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Introduction

Osteoclasts play a crucial role in bone resorption, and impairment of their differentiation can have significant implications for bone density, especially in individuals with HIV who may be at risk of altered bone health. The present study aimed to investigate the effects of HIV infection on osteoclast differentiation using primary human monocyte-derived macrophages as precursors. The study focused on assessing the impact of HIV infection on cellular adhesion, cathepsin K expression, resorptive activity, cytokine production, expression of co-receptors, and transcriptional regulation of key factors involved in osteoclastogenesis.





Methods

Primary human monocyte-derived macrophages were utilized as precursors for osteoclast differentiation. These precursors were infected with HIV, and the effects of different inoculum sizes and kinetics of viral replication were analyzed. Subsequently, osteoclastogenesis was evaluated by measuring cellular adhesion, cathepsin K expression, and resorptive activity. Furthermore, cytokine production was assessed by monitoring the production of IL-1β, RANK-L, and osteoclasts. The expression levels of co-receptors CCR5, CD9, and CD81 were measured before and after infection with HIV. The transcriptional levels of key factors for osteoclastogenesis (RANK, NFATc1, and DC-STAMP) were examined following HIV infection.





Results

Rapid, massive, and productive HIV infection severely impaired osteoclast differentiation, leading to compromised cellular adhesion, cathepsin K expression, and resorptive activity. HIV infection resulted in an earlier production of IL-1β concurrent with RANK-L, thereby suppressing osteoclast production. Infection with a high inoculum of HIV increased the expression of the co-receptor CCR5, as well as the tetraspanins CD9 and CD81, which correlated with deficient osteoclastogenesis. Massive HIV infection of osteoclast precursors affected the transcriptional levels of key factors involved in osteoclastogenesis, including RANK, NFATc1, and DC-STAMP.





Conclusions

The effects of HIV infection on osteoclast precursors were found to be dependent on the size of the inoculum and the kinetics of viral replication. These findings underscore the importance of understanding the underlying mechanisms to develop novel strategies for the prevention and treatment of bone disorders in individuals with HIV.
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1 Introduction

Patients with Human Immunodeficiency Virus type 1 (HIV) infection frequently have low bone density, thus increasing significantly their risk of fractures (1). Antiretroviral medication has considerably extended patient survival, but long-term side effects such as bone abnormalities have also emerged. Bone loss in infected people is caused by a variety of variables, including antiretroviral medication, patient lifestyle, and health (such as age, body mass index, or muscle wasting) (2, 3). Additionally, bone deficiencies in individuals who are not receiving treatment point to the virus’s independent involvement (4–7). Due to the activity of the bone-resorbing osteoclasts, the bone-forming osteoblasts, and the osteocytes, the skeleton is a dynamic organ that is constantly remodeling. Bone flaws can result from an imbalance between osteoclasts and osteoblasts. HIV proteins such as gp120, Tat, and Nef have been shown to have impacts on bone cells, including osteoblasts, in several in vitro investigations (8–10). However, bone loss in HIV-infected individuals is linked to an increase in blood indicators of bone resorption but not or only little altered markers of bone growth, indicating a significant role for osteoclasts (7). While osteoclasts form primarily through the fusion of monocyte/macrophage precursors derived from hematopoietic stem cells, osteoblasts emerge from cells of mesenchymal origin (11, 12).

Macrophage Colony-Stimulating Factor (M-CSF) and Receptor Activator of Nuclear Factor-kappa B Ligand (RANK-L) regulate the differentiation of myeloid progenitors into osteoclasts as multinucleated gigantic cells (13). The level of osteoclasts differentiation is primarily influenced by RANK-L activity, which is restrained by its physiological decoy receptor osteoprotegerin (OPG) (14, 15). The transcription factor Nuclear Factor of Activated T Cells Cytoplasmic 1 (NFATc1) is primarily activated during osteoclasts differentiation (16). Osteoclasts are multinucleated cells with the rare capacity to resorb bone matrix. They are derived from the monocytic lineage and produced by the fusion of mononucleated precursors, such as blood-circulating monocytes and bone-resident precursors, to undergo final differentiation (12). Additionally, osteoclastogenesis, or the recruitment and/or differentiation of osteoclasts precursors, is favored by proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β, which create a favorable environment for osteoclastogenesis (17). The v3 integrin adhesion receptor, tartrate-resistant acid phosphatase (TRAP), and resorption-related enzymes such as cathepsin K are all highly expressed in terminally differentiated osteoclasts. Only a few mechanisms, including increased production of proinflammatory cytokines (18), immune system disruption (7, 19–23), and stimulation of the bone resorption activity of infected osteoclasts (24–26), have been put forward to explain the rise in osteolytic activity linked to HIV infection. HIV infection increases the RANK-L/OPG ratio, which drives osteoclasts differentiation via acting on T and B cells (27).

As HIV-essential host cells, macrophages are able to maintain active viral replication in vivo, with higher resistance to the cytopathic effects of the virus than CD4+ T cells. Macrophages are distributed throughout the majority of the organism’s tissues, thus acting as ubiquitous HIV reservoirs and a means of viral transmission and dissemination (28–33). A direct impact of HIV infection on macrophages may support the observed in vitro acquisition of some osteoclasts characteristics (multinucleation, enhanced ability to degrade organic matrices, and organization of their podosomes into circular structures when seeded on glass) (32, 34). Additionally, it has been demonstrated that HIV affects mature osteoclasts, causing changes to the structure and functionality of the sealing zone, as well as osteoclasts precursors, promoting their migration to bones and differentiation. The ability for bone disintegration and improved osteoclasts adherence is significantly correlated with these alterations. In this context, the C-C chemokine receptor type 5 (CCR5) expressed on macrophages is used by R5-tropic HIV strains for its cellular entry and appears to play essential roles in bone-destructive conditions through the functional regulation of osteoclasts since its blockade impairs osteoclasts differentiation and their functional cellular architecture through regulating integrin-and chemokine-mediated pathways (35). Besides, other consequences derived from HIV-infected macrophages can impact the microenvironment of osteoclast precursors recruitment or differentiation through changes in secreted soluble mediators. The HIV infection kinetics in macrophages differs according to viral and host-related factors. Among the former, viral inoculum and viral strain are involved (36, 37).

Here, we investigated whether macrophages -as osteoclasts precursors- might be reprogrammed differentially toward osteoclasts as a result of the magnitude of the viral inoculum, and its consequences on the macrophage phenotype in order to better understand the processes underlying the bone abnormalities brought on by HIV infection.




2 Materials and methods



2.1 Monocyte-derived macrophages culture and differentiation to osteoclasts

Primary human monocytes were isolated from the blood of healthy donors and differentiated as monocyte-derived macrophages (MDM), as described previously (38). The purity of the isolated CD14+ monocytes was more than 80% as determined by flow cytometry. Briefly, monocytes were seeded on slides in 24-well plates at a density of 5 × 105 cells/mL in Roswell Park Memorial Institute medium (RPMI, Gibco, Grand Island, NY, USA) supplemented with 10% FBS, 2 mM of L-glutamine (Gibco), 1 mM of sodium pyruvate (Gibco), penicillin-streptomycin and M-CSF (30 ng/mL) (StemCell Technologies, Canada) for 6 days (osteoclast precursors). Then, mature OC were obtained from cultured MDM (osteoclast precursors) in alpha minimum essential medium (α-MEM) (Gibco) supplemented with 10% FBS, 2 mM of L-glutamine (Gibco), 1 mM of sodium pyruvate (Gibco), and penicillin-streptomycin, M-CSF (30 ng/mL) and RANKL (50 ng/mL) (both from StemCell Technologies, Canada) for 9 days (mature osteoclast).

The studies performed in this work have been reviewed and approved by the institutional review board and local ethical committee. Buffy coats from healthy donors, between 18 and 60 years old and a balanced female: male ratio, were obtained from Hospital de Clínicas ‘José de San Martín’, Facultad de Medicina, Universidad de Buenos Aires. All human samples used in this study would have been obtained even if this study was not carried out, and were supplied without any personally identifiable information.




