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ABSTRACT

Objectives: Osteopenia is frequent in HIV infected patients treated with antiretroviral therapy
(ART) and has been linked to increased osteoclastogenesis. Little is known about the effects
of ART on osteogenesis.

Design: We investigated the effect on human mesenchymal stem cells (hMSC) and
osteoblasts of Darunavir and Dolutegravir, the most highly used as anchor drugs within a 3-
drug regimen, and Atazanavir, which was widely utilized in the past.

Results: We found that Atazanavir and Dolutegravir delay the osteogenic differentiation of
hMSC, impair the activity of osteoblasts and inhibit their conversion into osteocytes, while
Darunavir exerts no effect.

Conclusions: Atazanavir and Dolutegravir impair osteogenesis. It is essential to early
diagnose impaired osteogenesis and to devise effective therapeutic interventions to preserve
bone health in ART-treated HIV patients and put it in the context of a correct antiretroviral
combination.
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Abbreviations

HIV human immunodeficiency virus

ART Anti-Retroviral Therapy

PIs protease inhibitors

INSTISs integrase strand transfer inhibitors

hMSC human mesenchymal stem cells

RUNX2 Runt-related transcription factor 2

PPARYy Peroxisome Proliferator Activated Receptor
BMD bone mineral density

NHOst normal human osteoblasts

ROS Reactive Oxygen Species

DCFH 2’-7’-dichlorofluorescein diacetate

COLI1ALI Collagen, type I, alpha 1

BGLAP Bone y-carboxyglutamic acid-containing protein
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
ALP Alkaline Phosphatase Assay

DMP-1 Dentin matrix acidic phosphoprotein 1

SOST Sclerostin
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INTRODUCTION

There are more than 30 million people living with human immunodeficiency virus (HIV)
infection [1]. About 2/3 receive Anti-Retroviral Therapy (ART), which has significantly
reduced HIV-related mortality and increased life expectancy [2]. There are several classes of
ART agents that target different stages in HIV lifecycle, i.e. protease inhibitors (Pls),
nucleoside and nucleotide reverse-transcriptase inhibitors, non-nucleoside reverse-
transcriptase inhibitors, entry inhibitors and integrase strand transfer inhibitors (INSTIs) [3].

Among others, Atazanavir and Darunavir are PIs and act by inhibiting aspartyl HIV protease
and interfering with the formation of mature viral particles [4]. Dolutegravir belongs to the
INSTTs class, binds viral integrase and prevents the incorporation of viral DNA into the host
T cell chromosomes [5]. While INSTIs are generally well-tolerated [6], PIs have side effects
such as lipoatrophy, cardiovascular disease, metabolic disorders and osteopenia [7].

HIV infected patients seem to have three times higher risk of osteoporosis, osteopenia and
fragility fractures than uninfected individuals [8,9]. Indeed, the HIV P55-Gag protein
negatively interferes with osteogenic differentiation of human mesenchymal stem cells
(hMSC) [10], while the HIV-Rev protein seems to be pro-osteogenic, because it upregulates
Runt-related transcription factor 2 (RUNX2), the master regulator of osteogenic
differentiation [10]. However, HIV-Rev increases the expression of Peroxisome Proliferator
Activated Receptor (PPAR)y, the main driver of adipogenesis [10]. Moreover, circulating
HIV-infected B lymphocytes overexpress RANKL and downregulate osteoprotegerin with
the consequent enhancement of osteoclast differentiation [7,11] and the PI Atazanavir
stimulates osteoclastogenesis in vivo and in vitro [11,12].

Several studies demonstrate that the combination of HIV-infection and ART augments the
risk of osteopenia and the amount of the abdominal visceral fat [1,4]. Moreover, patients
receiving an ART including Pls present a higher risk of osteopenia than those using other
therapeutic regimens [13]. In particular, the decrease of bone mineral density (BMD) caused
by PIs seems to be accelerated during the first couple of years of the treatment, while it is
stabilized in long term even if the risk of fracture remains high [14].

While osteoclasts activation is well documented in HIV-infected patients treated with ART,
less is known about the effects of ART on osteoblastic activity. Osteoblasts derive from
hMSC, multipotent stem cells that can differentiate in osteoblasts, chondrocytes or adipocytes
in response to specific environmental stimuli [15]. Some studies have reported the inhibition
of osteogenic differentiation in hMSC treated with Atazanavir or Lopinavir [4,16].
Nowadays, the most highly used anchor drugs within a 3-drug regimen are Darunavir among
PIs and Dolutegravir among INSTI. The PI Atazanavir has been widely used until three years
ago, when its tolerability in terms of hyperbilirubinemia has decreased drastically its
indication. The aim of our study was to evaluate in vitro the effect of these individual drugs
from two ART classes, PI and INSTI, on the osteogenic differentiation of hMSC, on the
activity of primary human osteoblasts and their terminal differentiation into osteocytes, the
most abundant and long-lived cells in human skeleton serving the crucial function of
mechanosensors and mechanotransductors [17].
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MATERIAL AND METHODS
Cedll Culture

