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Abstract: Bone loss is a prevalent characteristic among people with HIV (PWH). We focused on
mesenchymal stem cells (MSCs) and osteoblasts, examining their susceptibility to different HIV
strains (R5- and X4-tropic) and the subsequent effects on bone tissue homeostasis. Our findings
suggest that MSCs and osteoblasts are susceptible to R5- and X4-tropic HIV but do not support
productive HIV replication. HIV exposure during the osteoblast differentiation process revealed
that the virus could not alter mineral and organic matrix deposition. However, the reduction in
runt-related transcription factor 2 (RUNX2) transcription, the increase in the transcription of nuclear
receptor activator ligand kappa B (RANKL), and the augmentation of vitronectin deposition strongly
suggested that X4- and R5-HIV could affect bone homeostasis. This study highlights the HIV ability
to alter MSCs’ differentiation into osteoblasts, critical for maintaining bone and adipose tissue
homeostasis and function.
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1. Introduction

Individuals that have acquired human immunodeficiency virus (HIV) infection often
experience a significant decrease in bone density, rendering them more susceptible to
fractures [1]. Although antiretroviral medication has significantly extended patient survival,
it has also led to the emergence of long-term side effects, including bone abnormalities. The
deterioration of bone health in PWH can be attributed to several factors, such as the use
of antiretroviral medication, patient lifestyle choices, and overall health factors like age,
body mass index, or muscle wasting [2–4]. Furthermore, bone deficiencies in untreated
individuals strongly suggest that the virus independently plays a role in this process [5–8].
However, the effect of antiretroviral medication on bone mineral density (BMD) varies
with the type of treatment. Low BMD has been associated with nucleoside analog reverse-
transcriptase inhibitors (NRTIs) [9–11]. Specifically, tenofovir disoproxil fumarate (TDF)
has been linked to greater BMD loss compared to other regimens, such as lamivudine (3TC)
or emtricitabine (FTC) or two-drug combinations [4,9–15]. However, some studies report
conflicting findings on TDF’s impact on BMD over time [16].

The skeleton is a dynamic system continually undergoing remodeling, driven by the
activity of bone-resorbing osteoclasts and bone-forming osteoblasts. Imbalances between
these osteoclasts and osteoblasts can result in bone abnormalities [17–19]. Osteoclasts
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primarily originate from the fusion of monocyte/macrophage precursors derived from
hematopoietic stem cells, while osteoblasts arise from cells of mesenchymal origin. This
distinction in their origin plays a crucial role in bone remodeling, maintaining the balance
between bone formation and resorption in the skeletal system [20,21]. Osteoblasts play
a crucial role in depositing the bone matrix and are essential for bone calcification and
mineralization [6]. In contrast, osteoclasts are responsible for bone resorption through
acidification and the release of lysosomal enzymes [7].

Multipotent mesenchymal stem cells (MSCs) found in the bone marrow originate
osteoblasts. In addition, these MSCs can differentiate into other various cell types, including
fibroblasts, myocytes, chondrocytes, and adipocytes. The differentiation process depends
on a variety of external cues that contribute to the delicate balance of determining cell
fate [22].

The formation of bone tissue and its homeostatic maintenance is largely attributed to
the activity of MSCs residing in the bone marrow. The microenvironment within the bone
marrow plays a critical role in maintaining MSCs and regulating the osteogenic process,
influenced by signals from systemic factors and the extracellular matrix. In this context, the
differentiation of MSCs into adipocytes in healthy bone tissue is tightly regulated [23].

Due to the expression of CD4 receptors and CCR5 and CXCR4 coreceptors, MSCs are
believed to be susceptible to HIV infection [24], although productive infection has not been
observed until now [24].

In vitro studies revealed that Tat and Nef proteins cumulatively reduce the number of
bone marrow MSCs available for osteoblast differentiation by inducing early senescence,
oxidative stress, and mitochondrial dysfunction. Additionally, Tat increases NF-κB activity
and cytokine secretion, while Nef inhibits early autophagy, with no effect from Tat on
autophagy [17]. On the other hand, p55-Gag reduces osteogenesis by impacting MSC
differentiation into osteoblasts, while Rev induces an increase in osteogenesis [25].

In the present study, we investigate whether HIV could infect osteoblasts and their
precursors (MSCs), as well as the impact of HIV on osteoblastogenesis.

2. Materials and Methods
2.1. Isolation and Expansion MSCs

Umbilical cords were preserved in α-Minimal Essential Medium (α-MEM, Gibco,
Life Technologies, Grand Island, NY, USA) and processed as described previously [26].
In summary, each cord was cut into 5 mm fragments and a sagittal incision exposed
Wharton’s jelly. The careful removal of umbilical blood vessels was performed using
clamps. Fragments were then washed 2 or 3 times with Dulbecco’s phosphate-buffered
saline from Sigma-Aldrich to eliminate residual blood. The section with the exposed jelly
was placed face down at the bottom of a culture plate and α-MEM with 10% platelet
lysate was added. Plates were incubated at 37 ◦C in a humid atmosphere containing
5% CO2, with the cell culture medium replenished every 2 to 3 days. The expansion
of umbilical-cord-derived MSCs was typically observed between 10 and 14 days after
explantation, and cells were further amplified until reaching passage 2/3. MSCs were
characterized by the expression of CD105, CD73, and CD90 and the absence of CD45,
CD34, CD14, CD19, and HLA-DR molecules [27]. For experiments, MSCs were grown in
α-MEM supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/mL
of penicillin, and 100 mg/mL of streptomycin (complete medium) and were used until
passage 5. This study received approval from the Comité de Bioética y Ética de la Facultad
de Ciencias Médicas de la Universidad de Buenos Aires, Argentina (RESCD-2023-1291).
Written informed consent was obtained from each mother before normal cesarean birth,
and human umbilical cords were obtained from discarded placentas.
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2.2. Infection of Mesenchymal Stem Cells and Osteoblasts by Cell-Free Wild-Type HIV-X4 or
R5-Tropic

The full-length infectious clones of wild-type (WT)-HIV AD8 (R5-tropic) and NL43
(X4-tropic) strains [28,29] were obtained from the NIH AIDS Reagent Program (Division of
AIDS, NIAID, NIH, Bethesda, Maryland, USA). The quantification of HIV capsid (p24 anti-
gen) in viral stocks was conducted using a commercial ELISA assay (INNOTEST® HIV
Antigen mAb, Fujirebio, Tokio, Japan).