2.2 Cell-Free wild type-HIV and pseudotyped VSV-G-HIV infection of macrophages

Wild type (Wt)-HIV AD8 and BaL strains were available and the NLAD8-VSVG strain was produced by cotransfection with the proviral plasmid in combination with pVSVG. Vesicular stomatitis virus (VSV)-glycoprotein G pseudotyping of envelope defective viruses was performed by cotransfection of 293T cells with a VSV-G expression plasmid (pCMV–VSV-G) at an HIV-AD8/VSV-G plasmid ratio of 10:1. Then, 24 h later, the medium was replaced, and supernatants containing lentiviral particles were collected at 48 and 72 h after transfection, pre-cleared by centrifugation, ultra-concentrated over 5 h at 18,000 rpm; the pellet was resuspended in DMEM supplemented with 10% fetal bovine serum (FBS) and stored at −86°C until use. The amount of HIV-capsid (p24 antigen) in viral stocks was assessed by a commercial ELISA assay (INNOTEST® HIV Antigen mAb). Macrophages were infected with two different inoculums such as 0.01 pg of p24/cell (named “low”) and 1.0 pg of p24/cell (named “high”) with the macrophage-tropic HIV strains AD8 or BaL, as described previously (38). These two HIV strains are replication-competent, macrophage-tropic, CCR5-using, molecular clones of HIV-1. These two viral inoculums correspond to MOI 0.5 and 50, respectively (39), and reflect plausible viral loads that appear at different stages of natural infection. The assay of HIV replication inhibition was performed by treating the MDMs with NVP 1 μM prior to virus infection. Infectivity and replication were assessed by measuring p24 intracellular expression using the KC57 monoclonal antibody labeled with phycoerythrin against p24 (PE-KC57 [FH190-1-1] (6604667) protein (Beckman Coulter, United States) by flow cytometry, and p24 level in cell supernatants by ELISA.

When necessary to inhibit HIV replication, nevirapine as a potent noncompetitive inhibitor of the retroviral enzyme reverse transcriptase (RT) was used. As nevirapine selectively inhibits HIV in vitro (IC50 = 40 nM), it was used at 1 μM.




2.3 Flow cytometry analysis

Cells detached by Accutase® (StemCell Technologies, United States), were stained for surface antigens for 30 min at 4°C with the following antibodies: APC anti-human CD206 (cat550889), PE anti-human CD80 (cat566992), FITC anti-human HLA DR (cat555560), FITC anti-human CD9 and mouse anti-human CD81 primary antibody (cat555675) (from BD Biosciences, United States), Alexa Fluor 488 goat anti-mouse IgG H&L secondary antibody (ab150117) and APC Anti-CCR5 antibody (ab176536) (from Abcam, United States). Intracellular staining was performed on fixed and permeabilized cells with Fixation/Permeabilization Kit (Cat554714, BD Biosciences, USA) according to the manufacturer’s instructions for 30 min at 4°C with mouse anti-human Cathepsin K primary antibody (ab37259) and Alexa Fluor 488 goat anti-mouse IgG H&L secondary antibody (both from Abcam, United States). The percentage of cellular death was assessed by staining with APC-conjugated annexin-V and 7-AAD, using the Annexin-V/7-AAD apoptosis detection kit (BD Biosciences, United States). As a positive control of cell death, we have exposed briefly cells to freeze-thaw cycles. Data were acquired using a FACSCanto II (Becton Dickinson, United States) and analyzed with FlowJo.v10.6.2 (Ashland, United States).




2.4 Assessment of osteoclast differentiation

Cells were fixed with PFA 4% and stained for evaluating the generation of mature multinucleated osteoclasts using Tartrate Resistant Acid Phosphatase (TRAP) (Sigma-Aldrich, St. Louis, MO, United States) according to the manufacturer’s protocol. Briefly, at the end of the experimental timeline cells were washed twice with 1X PBS and fixed with a fixative solution comprised of citrate, acetone, and 4% formaldehyde for 10 min at 37°C. After washing twice with 1X PBS, fixed cells were stained for TRAP at 37°C in dark for 1 hour. Multinucleated TRAP-positive cells with ≥ 3 nuclei were considered mature osteoclasts. TRAP-positive multinucleated cells were further counted and imaged using an inverted microscope 200x (ECLIPSE, TS100, Nikon).




2.5 Measurement of TNF-α, IL-6, and IL-1β concentration

TNF-α, IL-6, and IL-1β were measured by sandwich ELISA in culture supernatants from HIV-infected cells and non-infected controls, using paired cytokine-specific monoclonal antibodies, according to the manufacturer’s instructions (BD Pharmingen, USA).




2.6 CCR5 blocking and antagonism experiments

CCR5 blocking was assessed using 1000 ng/mL, 500 ng/mL, and 5 ng/mL of HIV (AD8) recombinant gp120 (CM235) obtained from the NIH AIDS Reagent Repository (Bethesda, MD, United States). CCR5 antagonizing was carried out using 3 μM TAK-779 (Sigma-Aldrich, St. Louis, MO, United States, cat N° 229005-80-5).




2.7 Quantitative real-time PCR

Quantitative RT-PCR (qPCR) was used to detect gene expression of key regulators of osteoclast differentiation. Total RNA was then isolated on the twelfth day of culture using a Sigma Genelute RNA isolation kit. RNA was quantified on a nanodrop spectrophotometer, and cDNA was produced using the ImPromII Reverse Transcription System (Promega). Real-time PCR was performed on a StepOne PCR system (Applied Biosystems) using the DNA-binding dye SYBR green for the detection of PCR product. 2 µL of cDNA was added to a final reaction volume of 25 µL containing 0.05 U/µL Taq polymerase, SYBR green, and specific primers (0.2 µM each). The forward and reverse primer sets used for PCR were as follows (5’ to 3’): GAPDH, F: CTCTGACTTCAACAGCGACAC, R: AGCCAAATTCGTTGTCATAC; RANK, F: GGTGGTGTCTGTCAGGGCACG, R: TCTCCCCCACCTCCAGGGGT; DC-STAMP, F: GTTGGCTGCCCTGCACCGAT, R: TCCCTCATCCTGGGGCTGCC; and NFATc1, F: GGTCTCGAACACTCGCTCTGCC, R: GCAGTCGGAGACTCGTCCCTGC. Cycling conditions for GAPDH, DC-STAMP, and NFATc1 were 95°C for 5 min followed by 40 cycles of 95°C for 15 seconds, 55°C for 15 seconds, and 72°C for 30 seconds. Cycling conditions for RANK were 95°C for 5 min followed by 40 cycles of 95°C for 15 seconds, 60°C for 15 seconds, and 72°C for 30 seconds. Melting curve analysis was then performed. All primer sets yielded a single product of the correct size. The fold change (relative expression) in gene expression was calculated using the relative quantification method (2−ΔΔCt) (40). Relative expression levels were normalized against GAPDH. Intra-experiment CT value differences between samples were less than 0.5.




2.8 Immunofluorescence microscopy

On day 9 post-seeding cells were fixed with PFA 4% for 10 min at room temperature and were first incubated with mouse anti-human CD81 primary antibody (cat555675, BD Biosciences, United States) diluted in Perm Wash (cat554723, BD Biosciences, United States) for 60 min at 4°C, and then with Alexa Fluor 488 goat anti-mouse IgG H&L secondary antibody (ab150117) for 45 min at 4°C. Afterward, cells were washed and stained with PE-KC57 against p24 protein (cat6604667, Beckman Coulter, United States) for 30 min. DAPI (Invitrogen, Thermo Fisher Scientific, USA) was used for nuclear staining for 15 min at room temperature. Cells were visualized with an ECLIPSE, TS100, Nikon fluorescence microscope, images were processed with Image J software (version 1.47).




2.9 Adhesion assay

On day 6 post-seeding, an adhesion assay was performed with infected macrophages then differentiated into osteoclasts and mock-infected controls. The supernatant was removed and cells were washed twice with PBS 1X. Then cells were incubated with Accutase® to detach the cells (StemCell technologies) or PBS for 10 min at 37°C. After incubation, cells were washed twice with PBS, adherent cells were fixed with PFA 4%, and nuclei were stained with DAPI (Invitrogen, Thermo Fisher Scientific, USA). Five images per well were taken (200X) (ECLIPSE, TS100, Nikon), all images were processed and the nuclei were quantified using Image J software (version 1.47).




2.10 Assessment of bone resorption

To assess bone resorption activity, macrophages were seeded on bovine cortical bone slices (Boneslices, Inc.) and differentiated into osteoclasts. The dimensions of bone slices are (i) Diameter: 6mm; (ii) Thickness: 0.4mm. Resuspended OC precursors were seeded in 96-well plates on 0.4 mm thick bovine cortical bone slices at a density of 1 × 105 viable cells per bone slice. Following complete cell removal by several washes with water, bone slices were stained with toluidin blue (Sigma-Aldrich) to detect resorption pits under a light microscope (ECLIPSE, TS100, Nikon). The surface of bone degradation areas was quantified manually with ImageJ software (version 1.47).




2.11 Statistical analysis

Where applicable, statistical analysis was performed. The exact values of n (donors) can be found in the figure legends. All statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA). The statistical tests were chosen according to the following. Two-tailed paired or unpaired t-test was applied on data sets with a normal distribution (determined using Kolmogorov-Smirnov test), whereas two-tailed Mann-Whitney (unpaired test) or Wilcoxon matched-paired signed rank tests were used otherwise. p < 0.05 was considered as the level of statistical significance (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).





