and CD8+ T cell percentages were calculated from CD45+ cells; total CD3+ cell number
was considered to be sum of CD4+ and CD8+ cell numbers.

The average pre-infection CD4+ T cell percentages among the untreated and FA-nanoATV/r
treated groups in blood were 54.8+7.1% and 51.2+5.2% of the CD3+ T cell population,
respectively. After the initial 200 mg/kg dose the average CD4+ T cell percentage in blood
was 63.0+5.5% at 2 weeks post treatment. A second dose was administered at week two and
CDA4+ T cell percentages in blood increased to 69.8+4.4% at week 4. After the third dose
CDA4+ T cell percentages increased further to 74.7+3.1% at week 6. In contrast, the CD4+ T
cell percentages in infected and untreated mice dropped to 50.0+12.5% at week 6 (Figure
2A). The uninfected and untreated mice had CD4+ T cell percentages of 73.5+3.9%. The
CD4+ T cell percentages in spleen and bone marrow were 62.7+2.9 and 82.3+3.8% for the
FA-nanoATV/r group and 42.5+9.1 and 57.8+5.7% for the infected and untreated mice
(Figure 2B). Moreover, the CD4+ T cell percentages in uninfected and untreated mice in
spleen and bone marrow were 62.4+2.9 and 90.2+1.7%. The corresponding CD4:CD8 T cell
ratios in blood, spleen and bone marrow are shown in supplementary figures 1A and 1B.

Immunohistochemistry

Spleens collected at sacrifice were fixed with 10% neutral buffered formalin (Fisher
scientific, Kalamazoo, MI) and paraffin embedded. Five pm thick serial sections were
collected and immunostained (Figure 2C) with human leukocyte antigen; HLA-DR (clone
CR3/43; 1:100) and mouse monoclonal antibody against HIV-1p24 (clone Kal-1; 1:10)
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(Puligujja et al., 2015). Antiretroviral activity was determined by dividing the total
HIV-1p24+ cells by total HLA-DR+ cells in five random microscopic fields/mouse. The
ratio of HIV-1p24+ cells among HLA-DR+ cells in spleen was 0.15+0.14 for the FA-
nanoATV/r group compared to 0.22+0.05 in the untreated mice (Figure 2D).

There is a significant interest for the development of long-acting ART nanoformulations
(Dolgin, 2014). Although these show improved drug PK and tissue distribution, the
relatively high dose and volume of injection remain a limitation. FA-nanoATV/r was
improved over non-targeted formulations in both these parameters (Puligujja et al., 2013).
For the latter, the PD efficacy of FA-nanoATV/r in a PrEP regimen protected humanized
mice against acute HIV infection (Puligujja et al., 2015). However the efficacy of FA-
nanoATV/r in treating chronic HIV-1 infection was not investigated. Thus, we evaluated PD
outcomes of FA-nanoATV/r in chronically HIV-1 infected CD34*-HSC-NSG mice.

Targeted FA-P407-ATV/r improved the drug-dosing regimens (Dash et al., 2012). FA-P407-
ATV/r provided a significant decrease in viral loads compared to untreated infected mice
(P<0.05, Mann-Whitney test). It is known that higher plasma drug concentrations are needed
for efficient antiviral responses (Winston et al., 2005). The plasma ATV levels following
FA-P407-ATV/r were above the MEC. Additionally, in comparison with untargeted P407-
ATVIr (Supplementary Figure 2), FA-P407-ATV/r treatments showed enhanced viral load
suppression. This can be attributed again to the enhanced plasma drug concentrations with
FA targeting. Although the dosing regimen was not identical between the studies, the
suppression in viral load seen supports the potential of FA-P407-ATV/r to reduce dosing
frequencies.