2.3. Osteoblast Differentiation

MSCs were initially seeded at a density of 5 × 104 cells per well in 24-well plates and
cultured until reaching confluence using a complete medium. Following this, the medium
was substituted with osteoblast differentiation medium, consisting of complete media
enriched with 10 mM β-glycerophosphate, 0.1 µM dexamethasone, and 50 µM ascorbic
acid, all sourced from Sigma-Aldrich (Burlington, MA, USA). Complete differentiation was
achieved by day 14–21.

2.4. CD4, CXCR4, and CCR5 Surface Expression

At 0 (MSCs), 7, and 14 days of the osteoblast differentiation process, the cells were
washed and subjected to staining for surface antigens. This staining procedure involved
incubation with the following antibodies for 30 min at 4 ◦C: FITC Mouse anti-human
CD195 (BD PharmingenTM, San Diego, CA, USA), PE Mouse Anti-Human CD184 (BD
PharmingenTM, USA), and PerCP anti-human CD4 antibody (Biolegend, San Diego, CA,
USA). Data were acquired using a Full-Spectrum Flow Cytometry Cytek® Northern Lights
3000™ (Cytek Biosciences Inc., Fremont, CA, USA) and analyzed with FlowJo.v10.6.2
(Ashland, OH, USA).

2.5. HIV Infections Using X4 and R5-Tropic Strains

MSCs and differentiated osteoblasts (14 days) were infected with an inoculum of 1 pg
of p24/cell with the CCR5 tropic HIV strain AD8 and, separately, with the CXCR4 tropic
HIV strain NL43, following the procedure described previously [30]. Infection efficiency
was assessed by measuring intracellular p24 expression using the KC57 monoclonal an-
tibody labeled with phycoerythrin against p24 (PE-KC57 (FH190-1-1)) protein (Beckman
Coulter, Brea, CA, USA) by confocal microscopy using a Zeiss LSM 800 confocal microscope
(Zeiss, Oberkochen, Germany).

The detection of HIV proviral DNA was conducted using the Alu-PCR technique,
as described by Kumar et al. [31]. MSCs and osteoblast cells exposed to HIV, along with
ACH-2 cells (positive control), were centrifuged in 1.5 mL microtubes at 16,000× g for 5 min.
After carefully removing and discarding the supernatants, cell pellets were resuspended
in lysis buffer (10 mM Tris-HCl, pH 8.0, 50 nM KCl, 400 µg/mL proteinase K; Invitrogen,
Waltham, MA, USA) at appropriate concentrations (20 × 106 cells/mL for ACH-2 cells;
5 × 106 to 10 × 106 cells/mL for LX-2) and digested for 12 to 16 h at 55 ◦C in a heating
shaker. Proteinase K was then inactivated by heating at 95 ◦C for 5 min. The cell lysates
were either immediately used for HIV DNA quantification or stored at −70 ◦C until use.

Integrated HIV DNA determination was performed in a 50 µL reaction mixture con-
taining Taq polymerase buffer (Invitrogen), 3 mM MgCl2, 300 mM deoxynucleoside triphos-
phates (Invitrogen), 300 nM of each of the 4 primers, and 2.5 U Taq polymerase (Invitrogen).

The primers used for preamplification were ULF1-5′-ATG CCA CGT AAG CGA AAC
TCT GGG TCT CTC TDG TTA GAC-3′; Alu1-5′-TCC CAG CTA CTG GGG AGG CTG
AGG-3′; and Alu2-5′-GCC TCC CAA AGT GCT GGG ATT ACA G-3′. For real-time PCR,
the following primers were used: Lambda T-5′-ATG CCA CGT AAG CGA AAC T-3′;
UR2-5′-CTG AGG GAT CTC TAG TTA CC-3′; and UHIV TaqMan LC640-5´-CAC TCA
AGG CAA GCT TTA TTG AGG C-3′.
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2.6. Cellular mRNA Preparation and RT-qPCR

Total cellular mRNA was extracted using Quick-RNA MiniPrep Kit (Zymo Research,
Irvine, CA, USA) and 1 µg of RNA was employed to perform the reverse transcription using
Improm-II Reverse Transcriptase (Promega, Madison, WI, USA). Real-time PCR was con-
ducted with SYBR green as a DNA-binding fluorescent dye using a StepOne Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). The following primer pairs were used:
β-actin sense 5-CCTGGCACCCAGCACAAT-3, antisense 5-CGGGATCCACACGGAGTACT-
3; RUNX2 sense 5-GGAGTGGACGAGGCAAGAGTTT-3, antisense 5-AGCTTCTGTCTGT-
GCCTTCTGG-3; and RANKL sense 5-GCCAGTGGGAGATGTTAG-3, antisense 5-TTAGCT-
GCAAGTTTTCCC-3. All primer sets yielded a single product of the correct size. The
amplification cycle for β-actin and RUNX2 was 95 ◦C for 15 s, 58 ◦C for 30 s, and 72 ◦C for
60 s, while, for RANKL, it was 95 ◦C for 15 s, 54 ◦C for 30 s, and 72 ◦C for 60 s. Relative
transcript levels were calculated using the 2−∆∆Ct method, normalized by gene β-actin.

2.7. RANKL Protein Expression

RANKL was determined in culture supernatants using an ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions.