3 Results



3.1 The HIV replication kinetics during osteoclastogenesis differ according to the inoculum size without modifying cell viability

Figure 1A shows the experimental timeline. After challenging monocyte-derived macrophages (MDM) with two different HIV inoculums, different viral replication kinetics were observed, even during their differentiation into osteoclasts. Thus, the HIV infection efficiency and replication at 3-, 6-, 9-, and 12-days post-infection (dpi) were assessed by measuring the relative abundance of intracellular p24-expressing cells (using flow cytometry) and soluble p24 in cell supernatants (using ELISA, expressed as mean ± SD), respectively. As depicted in Figure 1B, an early and massive HIV replication was found after a high inoculum was used (1.0 pg/cell) showing a jump (42-fold increase) in their levels from 3 (62.0 ± 65.3 ng/mL) to 6 dpi (2622.7 ± 2614.8 ng/mL) that was significantly higher than low-inoculum (p=0.008). When viral infection was carried out using a low inoculum (0.01pg/cell), a 12-fold increase occurred between 6 (118.7 ± 178.9 ng/mL) and 9 dpi (1422.2 ± 805.6 ng/mL). As shown in Figure 1C, at the end of the experimental timeline (12 dpi), the HIV infection efficiency was similar for both inoculums (62.4 ± 14.7% vs. 50.7 ± 14.1%) in line with viral replication levels (p24 antigen) measured in the cell culture supernatant. As shown in Figure 1D, cell death levels did not differ early after infection (4.0 ± 2.3% vs. 2.5 ± 1.5%) or at 12 dpi (11.9 ± 4.7% vs. 8.6 ± 2.3%) even with the higher viral inoculum. Thus, two different HIV replication kinetics were observed early after RANK-L treatment during osteoclast differentiation, according to the initial viral inoculum but without altering the cell viability. Hence, a mild versus a massive proportion of osteoclast precursors were infected using low (0.01 pg/cell) and high (1.0 pg/cell) HIV inoculum, respectively.




Figure 1 | HIV replication kinetics during osteoclastogenesis. (A)Representation of the experimental timeline schedule. (B) Kinetics of HIV replication using low (0.01 pg/cell) and high (1.0 pg/cell) viral inoculum, measuring p24 antigen in culture supernatants by ELISA during osteoclast formation. (C) The efficiency of HIV infection (measured by flow cytometry as a percentage of cells expressing intracellular p24 antigen) at 12 dpi. (D) Representative dot plots were obtained at 12 dpi by flow cytometry using KC57 monoclonal antibody against gag p24 in control and HIV-infected cells. (E) Measurement of cell death (as a percentage of cells stained with Annexin V/7-AAD) upon HIV infection with high inoculum at two different time points, 3 dpi, and 12 dpi. (F) Representative dot plots obtained by flow cytometry measuring Annexin V/7-AAD staining at time points represented in (E) Data are expressed as mean ± SD obtained from 4-6 independent experiments performed with cells from different donors. ns, not significant.






3.2 The viral inoculum, but not the HIV R5-tropic strain infecting macrophages, affects osteoclast formation

To determine whether HIV-infected MDM acquires osteoclast characteristics, human primary macrophages derived from primary monocytes (from 4-5 donors) were infected with two HIV R5-tropic strains, NLAD8 and BaL. Twelve days post-infection, osteoclast formation in culture was quantified by manually counting TRAP-positive, multinucleated (≥3 nuclei) cells visualized under the microscope (x200; as mean number ± SD). As shown in Figures 2A, B, HIV infection of MDM with a low inoculum of either NLAD8 or BaL R5-tropic strains triggered similar MDM fusion into osteoclasts compared to non-infected cells (control: 37.2 ± 12.4; HIV-low: 32.3 ± 13.3). In contrast, osteoclast formation was significantly lower when MDM was infected with a high HIV inoculum (10.8 ± 3.4). To elucidate the massive HIV-replication impact on osteoclast formation, it was inhibited using nevirapine (NVP), a non-nucleoside reverse transcriptase inhibitor. As shown in Figure 2C, HIV infection efficiency measured at 12 dpi diminished drastically in cultured macrophages treated with nevirapine 1 µM prior to being challenged with HIV (from 51.8 ± 19.9% to 0.3 ± 0.2% and from 31.4 ± 28.5% to 0.2 ± 0.1% for high and low-viral inoculum, respectively). As shown in Figure 2D, osteoclast formation from NVP-treated cultured cells appeared unchanged even with macrophages exposed to a high inoculum (50.1 ± 0.4 and 49.5 ± 4.1). Thus, these results indicate that osteoclast formation is strongly impaired when its precursors are massively and productively HIV-infected.




Figure 2 | HIV R5-tropic strain modulates osteoclast formation. Quantification of the number of TRAP-positive osteoclasts after culturing for 12 days and the number of TRAP-positive osteoclasts obtained from monocytes after 15 days of incubation with M-CSF, and 9 days with RANK-L (A). Representative images of A (x200) (B). Measurement of HIV infection efficiency (as a percentage of cells expressing p24-capsid antigen measured by flow cytometry using PE-KC57) at 12-dpi for each inoculum in the absence or presence of the reverse transcriptase inhibitor nevirapine (1μM) (C). Morphology of TRAP-positive osteoclast formation in cell cultures at 12 dpi, using the two HIV inoculums (low and high), and two different R5-tropic HIV strains (AD8, and BaL), in the presence or absence of nevirapine (only for the AD8 strain) (x200) (D). Scale bar: 200 µm. Data are expressed as mean ± SD obtained from 4-6 independent experiments performed with cells from different donors. *p < 0.05, **p < 0.01.






3.3 Analysis of the macrophage activation profile and cytokines released after HIV infection with low and high viral inoculums

Considering their dependence on the surrounding environment, the activation profile of macrophages was analyzed after their exposure to HIV-low and high inoculum. According to the surface markers expression (CD206+/HLA-DR+/CD80-) of both non-infected control and HIV-infected macrophages, macrophages differentiated with M-CSF for 6 days exhibit an M2-like profile as shown in Figures 3A, B, regardless of the viral inoculum size. These M2-like macrophages shifted toward an M1 activation profile (CD206+/-/CD80+) when stimulated with lipopolysaccharide (LPS, 100 ng/mL) for control and both viral inoculums as well. Afterward, when the level of M1-associated cytokines (tumor necrosis factor-α -TNF-α-, interleukin-6 -IL-6-, and IL-1β) was measured, TNF-α was undetectable for control and both viral inoculums. Figure 3C shows an 8-fold increase between 3 and 6 dpi in the IL-6 level among osteoclasts precursors infected with the high viral inoculum (2.9 ± 1.4 and 22.8 ± 11.4 pg/mL). In contrast, the IL-6 change was significantly lesser (2-fold) by those cells infected with the small inoculum (3.1 ± 2.4 and 6.9 ± 1.8 pg/mL). Likewise, as shown in Figure 3D, the amount of IL-1β released accompanied the HIV replication kinetics followed for each condition. When a high HIV inoculum was used, the IL-1β level jump to a maximum level earlier and concurrently with RANK-L addition (from 0.8 ± 1.3 to 21.3 ± 24.5 pg/mL: 27-fold change) that was significantly higher than low-inoculum (p=0.03). A similar IL-1β jump level but three days later was released when the low-HIV inoculum was used (from 0.7 ± 0.5 to 13.1 ± 15.2 pg/mL: 19-fold change). Thus, even in the presence of an M2-like profile, changes in the timing but not the amount of IL-1β release are seen in response to the size of the HIV inoculum during osteoclastogenesis.




Figure 3 | Macrophages activation profile and cytokines released after HIV infection. Surface marker expression and cytokine secretion during HIV infection of monocyte-derived macrophages. Surface marker expression (CD80, CD206, and HLA-DR) was determined by flow cytometry in cultured monocyte-derived macrophages after 6 days with M-CSF and 3 days post-inoculation (dpi) using the two HIV inoculums, in the absence of LPS stimulus (A). Surface marker expression was determined in the presence of LPS stimulus (B). IL-6 secretion was measured by ELISA at different times during the osteoclast differentiation process after HIV infection with each viral inoculum, both prior to and following RANK-L addition. The internal bracket depicts the fold change (C). IL-1b secretion was measured by ELISA at different times during the osteoclast differentiation process after HIV infection with each viral inoculum, both prior to and following RANK-L addition, throughout the experimental timeline (D). Data are expressed as mean ± SD for 2 to 4 independent experiments. MFI, Mean Fluorescence Intensity.