We utilized three strains of hMSC purchased from Lonza cultured according to the
manufacturer’s instructions (Lonza, Basel, Switzerland) and induced to differentiate by an
osteogenic cocktail containing 2 x 10® M 1a,25-Dihydroxyvitamin D3, 10 mM p-
glycerolphosphate and 0.05 mM ascorbic acid (Sigma Aldrich, St. Louis, MO, USA)
(osteogenic medium, OM). Three different batches of normal human osteoblasts (NHOst)
were purchased from Lonza and maintained as indicated by the manufacturer (Lonza, Basel,
Switzerland) [18]. All the cells were used for 3-5 passages. The Alkaline Phosphatase Assay
(ALP) fluorimetric Kit (Abcam Cambridge, UK) was utilized to measure ALP in the culture
medium following the manufacturer’s instructions at 440 nm (excitation A=360) using the
Glomax Multi-Detection System (Promega, Madison, WI, USA).

To obtain osteocytes, NHOst were spread on collagen type I (Corning Incorporated, New
York, USA; final concentration 3 mg/mL) and cultured for 14 days [19]. To analyse calcium
deposition by hMSC and NHOst, Alizarin Red Staining was performed as described [20].

Cells were exposed to the IC90 concentration, which in vivo inhibits > 90% of HIV
replication and corresponds to 17.4 nM for Atazanavir, 4.1 nM for Darunavir and 145 nM for
Dolutegravir. All the results are the mean of at least three independent experiments
performed in triplicate.

Real Time PCR

Total RNA was extracted by the Pure Link RNA Mini Kit (Thermo Fisher Scientific,
Waltham, MA, USA) and reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit with RNase inhibitor (Thermo Fisher Scientific, Waltham, MA, USA).
Real-time PCR (RT-PCR) was performed three times in triplicate using the CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) instrument utilizing the
TagMan Gene Expression Assay (Life Technologies, Monza, Italy). The following primers
were used: Hs00231692 m1 (RUNX2); Hs00164004 ml, Collagen type I, al (COL1A1);
Hs01009391 g1 Dentin Matrix Protein (DMP)-1; Hs00228830 ml Sclerostin (SOST);
Hs99999905 m1 Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) used as an internal
reference gene. Relative changes in gene expression were analysed by the 27" method.

Statistical analysis

Data are reported as media + SD. The data were non-parametric and normally distributed and
they were analysed using two-way ANOVA (hMSC) and one-way ANOVA (NHOst). The p-
values deriving from multiple pairwise comparisons were corrected by the Bonferroni
method. Statistical significance was defined for p-value < 0.05.

RESULTS
Osteogenic differentiation after exposureto Atazanavir, Darunavir or Dolutegravir

hMSC were exposed for various times to Atazanavir, Darunavir or Dolutegravir in the
presence or in the absence of an osteogenic cocktail (OM and culture medium, CM,
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respectively). RT-PCR was performed using specific primers for RUNX2, essential for
osteoblast differentiation, and COL1Al, coding for collagen la [21]. As expected [20,22],
RUNX2 and COL1A1l were overexpressed after 3 and 7 days of culture in OM in untreated
cell. Atazanavir, Darunavir or Dolutegravir partially inhibited OM-induced expression of
RUNX2 and COL1AL1 (Figure 1A-B).

We then evaluated whether the differences of gene expression were translated into
differences in calcium deposition by staining the cells with Alizarin Red after 7 and 14 days
of culture in osteogenic medium with or without the three drugs. The presence of calcium
deposits is a biomarker of osteogenic differentiation of hMSC. Figure 1C shows that
Atazanavir and Dolutegravir impair calcium deposition, while Darunavir has no effect.

Osteoblast activity after exposureto Atazanavir, Darunavir or Dolutegravir

NHOst treated with Atazanavir and Dolutegravir for 14 days lost their ability to deposit
calcium. Darunavir did not exert any effect (Figure 2A). Accordingly, the release of ALP,
which is critical in bone formation [23], was decreased in cells treated with Atazanavir and
Dolutegravir, while Darunavir had no effect (Figure 2B).