2.8. Alizarin Red S Staining

To assess calcium deposition in osteoblasts, alizarin red staining was employed. Os-
teoblast cells were seeded in 24-well plates. After 7, 14, and 21 days of culture differentiation,
osteoblasts were fixed in 4% paraformaldehyde (PFA) for 10 min at room temperature.
Following fixation, cells were washed with deionized water and stained with 2% (w/v)
alizarin red S. Subsequently, the stained cells were visualized using light microscopy or
processed for quantitative analysis.

For quantitative analysis, monolayers were treated with 10% (v/v) acetic acid added
to each well and incubated at room temperature for 30 min with shaking. Following
this, cells were detached, heated at 85 ◦C for 10 min, and centrifuged at 20,000× g for
15 min. Supernatants were neutralized by the addition of 10% (v/v) ammonium hydroxide.
Absorbance at 405 nm was measured on a microplate reader (Metertech, Inc., Taipei,
Taiwan) against 0.1 N sodium hydroxide as a blank.

2.9. Alkaline Phosphatase (ALP) Staining

ALP activity in osteoblasts was assessed after 7, 14, and 21 days of culture differentia-
tion using a solution containing 5-Bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue
tetrazolium (NBT) obtained from Sigma, following the manufacturer’s instructions. Briefly,
cells were exposed to the BCIP–NBT substrate in a darkened environment at room temper-
ature for 10 min. The resulting colorimetric reaction was stopped by gently rinsing the cells
with distilled water.

For the quantification of ALP activity, cell lysis was performed using a 0.1 M Tris
buffer supplemented with 0.5% Triton X-100. Subsequently, cell lysates containing 2 mg of
total protein were incubated with p-nitrophenylphosphate (pNPP) at 37 ◦C for 10 min. The
reaction was terminated by the addition of 0.5 M NaOH, and the resulting absorbance at
420 nm was measured using a microplate reader.

2.10. Assessment of Collagen Deposition by Sirius Red Staining

Collagen deposition in osteoblasts was evaluated after 7, 14, and 21 days of culture
differentiation using Sirius red (Sigma-Aldrich (Burlington, MA, USA). Before fixing with
1 mL of Bouin’s fluid for 1 h, cell layers were thoroughly washed with PBS. After removing
the fixation fluid, the culture plates underwent three washes with deionized water and were
allowed to air-dry. Subsequently, 1 mL of Sirius red dye reagent, dissolved in saturated
aqueous picric acid at a concentration of 0.1% in Bouin’s fluid, was applied. Cells were
gently agitated and stained for 18 h. To remove unbound dye, the stained cell layers were
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extensively washed with 0.01 N hydrochloric acid. Following rinsing, they were analyzed
using light microscopy.

For quantitative assessment, the stained material was dissolved in 0.2 mL of 0.1 N
sodium hydroxide, achieved by shaking for 30 min. The resulting dye solution was
transferred to microtiter plates, and the optical density (OD) was measured at 550 nm
against a blank of 0.1 N sodium hydroxide using a microplate reader (Metertech, Inc.,
Taipei, Taiwan).

2.11. Assessment of Vitronectin by Immunofluorescence

After 14 and 21 days of osteoblast differentiation, cells were fixed with 4% paraformalde-
hyde at room temperature for 10 min. Subsequently, the osteoblasts underwent an initial
incubation with mouse anti-vitronectin antibodies (Abcam, UK), appropriately diluted in
PBS Tween 0.025% and 1% of BSA overnight at 4 ◦C. This was followed by a second incu-
bation with Alexa Fluor 488 anti-mouse antibodies (Abcam). For nuclear counterstaining,
4,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR, USA) was used.

The prepared specimens were analyzed using a Nikon Eclipse TI-S L100 microscope
(Nikon, Tokyo, Japan).

2.12. U937 Adhesion Assay

U937 cell line (American Type Culture Collection, ATCC, Rockville, MD, USA) was
cultured in a 5% CO2 atmosphere at 37 in RPMI medium supplemented as a complete
medium. After 21 days of differentiation, osteoblasts were incubated with 1 × 106 U937 cells
previously labeled with CellTrace yellow (Thermo Fisher Scientific, Waltham, MA, USA).
After incubating for 2 h at 37 ◦C, the nonadherent cells were washed away with sterile
phosphate-buffered saline (PBS). The adhered U937 cells were visualized using a Nikon
Eclipse TI-S L100 microscope, counted in 10 randomly selected visible fields, and quantified
using ImageJ.

2.13. Statistical Analysis

Where applicable, statistical analysis was performed. Multiple comparisons between
all pairs of groups were made with Tukey’s test, and those against two groups were made
with the Mann–Whitney U test. Graphical and statistical analyses were performed with
GraphPad Prism 5.0 software (GraphPad oftware, San Diego, CA, USA). Each experiment
was performed in triplicate with different culture preparations on five independent occa-
sions. Data were represented as mean ± SD. A p < 0.01 is represented as *, p < 0.001 as **,
and p < 0.0001 as ***; p < 0.01 was the minimum level regarded as a statistically significant
difference between groups.

3. Results
3.1. Cell Membrane Expression of HIV Receptor and Co-Receptors on MSCs and Osteoblasts

The attachment and entry of HIV into susceptible cells depend on the presence of
chemokine receptors CCR5 and CXCR4, along with CD4. In our study, we assessed the
expression of these receptors on the surface of mesenchymal stem cells (MSCs) derived
from the umbilical cord. Our findings revealed that 19.93 ± 2.23% of MSCs expressed CD4,
6.67 ± 0.39% expressed CXCR4, and 11.75 ± 0.78% expressed CCR5 (Figure 1A,C).