3.4 The CCR5 expression in osteoclast precursors is directly influenced by the HIV-inoculum size and its blocking, antagonizing, or even bypassing impairs the osteoclastogenesis

The CCR5 plays a dual role as an HIV co-receptor as well as an osteoclastogenesis regulator. Here, we evaluated CCR5 expression levels in osteoclast precursors after their exposure to both viral inoculums. As shown in Figure 4A, the relative abundance (percentage) of cells expressing CCR5 at 3 dpi and 6 dpi were slightly greater when the high inoculum was used than the low-inoculum and non-infected control. However, as displayed in Figure 4B, the CCR5 expression level (as median fluorescence intensity –MFI-) increased significantly at 3 and 6 dpi using 1 pg/cell but not when the low inoculum was used (and non-infected control). The HIV infection efficiencies (% of cells expressing HIV-p24 antigen) at 3 dpi were 0.2±0.1% and 1.8±0.8% using low and high-vial inoculum, respectively. Such efficiencies at 6 dpi were 6.1±2.0% and 43.8±18.1%. Subsequently, CCR5 expression level among cells exposed to high-inoculum decreased significantly (p<0.05) from 3 dpi to 6 dpi after RANK-L addition (1614.4±796.1 vs. 876.0±471.7).




Figure 4 | CCR5 expression in osteoclast precursors. Expression of CCR5 on the cell surface (as a percentage of positive cells) in osteoclast precursors after HIV infection (using both inoculums, 0.01 and 1.0 pg/cell) at 3 and 6 dpi measured by flow cytometry (A). The efficiency of HIV infection (measured by flow cytometry as the percentage of cells expressing intracellular p24 antigen) and change in CCR5 expression level (as MFI) between paired samples (control vs. HIV infected) in osteoclast precursors infected with each HIV inoculum at 3 dpi and 6 dpi (B). Quantification of the number of TRAP-positive osteoclasts after CCR5 antagonism using TAK-779 (C) or CCR5 blocking using three different concentrations of recombinant HIV (AD8)-gp120 (D). The efficiency of VSV-G-pseudotyped HIV infection (measured by flow cytometry as the percentage of cells expressing intracellular p24 antigen) and the number of TRAP-positive osteoclasts (x200) at 12 dpi using the two viral inoculums in the absence and presence of nevirapine (E). Scale bar: 200 μm. Data are expressed as mean ± SD obtained from 2-4 independent experiments performed with cells from different donors. *p < 0.001, **p < 0.001, and ***p < 0.0001. ns, not significant.



As exposure to a higher inoculum implies greater simultaneous co-receptor occupancy, we performed CCR5 blocking (using a recombinant gp120 from AD8) and CCR5 antagonism (using TAK-779 3 μM, a potent and selective non-peptide antagonist) experiments. As shown in Figures 4C, D, both treatments decreased significantly osteoclastogenesis in a dose-dependent manner. When the CCR5 was antagonized with TAK-779, the mean number of osteoclasts ( ± SD) diminished from 26.3 ( ± 3.2) to 11.4 ( ± 1.2) whereas the CCR5 blocking using gp120 (500 and 1000 ng/mL) decreased from 38.5 ( ± 7.4) to 21.3 ( ± 2.2) and 8.9 ( ± 1.0) osteoclasts (x200). Thus, both HIV-gp120 blocking and TAK-779-antagonizing of CCR5 interfere the osteoclastogenesis.

We next investigated whether infection with an HIV-R5 virus pseudotyped with the G glycoprotein of VSV (lacking gp120 thus unable to use CCR5 for entry) affected osteoclastogenesis. As shown in Figure 4E, the efficiency of infection with HIV-VSV was high at 12 dpi (62.7 ± 15.2%) irrespectively of the inoculum of pseudotyped virus used, resembling those achieved with the higher inoculum of the R5-wt viruses. In both conditions at 12 dpi, the number of osteoclasts (x200) significantly decreased from 50.1 ± 3.8 (non-infected control) to 16.7 ± 8.6 and 4.1 ± 1.6 using low and high inoculum, respectively. However, when viral replication was inhibited with NVP, osteoclastogenesis was recovered (47.3 ± 4.1 and 48.9 ± 1.3).

These findings demonstrate that both a CCR5-dependent (by its occupancy) and a CCR5-independent form of osteoclast differentiation impairment occurs during HIV productive infection in macrophages.




3.5 RANK, NFATc1, and DC-STAMP mRNA levels are differently regulated during osteoclastogenesis according to the HIV inoculum size

Considering that in both physiological and pathological processes, the receptor activator of nuclear factor kappa B ligand (RANK-L), and its receptor, RANK play critical roles in controlling the development, activation, and survival of osteoclasts, we have measured the mRNA levels of RANK in macrophages after HIV infection (3 dpi) with low and high-inoculum (values normalized with GAPDH as housekeeping gene). As shown in Figure 5A, the RANK mRNA level in macrophages remained unchanged using the low HIV inoculum but it diminished significantly after the high-inoculum challenge.




Figure 5 | mRNA levels of RANK, NFATc1, and DC-STAMP during osteoclastogenesis after HIV infection. The mRNA levels of RANK (A), NFATc1 (B), and DC-STAMP (C) were quantified using real-time quantitative PCR (RQ-PCR) in paired osteoclast precursor samples obtained from the same donor that were infected using two HIV inoculum and measured at 3 days post-infection (dpi) and/or 6 dpi, as indicated. The values of mRNA levels are relative to GAPDH (a housekeeping gene). *p< 0.001. ns, not significant.



According to the timeline, at 3 dpi the macrophages are exposed to RANK-L activating other signals involved in differentiation and fusion. In particular, NFATc1 is a master transcription regulator of osteoclast differentiation. As the RANK/RANK-L interaction triggers NFATc1 transcription, we have measured its transcriptional level post-RANK-L stimulus. As presented in Figure 5B, the mRNA levels in osteoclasts precursors exposed to a high inoculum of HIV were significantly dropped than those control or exposed to a low inoculum.

Concomitantly, we investigated the mRNA levels of DC-STAMP, a surface receptor required for osteoclast precursors fusion. As shown in Figure 5C, the DC-STAMP mRNA levels remained unaltered prior to RANK-L exposure irrespective of the HIV-inoculum size but it was significantly increased in cells exposed to higher HIV inoculum.

Thus, the magnitude of the HIV infection in osteoclast precursors may affect the transcriptional level of key regulators of osteoclastogenesis interfering with their fusion and differentiation.




3.6 The expression of tetraspanins CD9 and CD81 is influenced during the osteoclast differentiation and by the HIV-inoculum size

As HIV entry and egress are influenced by tetraspanin microdomains, we investigated the effect of HIV infection on CD9 and CD81 expression and its repercussions in the fusion process during osteoclastogenesis. As shown in Figure 6A, among macrophages infected with a high HIV inoculum, the expression of CD9 and CD81 at 6 dpi, measured as MFI by flow cytometry, was significantly higher than in control cells or cells exposed to a low viral inoculum as follows: 4196.0 ± 277.2 vs. 2760.0 ± 63.6, and 7145.5 ± 2800.8 vs. 4354.5 ± 43.1, respectively.




Figure 6 | Expression of tetraspanins CD9 and CD81 during osteoclast differentiation and HIV infection. The expression level of CD9 and CD81 was measured using flow cytometry (mean fluorescence intensity per cell, or MFI) at 6 days post-infection (dpi) using both HIV inoculums. The results are representative of two independent experiments performed using cells from different donors (A). Osteoclasts and their precursors at 6 dpi of HIV infection with the low-inoculum (upper panel) and control (non-infected) (lower panel) were stained with DAPI (for cell nuclei), PE (for HIV-p24 capsid antigen), FITC (for CD81), and merged using immunofluorescence staining and deconvolution microscopy to examine changes in the cellular localization of tetraspanins during maturation and HIV infection (x400) (B). Osteoclasts and their precursors at 6 dpi of HIV infection with the low-inoculum showing CD81 expression (green) and HIV-infected giant multinuclear cells (red, with nuclei in blue). (C) Yellow arrows show perinuclear structures resembling viral-containing compartments (VCC). Scale bars: 20 μm. *<0.05 indicates a statistically significant difference.



After 6 days of osteoclast formation in non-infected control cells, we observed a lower expression of CD81 on the membranes of multinucleated giant cells compared to mononuclear cells. This difference was also observed in multinucleated giant cells infected with HIV (p24 positive) after exposure to a high-viral inoculum. Furthermore, as shown in Figures 6B, C, at 6 dpi using double immunostaining for CD81 in HIV-infected cells (p24-positive cells), CD81 expression appeared to relocate to perinuclear structures resembling viral-containing compartments (VCCs) (Figure 6C).