Transition from osteoblasts in osteocytes after exposure to Atazanavir, Darunavir or
Dolutegravir

After depositing bone matrix, osteoblasts are embedded in this matrix and terminally
differentiate into osteocytes [19]. NHOst were cultured in type I collagen gels for 14 days in
the presence or not of the drugs and the expression of two osteocytic markers, DMP-1 and
SOST [24,25], was analyzed by RT-PCR. DMP-1 is expressed in early embedding osteocytes
and is maintained thereafter. SOST is only expressed in deeply-embedded late osteocytes
[24]. Controls and cells treated with Darunavir overexpress DMP-1 and SOST, thus indicating
their conversion into osteocytes, while cells treated with Atazanavir and Dolutegravir do not
(Figure 2C).

DISCUSSION

ART grants the possibility to reduce viral load to almost undetectable levels and has
converted what used to be a fatal disease into a chronic disease, with unprecedented
outcomes [26]. However, persistent inflammatory responses associated with HIV infection as
well as adverse drug reactions impact on the skeleton, to the point that HIV infection and
ART are considered independent risk factors for osteopenia [27,28]. Indeed, ART initiation
has been linked to changes of bone mineral density [29]. Now that HIV population begins to
age, an increase in bone fractures at an uncharacteristically young age, especially for men, is
becoming evident and this trend might worsen as patients shift to an older demographic
[13,30].

Because the effects of ART on bone cells is unclear and controversial, we investigated the
direct effects of the PIs Atazanavir and Darunavir or the INSTI Dolutegravir on the
osteogenic differentiation of hMSC, on the activity of primary osteoblasts and their transition
into osteocytes.
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These drugs partially inhibit OM-induced expression of the early markers of osteogenesis
RUNX2 and COL1A1. RUNX2 is fundamental in committing MSC to the osteoblast lineage
[31]. It triggers the expression of genes coding for bone matrix proteins, among which
COL1A1 and some non-collagenous matrix proteins [31]. With the gradual acquisition of a
mature phenotype, RUNX2 declines and other transcription factors come into play [31].

The outcome of osteogenic differentiation is the formation of calcium deposits in the
extracellular matrix. While Darunavir-treated cells behave like the controls, Dolutegravir and
Atazanavir impair the deposition of calcium. Our results are in agreement with a previous
paper showing that Atazanavir reduces osteoblast differentiation [16]. Similarly, the
inhibition of osteogenic differentiation of hMSC treated with some Pls (i.e Saquinavir,
Liponavir and Nelfinavir) was reported [4].

Focusing on mature osteoblasts, Darunavir grants the normal function of these cells, whereas
Atazanavir and Dolutegravir inhibit osteoblastic activity. Therefore, our results suggest that
ALP, a predictor of bone density, should be routinely measured in ART-treated patients to
monitor osteoblastic activity.

Atazanavir and Dolutegravir also prevent the terminal differentiation of osteoblasts into
osteocytes, while Darunavir does not. Osteocytes are crucial in bone homeostasis, since they
actively orchestrate the activity of osteoblasts and osteoclasts [17]. We hypothesize that a
reduced number of osteocytes in Atazanavir- and Dolutegravir-treated patients might subvert
cell-to-cell communication in the bone, resulting in altered bone structure.

While Atazanavir is associated with a higher risk of osteoporosis in women [13], at the
moment no data are available about the action of Dolutegravir on BMD in patients [32] nor
on its effects on bone cells, but no alarming signals have been reported in clinical trials. The
31 drug - i.e. anchor drug - effect has been reduced by the burden of other
nucleoside/nucleotide inhibitors of HIV reverse transcriptase. By the available evidences,
INSTI do not seem to impact on the bone health of individuals receiving antiretrovirals.

Since ART exerts adverse effects on bone [13], a better understanding of the mechanisms
responsible for skeletal deterioration will be essential to forge effective therapeutic
interventions to safeguard all the significant improvements achieved in the long-term health
of patients living with HIV/AIDS.
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FIGURE LEGENDS

Figure 1. Osteogenic differentiation of hMSC in the presence of Atazanavir,
Dolutegravir or Darunavir.

The cells were cultured in the presence of the individual drugs with or without the osteogenic

cocktail.
(A-B) RT-PCR was performed for RUNX2 (A), COL1A1 (B).
(C) Calcium deposition was assessed by Alizarin Red Staining.

Note: * p<0.05; ** p<0.01; *** p<0.001.
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Figure 2. Osteoblast activity and their terminal differentiation into osteocytes in the
presence of Atazanavir, Dolutegravir or Darunavir.

NHOST were cultured in the presence of the individual drugs.
A) Calcium deposition was assessed by Alizarin Red Staining.

B) ALP activity was measured using a fluorimetric ALP kit. Data are expressed as
percentages of the fold increase of the signal intensity obtained in culture media in the
treated vSuntreated (-).

C) After culture in collagen gel for 14 days in the presence of the drugs, RT-PCR was
performed using primers designed on DMP-1 and SOST sequences.

Note: * p<0.05; ** p<0.01; *** p<0.001.
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