Subsequent experiments aimed to evaluate the potential modulation of HIV receptor
expression during the differentiation of osteoblasts. The expression levels of CXCR4, CCR5,
and CD4 were measured at 7 and 14 days post-differentiation because osteoblasts are
exposed to the virus at these two time points. CXCR4 levels increased during the osteoblast
differentiation process, reaching a peak at 14 days post-differentiation (38.5 ± 2.63%). The
CCR5 expression level at 7 days post-differentiation was increased compared to MSCs
(30.5 ± 2.26% vs. 16.10 ± 0.99%), but then (14 days) these levels significantly decreased,
reaching values like those found in MSCs (16.1 ± 0.99%). In contrast, CD4 expression
significantly decreased compared to undifferentiated cells (2.8 ± 0.28%) (Figure 1B,D).
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Together, these results indicate the HIV-receptor/coreceptors expression is modulated
during the osteoblast differentiation process, thus influencing cellular susceptibility to
virus attachment.
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Figure 1. Expression of CD4, CCR5, and CXCR4 on the cell surface. Representative dot plots
obtained by flow cytometry indicating the surface marker expression of CD4, CCR5, and CXCR4 in
mesenchymal stem cells (MSCs) (A), and at 7 and 14 days of the osteoblast differentiation process (B).
The bars indicate the percentage of positive cells in A (C) and in B (D). Data are expressed as
mean ± SD obtained from 3 independent experiments.

3.2. MSCs, but Not Osteoblasts, Are Abortively Infected by HIV

Even showing dissimilar expression levels of CD4 and CXCR4/CCR5, MSCs and
osteoblasts appear to be susceptible to HIV infection. However, their permissiveness was
undefined. To ascertain, cells were exposed to R5-tropic HIV (AD8) or X4-tropic HIV (NL43)
at an inoculum of 1 pg of p24 per cell for 24 h. Unbound viral particles were removed with
several washes with culture medium. Viral infection efficiency in MSCs was assessed at 3, 5,
and 7 days post-exposure using confocal microscopy and immunodetection, showing HIV
capsid antigen expression and proviral DNA (via AluPCR). However, infection efficiency
did not increase over time (Figure 2A,B), indicating that productive infection did not occur.
In contrast, osteoblasts were susceptible but even less or not permissive to HIV infection
(Figure 2A,C). Accordingly, only negligible capsid antigen expression was detected, and no
proviral genome was found in osteoblasts. These results indicate that MSCs and osteoblasts
do not produce HIV progeny. However, while MSCs can express HIV proteins and host the
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proviral genome, osteoblasts do not. This reflects that viral replication progresses more in
MSCs than in osteoblasts.
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Figure 2. Exposure of MSCs and osteoblasts to X4- and R5-tropic HIV. MSCs and 14 days’ differenti-
ated osteoblasts were infected with an inoculum of 1 pg of p24/cell with CXCR4-tropic HIV (HIV
(X4)) and CCR5-tropic HIV (HIV (R5)). Representative microscopy images showing the kinetics of
HIV replication at 3, 5, and 7 days post-infection (dpi) by the immunostaining of HIV-p24 capsid anti-
gen (A). Bars express the percentage of HIV-infected MSCs (B) and osteoblasts (C). Ten microscopic
fields per condition were quantified for each experiment. Scale bar: 50 µm. Data are expressed as
mean ± SD obtained from 4 independent experiments.

3.3. HIV Was Unable to Modulate Alkaline Phosphatase Activity in Osteoblasts

The presence of diminished bone mass in patients who have not yet undergone treat-
ment suggests that the virus independently impacts the equilibrium of bone health [5,6,32].
This allows us to hypothesize that HIV itself could affect osteoblast differentiation by
infecting their MSC precursors. To test this hypothesis, MSCs were exposed to R5- and
X4-tropic HIV in the presence of an osteoblast differentiation culture medium.

Alkaline phosphatase (ALP) serves as both a crucial enzyme for mineralization and
a marker for the osteoblast phenotype. Thus, ALP activity was measured at 7, 14, and
21 days during osteoblast differentiation. Our results indicated that R5- and X4-tropic HIV
was unable to modulate ALP activity (Figure 3). These results indicate that HIV exposure
was not able to modulate osteoblast differentiation and activity.
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Figure 3. HIV was unable to modulate osteoblast differentiation. Effect of CXCR4-tropic HIV
(HIV (X4)) and CCR5-tropic HIV (HIV (R5)) exposure on osteoblast differentiation. Representative
microscopy images reveal alkaline phosphatase (ALP) activity by deposition of BCIP-NTB substrate,
calcium deposition by alizarin red S staining, and collagen deposition by Sirius red staining at 7, 14,
and 21 days post-differentiation (A). Spectrophotometric quantification of ALP activity, calcium, and
collagen deposition (B). NI (noninfected). d (days post-differentiation). Ten microscopic fields per
condition were quantified for each experiment. Scale bar: 200 µm. Data are expressed as mean ± SD
obtained from 4 independent experiments.

3.4. HIV Was Unable to Modulate Osteoblast Differentiation

Osteoblasts are active cells with the responsibility of actively synthesizing bone. The
predominant organic component of bone is composed of 90% type I collagen [33]. The
correct deposition of the organic matrix is pivotal in enabling the proper placement of the
mineral matrix and the formation of the architectural structure of bone [34]. This intricate
process is characterized by the deposition and mineralization of the bone matrix, reinforcing
the strength of the skeleton [35]. Then, experiments were carried out to investigate whether
HIV infection could influence the deposition of both organic and mineral matrices. MSCs
were subjected to infection with R5- and X4-tropic HIV in the presence of an osteoblast
differentiation medium. The mineralization of osteoblasts was assessed at 7, 14, and
21 days post-differentiation by staining calcium-rich deposits with alizarin red S. Collagen
deposition was examined through staining with Sirius red. Our results indicate that neither
R5- nor X4-tropic HIV were able to modulate collagen and calcium deposition at 7, 14, and
21 days post-differentiation (Figure 3). Together, these results indicated that HIV exposure
was unable to modulate matrix deposition by osteoblasts.