3.7 Osteoclasts and macrophages adherence is differentially impaired according to the HIV inoculum size

The osteoclasts attachment/detachment was assessed as a critical factor for bone degradation. When infected macrophages were exposed to a low HIV inoculum, osteoclasts precursors were more resistant to detachment induced by Accutase® treatment than massively HIV-infected counterparts (Figure 7). HIV infection with low-inoculum (0.01 pg/cell) retained the adhesive properties of osteoclasts but when the HIV inoculum was high (1 pg/cell), the cell adherence was significantly lesser (0.5 ± 0.2) than non-infected (0.8 ± 0.1) and infected with low-HIV inoculum (0.9 ± 0.1). At 3 dpi, non-infected and HIV-infected osteoclast precursor cells were detached using Accutase® for 10 minutes, and the percentage of remaining adherent cells was quantified by counting nuclei (adhesion index). Due to the reduced adhesion caused by the high HIV inoculum, osteoclast mobility on bone is likely slowed, which should be a factor in the altered architecture of resorption lacunae and the decreased bone destruction activity.




Figure 7 | Adhesion of osteoclasts and their precursors. The adhesive properties of osteoclasts vary with the size of the HIV infection inoculum after 10 days of differentiation. The graph represents the average of five fields per condition from a total of six donors. **p ≤ 0.01 and ***p ≤ 0.001 indicate statistically significant differences.






3.8 Osteoclasts’ cathepsin K expression and resorptive ability are modulated by HIV infection

The enzyme cathepsin K (CTSK) first discovered in differentiated osteoclasts plays a critical role in degrading the bone matrix and contributes to osteoclast-mediated bone resorption. To evaluate the functional impact of HIV infection on the differentiated osteoclast, we have measured cellular CTSK expression level (as mean fluorescence intensity –MFI-) using flow cytometry at 12 dpi. For this goal, both R5 HIV-wt and pseudotyped HIV-VSV were used (each one with low and high inoculum). As shown in Figure 8, cells exposed to a high-HIV wt inoculum depicted a significantly higher CTSK level than low-inoculum and non-infected control. When using pseudotyped HIV, a high efficiency of infection at 12 dpi was observed irrespectively of the HIV-VSV inoculum accompanied in both for a high level of CTSK expression.




Figure 8 | Cathepsin K expression in osteoclasts and precursors after HIV infection. The level of cellular expression was measured using flow cytometry at 12 days post-infection (dpi) with two different viruses: wild-type HIV (AD8) and pseudotyped HIV (AD8)-VSV, each at two different inoculum levels (low and high). Mean fluorescence intensity (MFI) values are expressed as mean ± SD obtained from independent experiments performed using cells from 2-4 different donors. *p < 0.05 indicates a statistically significant difference, while “ns” indicates that the difference is not significant.



To determine if HIV-induced impairment in osteoclastogenesis affected resorptive ability, osteoclast precursors were cultured on bone slices (non-infected, and HIV-infected with low and high viral inoculum) and then differentiated into mature osteoclasts by RANK-L for 9 days. As shown in Figure 9, the presence of many resorption pits (discriminated from the gray background by an intensely dark stain) was observed in both non-infected and low-HIV inoculum conditions, but the high HIV inoculum strongly reduced the resorption area. The aforementioned findings indicate that the OC traits such multinuclearity and bone resorption competence are modulated according to the HIV inoculum size that challenges the osteoclast precursors.




Figure 9 | Bone resorption by osteoclasts. Representative data from a donor were obtained using a light microscope to show TRAP-positive (red) osteoclasts differentiated from macrophages during 12 days of culture with RANK-L and M-CSF on bone slices obtained from control (non-infected precursors) and HIV-infected precursors exposed to different viral inoculum (A). The bone resorption pits formed by osteoclasts from precursors (control, and HIV-infected using high and low-inoculum) cultured for 9 days were visualized by staining the slices with toluidine blue. Zoomed-in views of red dashed squares provide more detailed observation (B). The resorption area was observed under a light microscope (x100) and analyzed using Image-J (C). Scale bar: 100 μm. The data represent the mean ± SD of two independent donors, and **p < 0.01 indicates a statistically significant difference.







4 Discussion

The dysregulation of the bone remodeling system, which involves the interaction between osteoblasts and osteoclasts, can result in osteolytic bone disease, which is a common complication of HIV infection. Several studies have reported that HIV infection contributes to the emergence of osteolytic illness (41–44). For instance, HIV-infected human macrophages secrete RANK-L, which enhances osteoclast recruitment (45). Additionally, HIV targets the bone degradation machinery of osteoclasts, leading to bone loss (26). Furthermore, HIV can replicate in human osteoclasts and enhance their differentiation in vitro (24). However, the connection between osteolytic disease and HIV infection remains unclear. Our study demonstrates that a massive HIV infection of primary myeloid-lineage osteoclast precursors (monocyte-derived macrophages) damages their differentiation, adhesion, and osteolytic function without inducing marked cell death. Within 3 to 6 days of challenging them with a high viral inoculum, HIV replication burst in macrophages was rapid and massive, and this level was maintained, severely affecting the formation of osteoclasts. In contrast, when infection was performed with an inoculum 100 times lower, the replication kinetics and burst appeared delayed during the 9-day RANK-L induced differentiation into osteoclasts, which was not qualitatively or quantitatively affected despite achieving similar HIV infection efficiency levels. The different kinetics associated with the viral inoculum size could be observed with at least two different laboratory R5-tropic isolates (AD8 and BaL).

In our experimental timeline, the rapid and massive infection achieved with the higher inoculum occurred immediately prior to the onset of RANK-L-induced osteoclast differentiation. Such high infection efficiency achieved among osteoclast precursors may explain the discrepancies with other studies that used transgenic rats (27) or, MDM infected with a viral inoculum even smaller than our low one (45). It is known that RANK-L reduces cellular expression levels of CCR5 (46) and consequently, it could negatively affect the infection with the lower inoculum, delaying replication. The differentiation of macrophages by M-CSF led them towards an M2-like activation profile that was preserved even after HIV infection. However, the increase in IL-6 and IL-1β levels was earlier and significantly higher when preosteoclasts were infected with the higher inoculum. This elevated IL-6 level may suppress osteoclast progenitors’ differentiation by inhibiting directly RANK signaling pathways (47). The effect of IL-1β on osteoclastogenesis is highly time-dependent. Here, its elevation accompanied the viral replication kinetics according to the viral inoculum, reaching its maximum level concomitantly with the addition of RANK-L when the infection was done with the higher inoculum. Exposure to high levels of IL-1β before or concurrently with RANK-L reduces osteoclast development (48, 49). In contrast, a later peak of IL-1β after RANK-L therapy, as occurred when using the low HIV inoculum, has the opposite effect, promoting the growth and activity of osteoclasts. IL-1 receptors (IL-1Rs) and Toll-like receptors (TLRs) share a cytosolic Toll-IL-1R domain and common intracellular signaling molecules. This phenomenon can be explained by the fact that IL-1β directly inhibits the early stages of human osteoclast maturation by disabling the M-CSF receptor, c-Fms, which is necessary for RANK synthesis after binding with TLRs (49).

In line with this observation, we found that mRNA levels of RANK were significantly downregulated in macrophages massively infected with the high HIV inoculum, impairing RANK-L-induced osteoclast differentiation. Furthermore, the mRNA level of nuclear factor-activated T cells c1 (NFATc1) was also decreased in this condition. The NFATc1 protein is a master regulator of osteoclast differentiation that controls a number of osteoclast-specific genes, such as TRAP and cathepsin K, which could act as a transcriptional factor during HIV replication (50, 51). Besides, we have found higher expression of cathepsin K among cultured cells previously exposed to a high-HIV inoculum than in non-infected or infected with low-viral input, probably reflecting that the enzyme is predominantly retained in mononuclear cells but is not secreted to the extracellular media by osteoclasts. Furthermore, a reciprocal regulation between NFATc1 and the master fusogen, dendritic cell-specific transmembrane protein (DC-STAMP), has been described (52). In this context, Chiu et al. confirmed the presence of surface DC-STAMP in freshly isolated monocytes purified from human peripheral blood mononuclear cells. However, the expression level of DC-STAMP was found to be downregulated in mature osteoclasts. Consistent with this, we observed significantly higher DC-STAMP mRNA levels during impaired osteoclastogenesis in high HIV-inoculum-infected cells when exposed to RANK-L.