We reported previously on the antiviral activity of nanoART in CD34*- NSG mice(Dash et
al., 2012). In that study CD34*-HSC-NSG were infected for 8 weeks and treated weekly for
6 weeks with 250 mg/kg P188-ATV/r. The mice were sacrificed 7 weeks after the first dose.
We compared the viral loads from this previously published study with the viral loads after
FA-nanoATV/r treatment (Figure 1D). In comparison to the P188-ATV/r study, the dose of
100 mg/kg FA-nanoATV/r was 2.5 times less than what was administered with P188-
ATV/r. Also, the frequency of FA-nanoATV/r treatment was half the frequency of the P188-
ATV/r treatment. Taken together, FA-nanoATV/r treatment with 5 times less total drug than
P188-ATV/r was sufficient to reduce the viral load to undetectable levels. The effectiveness
of FA targeting enables FA-nanoATV/r to be administered once every 2 weeks.

Flow cytometry analysis in blood, spleen and bone marrow demonstrated CD4+ T cell count
drops after 10 weeks of HIV-1 infection. These then returned gradually to uninfected levels
after treatment. Although not statistically significant, immunohistochemical staining for
HIV-1p24 antigen in spleen after FA-nanoATV/r treatment decreased over time. These
results demonstrate the potential of FA-nanoATV/r to treat a chronic viral infection. Recent
phase Il studies underway for monthly or every other month ARV injections will permit
future development of folic acid targeting of longer acting antiretrovirals.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Comparison of pharmacokinetics and viral loads between targeted and untargeted
nanoformulations in CD34+ hematopoietic stem cell transplanted humanized NOD/scid-
IL-2Ryc"U!! mice (A) Table describing the infection and treatment scheme in FA-P407-
ATV/r and untargeted groups. Pharmacokinetics of FA-P407-ATV/r. FA-P407-ATVIr
(100 mg/kg) was administered after the mice were infected for 10 weeks. A boosting dose of
100 mg/kg was again administered 2 and 4 weeks following the initial dose. Plasma was
collected at indicated time points. (B) ATV (open circle) and RTV (closed box)
concentrations in plasma were determined by UPLC-MS/MS. Tissues were collected 6
weeks following the initial dose. Data are expressed, as mean + SEM. (n=5) (C) Tissue
ATV and RTV concentrations were determined by UPLC-MS/MS. All data are expressed as
mean + SEM. (n=3) (D) Plasma viral load in CD34"-HSC-NSG mice during and
following FA-P407-ATV/r treatment. Humanized NSG mice were either treated with 3
doses of 100 mg/kg FA-P407-ATVI/r at 10, 12 and 14 weeks following HIV-1 infection or
untreated. Plasma viral loads from FA-P407-ATV/r (open circle) and untreated (Closed
boxes) groups were determined before and after treatment as illustrated. Data are expressed,
as mean + SEM. Data are statistically significant at P <0.05 with Mann-Whitney test (n=>4).
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Figure 2. Pharmacodynamics of FA-P407-ATV/r treatment in CD34+ hematopoietic stem cell
transplanted NSG mice

The percent of CD4+ T cells among CD3+ T cells and the CD4+ to CD8+ cell ratios were
determined using fluorescence-activated cell sorting between treated (open box) and
untreated infected control (closed box) groups. (A) CD4+ T cells in blood during the study
and (B) CD4+ T cells in blood, spleen and bone marrow at the end of the study. Data are
expressed as mean + SEM. ** Statistically different at P<0.01 using unpaired Student’s t-
test (n=5). Spleen immunohistochemistry was performed for HIV-1p24 antigens
following FA-P407-ATV/r treatment. Humanized NSG mice were infected with
HIV-1apa for 10 weeks and then treated with 100 mg/kg FA-P407-ATV/r at 0, 2 and 4
weeks. (C) Spleens were collected from treated and untreated groups and immunostained
with antibodies for either HLA-DR or HIV-1p24, then visualized with DAB staining. (D)
Antiretroviral efficacy was determined by counting the number of HIV-1p24+ cells and
HLA-DR+ cells from five random microscopic fields per mouse and then calculating the
HIV-1p24+ to HLA-DR+ cell ratios. Data are expressed, as mean £ SEM (n=4).
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