3.5. HIV Exposure Partially Alters RUNX2 Expression

Runt-related transcription factor 2 (RUNX2) is a transcription factor essential for
initiating osteoblast differentiation and regulating the expression of bone formation mark-
ers [36,37]. Therefore, after exposing MSCs to HIV, the mRNA level of RUNX2 was
measured during the differentiation process into osteoblasts at consecutive time points.
Our results indicated that the RUNX2 gene mRNA level fluctuated throughout the differ-
entiation process, with significant decreases observed at 7 and 21 days post-infection but
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recovery at 14 days post-infection (Figure 4A). These results indicate that HIV exposure
transiently modifies RUNX2 transcription level in osteoblasts without visibly impairing
mineral or organic matrix deposition.
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Figure 4. HIV modulates RUNX2, vitronectin, and RANKL expression during osteoblast differentia-
tion. RUNX2 transcription was determined by RT-qPCR at day 1, 7, 14, and 21 post-differentiation (A).
Vitronectin expression revealed by immunofluorescence with a specific antibody at 14 and 21 days
post-differentiation (B). Quantification of median fluorescence intensity (MFI) using ImageJ from
images in A at 14 (C) and 21 days post-differentiation (D). Adhesion of CellTraceTM yellow-labeled
U937 monocytes to differentiated osteoblasts previously infected or not with HIV-R5 or HIV-X4,
uninfected osteoblast, and osteoblast without U937 (negative control, NC). The presence of adherent
cells was determined by fluorescence microscopy (RED). DIC, differential interference contrast (E).
Quantification of VPD-positive cells from images in E (F). *** p < 0.0001; ** p < 0.001; * p < 0.01 vs.
non-infected (NI). RANKL transcription determined by RT-qPCR (G). RANKL expression in culture
supernatants (H). NI (noninfected). d (days post-differentiation). Ten microscopic fields per condition
were quantified for each experiment. Scale bar: 50 µm. Data are expressed as mean ± SD obtained
from 3 independent experiments. * p < 0.01, ** p < 0.001, *** p < 0.0001 vs. NI.

3.6. HIV-Induced Vitronectin Expression from Osteoblasts

Vitronectin is an abundant multifunctional glycoprotein found in the extracellular
matrix of bone [38]. Osteoclasts are bone cells involved in bone resorption and express the
vitronectin receptor αvβ3 integrin [39]. It is known that vitronectin induces osteoclasts to
secrete tartrate-resistant acid phosphatase, which, in turn, promotes bone resorption [40].
This indicates that alterations in vitronectin expression could modify the balance of bone
resorption. MSCs were differentiated into osteoblasts in the presence of X4- and R5-
tropic HIV, and vitronectin expression was determined by fluorescence microscopy using
immunodetection with a specific antibody at 14 and 21 days post-differentiation. Our
results indicate that X4- and R5-tropic HIV induces a significant increase in vitronectin
expression among osteoblasts (Figure 4B–D). These results indicate that HIV could alter
bone metabolism by increasing vitronectin expression from osteoblasts that enhances
osteoclasts’ resorption activity.
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3.7. U937 Cells Adhere More to HIV-Infected Osteoblasts

Since vitronectin expression was upregulated in osteoblasts differentiated in the pres-
ence of HIV, we investigated their adherence to monocytes, as osteoclast precursor cells.
To this end, osteoblasts were differentiated in the presence of X4- and R5-tropic HIV and
then CellTraceTM yellow uninfected U937 cells were added. Our results indicate that the
percentage of adhered U937 cells, used as a model of monocytes, increased significantly
when osteoblasts were differentiated in the presence of HIV (Figure 4E,F). Additionally, we
observed that HIV-R5-tropic infection induces higher adhesion of monocytes compared to
osteoblasts infected with X4-tropic HIV, despite no differences in the expression levels of
vitronectin associated with viral tropism.

3.8. HIV-Mediated RANKL Transcription among Osteoblasts

The nuclear receptor activator ligand kappa B (RANKL) plays a crucial role in both
the differentiation and activation of osteoclasts, thereby exerting a significant influence
on bone remodeling [41]. Earlier studies have shown that this cytokine is upregulated
in other instances of bone infections [42]. Thus, we investigated whether HIV (X4- and
R5-tropic) infection of MSCs alters RANKL expression during osteoblast differentiation.
Our results indicated that exposure to both X4- and R5-tropic HIV was able to upregulate
the RANKL mRNA transcription level compared to noninfected cells at 7, 14, and 21 days
post-differentiation but not at the early time point of 1 day (Figure 4G). Similar results were
obtained when RANKL expression was evaluated in cell culture supernatants (Figure 4H).
These results suggest that HIV-induced increases in RANKL expression among osteoblasts
during their differentiation from MSC-infected precursors could enhance bone degradation
by activating osteoclasts.

4. Discussion

PWH exhibit a higher prevalence of fractures compared to the general population.
Consequently, the observation of low mineral density, often leading to osteopenia and
osteoporosis, is common among them [1].

While osteoclasts play a crucial role in bone resorption, alterations in the differentiation
of osteoblasts, cells responsible for the deposition of bone matrix, could also contribute to
alterations in bone homeostasis [43].

MSCs are pluripotent cells capable of differentiating into various cell types, includ-
ing osteoblasts. The susceptibility of MSCs to HIV infection was previously suggested
based on mRNA transcription of HIV receptors and co-receptors [24,44–48]. However,
documentation of cell surface receptor expression was lacking. Here, we show that MSCs
express significant levels of CD4, CXCR4, and CCR5 on their surface. Conversely, during
osteoblast differentiation, CD4 expression decreases to a minimum, while CXCR4 and
CCR5 expression increase.

To elucidate MSCs viral permissiveness, in vitro studies have revealed that provirus is
rarely found and productive infection was not documented [24,49]. Accordingly, in this
manuscript, we demonstrated the susceptibility of MSCs to X4- and R5-tropic HIV infection
but not their permissiveness to support productive HIV infection; however, proviral DNA
and capsid-related antigens were detected, revealing a plausible abortive infection. In the
case of osteoblasts, neither viral progeny nor proviral DNA was detected, in accordance
with previous reports [19].