Massive HIV infection in osteoclast precursors alters the expression of surface markers involved in their fusion and differentiation, including CCR5 and tetraspanins CD9 and CD81. In macrophages, CCR5 expression is upregulated by macrophage colony-stimulating factor (M-CSF) (53), but it is downregulated by RANK-L (46). We found that prior to the addition of RANK-L, macrophages exposed to a high HIV inoculum expressed significantly higher levels of CCR5 than non-infected controls or low-inoculum. However, upon adding RANK-L, its expression diminished, likely due to an IL-1β peak, which can trigger p53-mediated down-modulation of CCR5, limiting HIV entry in macrophages as well (54). During osteoclast differentiation, their precursors exposed to a high viral inoculum exhibited decreased CCR5 expression. This correlates with our observations of the affected bone-resorption activity of osteoclasts, and their weak adherence (35). Similarly, we observed inhibition of osteoclast formation when CCR5 was chemically antagonized in a dose-dependent manner using TAK-779, as well as after blocking it by exposure to recombinant HIV (AD8)-gp120. Furthermore, we found that such an inhibitory effect was present when osteoclast precursors were infected with pseudotyped HIV-VSV, which replicates profusely after cellular entry in a CCR5-independent manner. Thus, the inhibition of osteoclastogenesis that occurs during massive HIV infection in their precursors involves CCR5 occupancy and the burst of viral replication.

Tetraspanins, such as CD9 and CD81, are a family of integral glycoproteins that span the membrane four times and create specific microdomains based on non-covalent protein-protein interactions. It is known that tetraspanin-enriched microdomains containing CD9 and CD81 suppress HIV viral entry and serve as anchor sites for HIV progeny assembly. These tetraspanins influence cellular permissiveness to viral entry by interacting and altering the localization and accessibility of the CD4 receptor (55). Here, we have observed a significant increase in CD9/CD81 expression during osteoclastogenesis among precursors exposed to a high-HIV inoculum, which may be linked with the essential role of these two tetraspanins in preventing the fusion of mononuclear phagocytes (56, 57). Among osteoclasts, control, and HIV-infected ones, we observed a lower cell surface expression of CD81. Thus, when osteoclast precursors are massively infected, CD9 and CD81 appear to be overexpressed, leading to the inhibition of fusion.

In conclusion, we demonstrate that the magnitude and kinetics of HIV infection in macrophages as precursors of osteoclasts, modulate multiple cellular factors involved in osteoclastogenesis. This knowledge contributes to the development of new strategies to prevent or treat bone disorders in people with HIV.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

FS performed the experiments and analyzed the data. PJ helped with cell culture. CC helped with the set-up of RT-qPCR. MO and AA helped with the set-up of CD9 and CD81 measurement. RF, AG, and CL helped with viral stocks and culture media preparation. JQ wrote the manuscript. JQ and M.VD designed the experiments, revised the manuscript, and obtained research funding. All authors have read and agreed to the published version of the manuscript.





Funding

This work was supported by grants from Agencia Nacional de Promoción Científica y Tecnológica (ANPCYT, Argentina), PICT 2017-2859, PICT 2019-0499, PICT 2020-0691 to M.VD and PICT-2019-1698, PICT 2020-1173 to JQ, and Universidad de Buenos Aires (SECyT). Funding agencies had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Cotter, AG, and Mallon, PW. The effects of untreated and treated HIV infection on bone disease. Curr Opin HIV AIDS (2014) 9(1):17–26. doi: 10.1097/COH.0000000000000028

2. Moran, CA, Weitzmann, MN, and Ofotokun, I. Bone loss in HIV infection. Curr Treat options Infect dis (2017) 9(1):52–67. doi: 10.1007/s40506-017-0109-9

3. Paccou, J, Viget, N, Legrout-Gerot, I, Yazdanpanah, Y, and Cortet, B. Bone loss in patients with HIV infection. Joint Bone spine (2009) 76(6):637–41. doi: 10.1016/j.jbspin.2009.10.003

4. Bruera, D, Luna, N, David, DO, Bergoglio, LM, and Zamudio, J. Decreased bone mineral density in HIV-infected patients is independent of antiretroviral therapy. Aids (2003) 17(13):1917–23. doi: 10.1097/00002030-200309050-00010

5. Gibellini, D, Borderi, M, De Crignis, E, Cicola, R, Vescini, F, Caudarella, R, et al. RANKL/OPG/TRAIL plasma levels and bone mass loss evaluation in antiretroviral naive HIV-1-positive men. J Med virol (2007) 79(10):1446–54. doi: 10.1002/jmv.20938

6. Grijsen, ML, Vrouenraets, SM, Steingrover, R, Lips, P, Reiss, P, Wit, FW, et al. High prevalence of reduced bone mineral density in primary HIV-1-infected men. Aids (2010) 24(14):2233–8. doi: 10.1097/QAD.0b013e32833c93fe

7. Titanji, K, Vunnava, A, Sheth, AN, Delille, C, Lennox, JL, Sanford, SE, et al. Dysregulated b cell expression of RANKL and OPG correlates with loss of bone mineral density in HIV infection. PloS pathog (2014) 10(10):e1004497. doi: 10.1371/journal.ppat.1004497

8. Beaupere, C, Garcia, M, Larghero, J, Feve, B, Capeau, J, and Lagathu, C. The HIV proteins tat and nef promote human bone marrow mesenchymal stem cell senescence and alter osteoblastic differentiation. Aging Cell (2015) 14(4):534–46. doi: 10.1111/acel.12308

9. Butler, JS, Dunning, EC, Murray, DW, Doran, PP, and O’Byrne, JM. HIV-1 protein induced modulation of primary human osteoblast differentiation and function via a wnt/beta-catenin-dependent mechanism. J orthopaedic Res (2013) 31(2):218–26. doi: 10.1002/jor.22196

10. Gibellini, D, De Crignis, E, Ponti, C, Cimatti, L, Borderi, M, Tschon, M, et al. HIV-1 triggers apoptosis in primary osteoblasts and HOBIT cells through TNFalpha activation. J Med virol (2008) 80(9):1507–14. doi: 10.1002/jmv.21266

11. Jacome-Galarza, CE, Percin, GI, Muller, JT, Mass, E, Lazarov, T, Eitler, J, et al. Developmental origin, functional maintenance and genetic rescue of osteoclasts. Nature (2019) 568(7753):541–5. doi: 10.1038/s41586-019-1105-7

12. Kotani, M, Kikuta, J, Klauschen, F, Chino, T, Kobayashi, Y, Yasuda, H, et al. Systemic circulation and bone recruitment of osteoclast precursors tracked by using fluorescent imaging techniques. J Immunol (2013) 190(2):605–12. doi: 10.4049/jimmunol.1201345

13. Teitelbaum, SL. The osteoclast and its unique cytoskeleton. Ann New York Acad Sci (2011) 1240:14–7. doi: 10.1111/j.1749-6632.2011.06283.x

14. Teitelbaum, SL. Bone resorption by osteoclasts. Science (2000) 289(5484):1504–8. doi: 10.1126/science.289.5484.1504

15. Teitelbaum, SL, Tondravi, MM, and Ross, FP. Osteoclasts, macrophages, and the molecular mechanisms of bone resorption. J leukoc Biol (1997) 61(4):381–8. doi: 10.1002/jlb.61.4.381

16. Georgess, D, Machuca-Gayet, I, Blangy, A, and Jurdic, P. Podosome organization drives osteoclast-mediated bone resorption. Cell adhesion migration (2014) 8(3):191–204. doi: 10.4161/cam.27840

17. Tanaka, S. RANKL-independent osteoclastogenesis: a long-standing controversy. J Bone mineral Res (2017) 32(3):431–3. doi: 10.1002/jbmr.3092

18. de Menezes, EG, Machado, AA, Barbosa, F Jr., de Paula, FJ, and Navarro, AM. Bone metabolism dysfunction mediated by the increase of proinflammatory cytokines in chronic HIV infection. J Bone mineral Metab (2017) 35(2):234–42. doi: 10.1007/s00774-016-0749-8

19. Hileman, CO, Labbato, DE, Storer, NJ, Tangpricha, V, and McComsey, GA. Is bone loss linked to chronic inflammation in antiretroviral-naive HIV-infected adults? a 48-week matched cohort study. Aids (2014) 28(12):1759–67. doi: 10.1097/QAD.0000000000000320

20. Erlandson, KM, O’Riordan, M, Labbato, D, and McComsey, GA. Relationships between inflammation, immune activation, and bone health among HIV-infected adults on stable antiretroviral therapy. J acquired Immune deficiency syndromes (2014) 65(3):290–8. doi: 10.1097/QAI.0000000000000005

21. Brown, TT, Chen, Y, Currier, JS, Ribaudo, HJ, Rothenberg, J, Dube, MP, et al. Body composition, soluble markers of inflammation, and bone mineral density in antiretroviral therapy-naive HIV-1-infected individuals. J acquired Immune deficiency syndromes (2013) 63(3):323–30. doi: 10.1097/QAI.0b013e318295eb1d

22. Ofotokun, I, McIntosh, E, and Weitzmann, MN. HIV: Inflammation and bone. Curr HIV/AIDS Rep (2012) 9(1):16–25. doi: 10.1007/s11904-011-0099-z