Aging and pathological conditions, including infections, can disrupt osteoblast dif-
ferentiation and function [50]. This often accompanies concomitant bone resorption. Sur-
prisingly, our results indicated that exposure of MSCs to both HIV tropisms did not alter
mineral and organic matrix deposition during osteoblast differentiation. This finding con-
tradicts previous studies suggesting that HIV inhibits osteoblast differentiation. However,
those studies were conducted using human serum from individuals living with HIV with
varying viral loads [46]; therefore, it is possible that the modulation involved not only
the HIV load but also mediators present in the serum. Alternatively, some studies used
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HIV proteins to stimulate MSCs, an approach that may not necessarily mimic the effects of
exposure to viral particles [17,44,51]. Meanwhile, the authors used a range of 0.1 to 1 ug of
recombinant protein; this could simulate a massive infection similar to what is observed in
untreated patients, as was previously reported [25,52].

During normal bone metabolism, osteoblasts and osteoclasts interact with each other,
involving both their adherence and the production of vitronectin [38,39,53]. Here, we
demonstrate that HIV infection of MSCs enhances both monocyte adherence and vitronectin
production during osteoblastogenesis. Moreover, HIV-induced RANKL production but
decreased RUNX-2 by osteoblasts creates a microenvironment that promotes increased bone
resorptive activity by osteoclasts. Additionally, these monocytes could transdifferentiate
into macrophages, which, in the context of HIV infection, may produce soluble mediators
that modulate osteoblast differentiation and function [54].

Although HIV modulates RUNX expression, it does not lead to a modulation in the
differentiation of MSCs into osteoblasts. We speculate that, since HIV does not modulate
RUNX2 expression at 1 day post-differentiation, and despite a reduction at 7 days that
is re-established by 14 days, RUNX2 expression is likely sufficient to commit osteoblasts
at critical points. The reduction at 21 days post-differentiation seems less significant,
as RUNX2 levels naturally decline during late osteoblast maturation [55–57]. Moreover,
RUNX2 gene expression has been associated with age-related changes in bone mineral
density [58]. This suggests that the transient decrease in RUNX2 observed in vitro could
correlate with the early reduction in bone mineral density seen in PWH.

In this context, the increase in vitronectin and RANKL observed in response to HIV
exposure appears to be controversial. Vitronectin, among other extracellular matrix pro-
teins, interacts with membrane integrins to initiate intracellular signaling. This interaction
triggers Runx2 phosphorylation and the expression of osteoblast-specific genes, suggesting
a potential compensatory role for vitronectin [59]. On the other hand, RANKL expres-
sion can be influenced by Osterix (OSX). While RUNX2 regulates OSX, some studies
suggest that OSX may also be regulated through alternate pathways during osteoblast
formation, indicating that RANKL expression could be controlled by mechanisms beyond
OSX [60–62]. Additionally, other compensatory mechanisms in response to reduced RUNX2
may be involved.

The differences in monocyte adhesion observed between osteoblast precursors infected
with X4-tropic HIV and those infected with R5-tropic HIV could be attributed to the
modulation of other adhesion molecules, among other factors [63]. Further studies are
needed to elucidate these differences related to viral tropism.

In summary, the present study provides evidence that HIV modulates the differentia-
tion process among abortively infected MSCs to osteoblast. Such a viral-mediated process
impairs a critical step involved in bone homeostasis that may contribute to accelerating
bone loss and dysregulated metabolism observed in PWH.

Author Contributions: Conceptualization, J.Q. and M.V.D.; methodology, R.N.F., C.A.M.L., M.B.P.,
C.C., F.A.S., P.J. and M.N.G.; investigation, R.N.F., C.A.M.L., M.B.P., C.C., F.A.S., P.J. and M.N.G.;
original draft preparation, M.V.D.; writing—review and editing, M.N.G., J.Q. and M.V.D.; fund-
ing acquisition, J.Q. and M.V.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from Agencia Nacional of Promoción Científica y
Tecnológica (ANPCYT, Argentina), PICT 2019-0499, PICT 2020-0691 to MVD and PICT-2019-1698 and
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.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Comite de Etica
Humana de la Facultad de Medicina de la Universidad de Buenos Aires (protocol code Res.(CD) Nº
2936/10, approval date: 26 June 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Pathogens 2024, 13, 800 12 of 14

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

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Cotter, A.G.; Mallon, P.W. The effects of untreated and treated HIV infection on bone disease. Curr. Opin. HIV AIDS 2014, 9, 17–26.

[CrossRef] [PubMed]
2. Moran, C.A.; Weitzmann, M.N.; Ofotokun, I. Bone Loss in HIV Infection. Curr. Treat. Options Infect. Dis. 2017, 9, 52–67. [CrossRef]

[PubMed]
3. Paccou, J.; Viget, N.; Legrout-Gerot, I.; Yazdanpanah, Y.; Cortet, B. Bone loss in patients with HIV infection. Jt. Bone Spine 2009, 76,

637–641. [CrossRef] [PubMed]
4. McComsey, G.A.; Lupo, S.; Parks, D.; Poggio, M.C.; De Wet, J.; Kahl, L.P.; Angelis, K.; Wynne, B.; Vandermeulen, K.; Gartland, M.;

et al. Switch from tenofovir disoproxil fumarate combination to dolutegravir with rilpivirine improves parameters of bone health.
Aids 2018, 32, 477–485. [CrossRef]

5. Bruera, D.; Luna, N.; David, D.O.; Bergoglio, L.M.; Zamudio, J. Decreased bone mineral density in HIV-infected patients is
independent of antiretroviral therapy. Aids 2003, 17, 1917–1923. [CrossRef]

6. Gibellini, D.; Borderi, M.; De Crignis, E.; Cicola, R.; Vescini, F.; Caudarella, R.; Chiodo, F.; Re, M.C. RANKL/OPG/TRAIL plasma
levels and bone mass loss evaluation in antiretroviral naive HIV-1-positive men. J. Med. Virol. 2007, 79, 1446–1454. [CrossRef]

7. Grijsen, M.L.; Vrouenraets, S.M.; Steingrover, R.; Lips, P.; Reiss, P.; Wit, F.W.; Prins, J.M. High prevalence of reduced bone mineral
density in primary HIV-1-infected men. Aids 2010, 24, 2233–2238. [CrossRef]

8. Titanji, K.; Vunnava, A.; Sheth, A.N.; Delille, C.; Lennox, J.L.; Sanford, S.E.; Foster, A.; Knezevic, A.; Easley, K.A.; Weitzmann,
M.N.; et al. Dysregulated B cell expression of RANKL and OPG correlates with loss of bone mineral density in HIV infection.
PLoS Pathog. 2014, 10, e1004497. [CrossRef]

9. Gallant, J.E.; Staszewski, S.; Pozniak, A.L.; DeJesus, E.; Suleiman, J.M.; Miller, M.D.; Coakley, D.F.; Lu, B.; Toole, J.J.; Cheng,
A.K.; et al. Efficacy and safety of tenofovir DF vs stavudine in combination therapy in antiretroviral-naive patients: A 3-year
randomized trial. JAMA 2004, 292, 191–201. [CrossRef]

10. Stellbrink, H.J.; Orkin, C.; Arribas, J.R.; Compston, J.; Gerstoft, J.; Van Wijngaerden, E.; Lazzarin, A.; Rizzardini, G.; Sprenger, H.G.;
Lambert, J.; et al. Comparison of changes in bone density and turnover with abacavir-lamivudine versus tenofovir-emtricitabine
in HIV-infected adults: 48-week results from the ASSERT study. Clin. Infect. Dis. 2010, 51, 963–972. [CrossRef]

11. McComsey, G.A.; Kitch, D.; Daar, E.S.; Tierney, C.; Jahed, N.C.; Tebas, P.; Myers, L.; Melbourne, K.; Ha, B.; Sax, P.E. Bone
mineral density and fractures in antiretroviral-naive persons randomized to receive abacavir-lamivudine or tenofovir disoproxil
fumarate-emtricitabine along with efavirenz or atazanavir-ritonavir: Aids Clinical Trials Group A5224s, a substudy of ACTG
A5202. J. Infect. Dis. 2011, 203, 1791–1801. [CrossRef] [PubMed]

12. Aurpibul, L.; Puthanakit, T. Review of tenofovir use in HIV-infected children. Pediatr. Infect. Dis. J. 2015, 34, 383–391. [CrossRef]
[PubMed]

13. Negredo, E.; Domingo, P.; Perez-Alvarez, N.; Gutierrez, M.; Mateo, G.; Puig, J.; Escrig, R.; Echeverria, P.; Bonjoch, A.; Clotet,
B. Improvement in bone mineral density after switching from tenofovir to abacavir in HIV-1-infected patients with low bone
mineral density: Two-centre randomized pilot study (OsteoTDF study). J. Antimicrob. Chemother. 2014, 69, 3368–3371. [CrossRef]
[PubMed]

14. Bloch, M.; Tong, W.W.; Hoy, J.; Baker, D.; Lee, F.J.; Richardson, R.; Carr, A.; TROP. Switch from tenofovir to raltegravir increases
low bone mineral density and decreases markers of bone turnover over 48 weeks. HIV Med. 2014, 15, 373–380. [CrossRef]

15. Maggiolo, F.; Rizzardini, G.; Raffi, F.; Pulido, F.; Mateo-Garcia, M.G.; Molina, J.M.; Ong, E.; Shao, Y.; Piontkowsky, D.; Das, M.;
et al. Bone mineral density in virologically suppressed people aged 60 years or older with HIV-1 switching from a regimen
containing tenofovir disoproxil fumarate to an elvitegravir, cobicistat, emtricitabine, and tenofovir alafenamide single-tablet
regimen: A multicentre, open-label, phase 3b, randomised trial. Lancet HIV 2019, 6, e655–e666. [CrossRef]

16. Cotter, A.G.; Vrouenraets, S.M.; Brady, J.J.; Wit, F.W.; Fux, C.A.; Furrer, H.; Brinkman, K.; Sabin, C.A.; Reiss, P.; Mallon, P.W.; et al.
Impact of switching from zidovudine to tenofovir disoproxil fumarate on bone mineral density and markers of bone metabolism
in virologically suppressed HIV-1 infected patients; a substudy of the PREPARE study. J. Clin. Endocrinol. Metab. 2013, 98,
1659–1666. [CrossRef]

17. Beaupere, C.; Garcia, M.; Larghero, J.; Feve, B.; Capeau, J.; Lagathu, C. The HIV proteins Tat and Nef promote human bone marrow
mesenchymal stem cell senescence and alter osteoblastic differentiation. Aging Cell 2015, 14, 534–546. [CrossRef] [PubMed]

18. Butler, J.S.; Dunning, E.C.; Murray, D.W.; Doran, P.P.; O’Byrne, J.M. HIV-1 protein induced modulation of primary human
osteoblast differentiation and function via a Wnt/beta-catenin-dependent mechanism. J. Orthop. Res. Off. Publ. Orthop. Res. Soc.
2013, 31, 218–226. [CrossRef]