23. Titanji, K, Vunnava, A, Foster, A, Sheth, AN, Lennox, JL, Knezevic, A, et al. T-Cell receptor activator of nuclear factor-kappaB ligand/osteoprotegerin imbalance is associated with HIV-induced bone loss in patients with higher CD4+ T-cell counts. Aids (2018) 32(7):885–94. doi: 10.1097/QAD.0000000000001764

24. Gohda, J, Ma, Y, Huang, Y, Zhang, Y, Gu, L, Han, Y, et al. HIV-1 replicates in human osteoclasts and enhances their differentiation in vitro. Retrovirology (2015) 12:12. doi: 10.1186/s12977-015-0139-7

25. Ofotokun, I, Titanji, K, Vikulina, T, Roser-Page, S, Yamaguchi, M, Zayzafoon, M, et al. Role of T-cell reconstitution in HIV-1 antiretroviral therapy-induced bone loss. Nat Commun (2015) 6:8282. doi: 10.1038/ncomms9282

26. Raynaud-Messina, B, Bracq, L, Dupont, M, Souriant, S, Usmani, SM, Proag, A, et al. Bone degradation machinery of osteoclasts: an HIV-1 target that contributes to bone loss. Proc Natl Acad Sci United States America (2018) 115(11):E2556–E65. doi: 10.1073/pnas.1713370115

27. Vikulina, T, Fan, X, Yamaguchi, M, Roser-Page, S, Zayzafoon, M, Guidot, DM, et al. Alterations in the immuno-skeletal interface drive bone destruction in HIV-1 transgenic rats. Proc Natl Acad Sci United States America (2010) 107(31):13848–53. doi: 10.1073/pnas.1003020107

28. Boliar, S, Gludish, DW, Jambo, KC, Kamng’ona, R, Mvaya, L, Mwandumba, HC, et al. Inhibition of the lncRNA SAF drives activation of apoptotic effector caspases in HIV-1-infected human macrophages. Proc Natl Acad Sci United States America (2019) 116(15):7431–8. doi: 10.1073/pnas.1818662116

29. Clayton, KL, Collins, DR, Lengieza, J, Ghebremichael, M, Dotiwala, F, Lieberman, J, et al. Resistance of HIV-infected macrophages to CD8(+) T lymphocyte-mediated killing drives activation of the immune system. Nat Immunol (2018) 19(5):475–86. doi: 10.1038/s41590-018-0085-3

30. Ganor, Y, Real, F, Sennepin, A, Dutertre, CA, Prevedel, L, Xu, L, et al. HIV-1 reservoirs in urethral macrophages of patients under suppressive antiretroviral therapy. Nat Microbiol (2019) 4(4):633–44. doi: 10.1038/s41564-018-0335-z

31. Rodrigues, V, Ruffin, N, San-Roman, M, and Benaroch, P. Myeloid cell interaction with HIV: a complex relationship. Front Immunol (2017) 8:1698. doi: 10.3389/fimmu.2017.01698

32. Verollet, C, Souriant, S, Bonnaud, E, Jolicoeur, P, Raynaud-Messina, B, Kinnaer, C, et al. HIV-1 reprograms the migration of macrophages. Blood (2015) 125(10):1611–22. doi: 10.1182/blood-2014-08-596775

33. Sattentau, QJ, and Stevenson, M. Macrophages and HIV-1: an unhealthy constellation. Cell Host Microbe (2016) 19(3):304–10. doi: 10.1016/j.chom.2016.02.013

34. Verollet, C, Zhang, YM, Le Cabec, V, Mazzolini, J, Charriere, G, Labrousse, A, et al. HIV-1 nef triggers macrophage fusion in a p61Hck- and protease-dependent manner. J Immunol (2010) 184(12):7030–9. doi: 10.4049/jimmunol.0903345

35. Lee, JW, Hoshino, A, Inoue, K, Saitou, T, Uehara, S, Kobayashi, Y, et al. The HIV co-receptor CCR5 regulates osteoclast function. Nat Commun (2017) 8(1):2226. doi: 10.1038/s41467-017-02368-5

36. Andrade, VM, Mavian, C, Babic, D, Cordeiro, T, Sharkey, M, Barrios, L, et al. A minor population of macrophage-tropic HIV-1 variants is identified in recrudescing viremia following analytic treatment interruption. Proc Natl Acad Sci United States America (2020) 117(18):9981–90. doi: 10.1073/pnas.1917034117

37. Machado Andrade, V, and Stevenson, M. Host and viral factors influencing interplay between the macrophage and HIV-1. J neuroimmune Pharmacol (2019) 14(1):33–43. doi: 10.1007/s11481-018-9795-4

38. Reynoso, R, Wieser, M, Ojeda, D, Bonisch, M, Kuhnel, H, Bolcic, F, et al. HIV-1 induces telomerase activity in monocyte-derived macrophages, possibly safeguarding one of its reservoirs. J virol (2012) 86(19):10327–37. doi: 10.1128/JVI.01495-12

39. Marozsan, AJ, Fraundorf, E, Abraha, A, Baird, H, Moore, D, Troyer, R, et al. Relationships between infectious titer, capsid protein levels, and reverse transcriptase activities of diverse human immunodeficiency virus type 1 isolates. J virol (2004) 78(20):11130–41. doi: 10.1128/JVI.78.20.11130-11141.2004

40. Schmittgen, TD, and Livak, KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc (2008) 3(6):1101–8. doi: 10.1038/nprot.2008.73

41. Ahmed, M, Mital, D, Abubaker, NE, Panourgia, M, Owles, H, Papadaki, I, et al. Bone health in people living with HIV/AIDS: an update of where we are and potential future strategies. Microorganisms (2023) 11(3):789. doi: 10.3390/microorganisms11030789

42. Biver, E. Osteoporosis and HIV infection. Calcif Tissue Int (2022) 110(5):624–40. doi: 10.1007/s00223-022-00946-4

43. Ofotokun, I, and Weitzmann, MN. HIV-1 infection and antiretroviral therapies: risk factors for osteoporosis and bone fracture. Curr Opin endocrinol diabetes Obes (2010) 17(6):523–9. doi: 10.1097/MED.0b013e32833f48d6

44. Delpino, MV, and Quarleri, J. Influence of HIV infection and antiretroviral therapy on bone homeostasis. Front endocrinol (2020) 11:502. doi: 10.3389/fendo.2020.00502

45. Mascarau, R, Bertrand, F, Labrousse, A, Gennero, I, Poincloux, R, Maridonneau-Parini, I, et al. HIV-1-Infected human macrophages, by secreting RANK-l, contribute to enhanced osteoclast recruitment. Int J Mol Sci (2020) 21(9):3154. doi: 10.3390/ijms21093154

46. Lee, D, Shin, KJ, Kim, DW, Yoon, KA, Choi, YJ, Lee, BNR, et al. CCL4 enhances preosteoclast migration and its receptor CCR5 downregulation by RANKL promotes osteoclastogenesis. Cell Death dis (2018) 9(5):495. doi: 10.1038/s41419-018-0562-5

47. Yoshitake, F, Itoh, S, Narita, H, Ishihara, K, and Ebisu, S. Interleukin-6 directly inhibits osteoclast differentiation by suppressing receptor activator of NF-kappaB signaling pathways. J Biol Chem (2008) 283(17):11535–40. doi: 10.1074/jbc.M607999200

48. Kim, JH, Jin, HM, Kim, K, Song, I, Youn, BU, Matsuo, K, et al. The mechanism of osteoclast differentiation induced by IL-1. J Immunol (2009) 183(3):1862–70. doi: 10.4049/jimmunol.0803007

49. Lee, B, Kim, TH, Jun, JB, Yoo, DH, Woo, JH, Choi, SJ, et al. Direct inhibition of human RANK+ osteoclast precursors identifies a homeostatic function of IL-1beta. J Immunol (2010) 185(10):5926–34. doi: 10.4049/jimmunol.1001591

50. Kim, JH, and Kim, N. Regulation of NFATc1 in osteoclast differentiation. J Bone Metab (2014) 21(4):233–41. doi: 10.11005/jbm.2014.21.4.233

51. Kinoshita, S, Su, L, Amano, M, Timmerman, LA, Kaneshima, H, and Nolan, GP. The T cell activation factor NF-ATc positively regulates HIV-1 replication and gene expression in T cells. Immunity (1997) 6(3):235–44. doi: 10.1016/S1074-7613(00)80326-X

52. Chiu, YH, Mensah, KA, Schwarz, EM, Ju, Y, Takahata, M, Feng, C, et al. Regulation of human osteoclast development by dendritic cell-specific transmembrane protein (DC-STAMP). J Bone mineral Res (2012) 27(1):79–92. doi: 10.1002/jbmr.531

53. Wang, J, Roderiquez, G, Oravecz, T, and Norcross, MA. Cytokine regulation of human immunodeficiency virus type 1 entry and replication in human monocytes/macrophages through modulation of CCR5 expression. J virol (1998) 72(9):7642–7. doi: 10.1128/JVI.72.9.7642-7647.1998

54. Lodge, R, Bellini, N, Laporte, M, Salahuddin, S, Routy, JP, Ancuta, P, et al. Interleukin-1beta triggers p53-mediated downmodulation of CCR5 and HIV-1 entry in macrophages through MicroRNAs 103 and 107. mBio (2020) 11(5):e02314–20. doi: 10.1128/mBio.02314-20

55. New, C, Lee, ZY, Tan, KS, Wong, AH, Wang, Y, and Tran, T. Tetraspanins: host factors in viral infections. Int J Mol Sci (2021) 22(21):11609. doi: 10.3390/ijms222111609

56. Takeda, Y, Tachibana, I, Miyado, K, Kobayashi, M, Miyazaki, T, Funakoshi, T, et al. Tetraspanins CD9 and CD81 function to prevent the fusion of mononuclear phagocytes. J Cell Biol (2003) 161(5):945–56. doi: 10.1083/jcb.200212031

57. Parthasarathy, V, Martin, F, Higginbottom, A, Murray, H, Moseley, GW, Read, RC, et al. Distinct roles for tetraspanins CD9, CD63 and CD81 in the formation of multinucleated giant cells. Immunology (2009) 127(2):237–48. doi: 10.1111/j.1365-2567.2008.02945.x




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Sviercz, Jarmoluk, Cevallos, López, Freiberger, Guano, Adamczyk, Ostrowski, Delpino and Quarleri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1206099-g005.jpg
RANK (mRNA)

©

~

3dpi

0.01 pglcell

1.0 pglcell

NFATC1 (mRNA)

1.5

°

o4
o

0.01 pglcell

1.0 pglcell

()

DC-STAMP (mRNA)

o

IS

o

N

o

0.01 pg/cell

1.0 pglcell

DC-STAMP (mRNA)

|
o

g
o

o

o

o
o

-4
o

6 dpi

=
/"

0.01 pglcell 1.0 pglcell





OEBPS/Images/fimmu-14-1206099-g003.jpg
<

1109/6d o'}
1129/6d 100
(Fi%e)

1199/6d 0°}
1129/6d 100
(D)

o o o (=] =] o
w -~

(quy/Bd) 971

o —= UAVIH
4 902a0
o3 0800
c —fF % HAVIH
o 90200
g 0800
e HA-VIH
« 90200
LYo 0800
gss°
2288

(14) uoissaidxa siaxiep

o % A-VH
i 902a0

. 08a0
L UAVIH
o 90200

08a9
oS AVH
-~ 9020

o-fosao

$§88°

(14) uoissaidxa siaxie|y

Ctrl 0.01 pg/cell 1.0 pg/cell

10000

0.01 pg/cell 1.0 pg/cell

Ctrl

|

o
=3
3
@

10000
8000
4000
2000

6dpi
MCSF+RANKL

3dpi

19X

MCSF

(quyBd) qi-11

6dpi Sdpi 12dpi
MCSF+RANKL

3dpi
MCSF





OEBPS/Images/fimmu-14-1206099-g001.jpg
&
M-CSF 3 days M-CSF 3 days, M-CSEARANKL Sdays
30 ng/mL 30 ng/mL M-CSF: 30 ng/mL
RANK-L: 50 ng/mL
MOM Infected MDM Osteodlast
HIV-RS, RANK-L added
infection
0.01 pg/cell 100
80
3 o0
£ 40
3 ns
g 2
3 16
© 10
5
0
s 8
)
2
]
3dpi

10000
8000
6000
4000
2000

P24 (ng/mL)

500
250

ns

Ctrl

1.0 pgleell

12dpi

42,

0.01 pglcell
1.0 pglcell

3 dpi
MCSF

(¢}

12X 3

X <

2 >

. o

[

.

. Q

aﬁiﬁ 5

o

2
T 3 %3 B3 OB B
2 £ £ 8 £ 9
22 2 2 2 8
5§ 25 235 2
L
6 dpi 9dpi 12 dpi

MCSF+RANKL

F

Ctrl +:

Annexin-V






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Massively HIV-1-infected macrophages exhibit a severely hampered ability to differentiate into osteoclasts

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Monocyte-derived macrophages culture and differentiation to osteoclasts

          



          		

            2.2 Cell-Free wild type-HIV and pseudotyped VSV-G-HIV infection of macrophages

          



          		

            2.3 Flow cytometry analysis

          



          		

            2.4 Assessment of osteoclast differentiation

          



          		

            2.5 Measurement of TNF-α, IL-6, and IL-1β concentration

          



          		

            2.6 CCR5 blocking and antagonism experiments

          



          		

            2.7 Quantitative real-time PCR

          



          		

            2.8 Immunofluorescence microscopy

          



          		

            2.9 Adhesion assay

          



          		

            2.10 Assessment of bone resorption

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 The HIV replication kinetics during osteoclastogenesis differ according to the inoculum size without modifying cell viability

          



          		

            3.2 The viral inoculum, but not the HIV R5-tropic strain infecting macrophages, affects osteoclast formation

          



          		

            3.3 Analysis of the macrophage activation profile and cytokines released after HIV infection with low and high viral inoculums

          



          		

            3.4 The CCR5 expression in osteoclast precursors is directly influenced by the HIV-inoculum size and its blocking, antagonizing, or even bypassing impairs the osteoclastogenesis

          



          		

            3.5 RANK, NFATc1, and DC-STAMP mRNA levels are differently regulated during osteoclastogenesis according to the HIV inoculum size

          



          		

            3.6 The expression of tetraspanins CD9 and CD81 is influenced during the osteoclast differentiation and by the HIV-inoculum size

          



          		

            3.7 Osteoclasts and macrophages adherence is differentially impaired according to the HIV inoculum size

          



          		

            3.8 Osteoclasts’ cathepsin K expression and resorptive ability are modulated by HIV infection

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1206099-g006.jpg
1199/6d 0}
*
22e]

o

15000
0000
5000

(14W) uossaidxa 1.8ad

1199/6d o'}
*

1129/6d 100

142

o

6000
4000
2000

e (14W) uoissaidxe a0





OEBPS/Images/fimmu-14-1206099-g008.jpg
VSV

ADS8-

ADS8-wt

(=] o o (=
(=1 (=4 (=} [=4
(=] (=3 o o
< (3 N -

(14IN) uoissaiadxa y uisdayyen

(=4
(=4
o
n





OEBPS/Images/fimmu-14-1206099-g009.jpg
1192/6d 0°1

1192/6d 100

1110

1.0 pg/cell

©
o
o
o
o
=
=
o






OEBPS/Images/fimmu-14-1206099-g004.jpg
6 dpi

3 dpi

10 gl

1)

2111mn

(14W) uorsse1d 50D

H
? m 3
o8 01
ggggs-” . ’
(31 vorssoxivo s3> S el hweasdioo
: 1095 07
<R ooy HN [« Hwasasoo
¥ 3
o fwosaroo . m
EERE & ot
EEEE] {002X) soquinu 15e1008350
(4 houerye uonosyn
e 1199/6d 0'1
1 .
2 199184 100
. -
lz T
[ ] 3
—T T g@sism & "R Py
§ 8888 (%) Aouaiouso uonosjur H
(14w vorssesces 5430
w
3
/> :
3
&
IR
8 8 383
(14w vorssaxdes 49 B 000k
LE T 005
dus *ole]™l s
14 100 o
el 3 < ] i

(0021) 2quinu y5eo0zIS0.
() Aousioye uonsjuy

Treated

0-

2 2 ] °
(002X) J3quinu 1821008150

o

g8 8 % ] °

(%) uosssaadxa g0

TAK-7793 UM

0.01 pg/cell +NVP

el
S
®
a
o
=3
=)

1.0 pg/cell +NVP

1.0 pg/cell

p24






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1206099-g002.jpg
] 3

Osteoclast number (x200)
N
3

AD8

BalL %

0.01 pg/cell

1.0 pg/cell

0.01 pg/cell

0.01 pg/cell+NVP

1.0 pg/cell

1 pg/cell+NVP

infection efficiency (%)
n
8

£z

0.01 pglcell
1.0 pglcell
0.01 pglcell
1.0 pglcell

NVP 1 uM - +





OEBPS/Images/fimmu-14-1206099-g007.jpg
1.5

%k %k

%k %k %

Q v
o

Xapul uoisaypy

0.0

1199/6d 0°1
1199/6d L0"0

1130





OEBPS/Images/fimmu.2023.1206099_cover.jpg
& frontiers | Frontiers in Immunology

Massively HIV-1-infected macrophages
exhibit a severely hampered ability to
differentiate into osteoclasts