19. Gibellini, D.; De Crignis, E.; Ponti, C.; Cimatti, L.; Borderi, M.; Tschon, M.; Giardino, R.; Re, M.C. HIV-1 triggers apoptosis in
primary osteoblasts and HOBIT cells through TNFalpha activation. J. Med. Virol. 2008, 80, 1507–1514. [CrossRef]

https://doi.org/10.1097/COH.0000000000000028
https://www.ncbi.nlm.nih.gov/pubmed/24263798
https://doi.org/10.1007/s40506-017-0109-9
https://www.ncbi.nlm.nih.gov/pubmed/28413362
https://doi.org/10.1016/j.jbspin.2009.10.003
https://www.ncbi.nlm.nih.gov/pubmed/19945322
https://doi.org/10.1097/QAD.0000000000001725
https://doi.org/10.1097/00002030-200309050-00010
https://doi.org/10.1002/jmv.20938
https://doi.org/10.1097/QAD.0b013e32833c93fe
https://doi.org/10.1371/journal.ppat.1004497
https://doi.org/10.1001/jama.292.2.191
https://doi.org/10.1086/656417
https://doi.org/10.1093/infdis/jir188
https://www.ncbi.nlm.nih.gov/pubmed/21606537
https://doi.org/10.1097/INF.0000000000000571
https://www.ncbi.nlm.nih.gov/pubmed/25247583
https://doi.org/10.1093/jac/dku300
https://www.ncbi.nlm.nih.gov/pubmed/25125679
https://doi.org/10.1111/hiv.12123
https://doi.org/10.1016/S2352-3018(19)30195-X
https://doi.org/10.1210/jc.2012-3686
https://doi.org/10.1111/acel.12308
https://www.ncbi.nlm.nih.gov/pubmed/25847297
https://doi.org/10.1002/jor.22196
https://doi.org/10.1002/jmv.21266


Pathogens 2024, 13, 800 13 of 14

20. Kotani, M.; Kikuta, J.; Klauschen, F.; Chino, T.; Kobayashi, Y.; Yasuda, H.; Tamai, K.; Miyawaki, A.; Kanagawa, O.; Tomura,
M.; et al. Systemic circulation and bone recruitment of osteoclast precursors tracked by using fluorescent imaging techniques.
J. Immunol. 2013, 190, 605–612. [CrossRef]

21. Jacome-Galarza, C.E.; Percin, G.I.; Muller, J.T.; Mass, E.; Lazarov, T.; Eitler, J.; Rauner, M.; Yadav, V.K.; Crozet, L.; Bohm, M.; et al.
Developmental origin, functional maintenance and genetic rescue of osteoclasts. Nature 2019, 568, 541–545. [CrossRef] [PubMed]

22. Hu, L.; Yin, C.; Zhao, F.; Ali, A.; Ma, J.; Qian, A. Mesenchymal Stem Cells: Cell Fate Decision to Osteoblast or Adipocyte and
Application in Osteoporosis Treatment. Int. J. Mol. Sci. 2018, 19, 360. [CrossRef] [PubMed]

23. Liu, J.; Gao, J.; Liang, Z.; Gao, C.; Niu, Q.; Wu, F.; Zhang, L. Mesenchymal stem cells and their microenvironment. Stem Cell Res.
Ther. 2022, 13, 429. [CrossRef]

24. Nazari-Shafti, T.Z.; Freisinger, E.; Roy, U.; Bulot, C.T.; Senst, C.; Dupin, C.L.; Chaffin, A.E.; Srivastava, S.K.; Mondal, D.; Alt, E.U.;
et al. Mesenchymal stem cell derived hematopoietic cells are permissive to HIV-1 infection. Retrovirology 2011, 8, 3. [CrossRef]
[PubMed]

25. Cotter, E.J.; Malizia, A.P.; Chew, N.; Powderly, W.G.; Doran, P.P. HIV proteins regulate bone marker secretion and transcription
factor activity in cultured human osteoblasts with consequent potential implications for osteoblast function and development.
AIDS Res. Hum. Retroviruses 2007, 23, 1521–1530. [CrossRef]

26. Palma, M.B.; Luzzani, C.; Andrini, L.B.; Riccillo, F.; Buero, G.; Pelinski, P.; Inda, A.M.; Errecalde, A.L.; Miriuka, S.; Carosella, E.D.;
et al. Wound Healing by Allogeneic Transplantation of Specific Subpopulation From Human Umbilical Cord Mesenchymal Stem
Cells. Cell Transplant. 2021, 30, 963689721993774. [CrossRef]

27. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

28. Adachi, A.; Gendelman, H.E.; Koenig, S.; Folks, T.; Willey, R.; Rabson, A.; Martin, M.A. Production of acquired immunodeficiency
syndrome-associated retrovirus in human and nonhuman cells transfected with an infectious molecular clone. J. Virol. 1986, 59,
284–291. [CrossRef]

29. Freed, E.O.; Englund, G.; Martin, M.A. Role of the basic domain of human immunodeficiency virus type 1 matrix in macrophage
infection. J. Virol. 1995, 69, 3949–3954. [CrossRef]

30. Reynoso, R.; Wieser, M.; Ojeda, D.; Bonisch, M.; Kuhnel, H.; Bolcic, F.; Quendler, H.; Grillari, J.; Grillari-Voglauer, R.; Quarleri, J.
HIV-1 induces telomerase activity in monocyte-derived macrophages, possibly safeguarding one of its reservoirs. J. Virol. 2012,
86, 10327–10337. [CrossRef]

31. Kumar, R.; Vandegraaff, N.; Mundy, L.; Burrell, C.J.; Li, P. Evaluation of PCR-based methods for the quantitation of integrated
HIV-1 DNA. J. Virol. Methods 2002, 105, 233–246. [CrossRef] [PubMed]

32. Wattanachanya, L.; Jantrapakde, J.; Avihingsanon, A.; Ramautarsing, R.; Kerr, S.; Trachunthong, D.; Pussadee, K.; Teeratakulpisarn,
N.; Jadwattanakul, T.; Chaiwatanarat, T.; et al. Antiretroviral-naive HIV-infected patients had lower bone formation markers than
HIV-uninfected adults. AIDS Care 2020, 32, 984–993. [CrossRef] [PubMed]

33. Mohamed, A.M. An overview of bone cells and their regulating factors of differentiation. Malays. J. Med. Sci. MJMS 2008, 15,
4–12. [PubMed]

34. Schlesinger, P.H.; Blair, H.C.; Beer Stolz, D.; Riazanski, V.; Ray, E.C.; Tourkova, I.L.; Nelson, D.J. Cellular and extracellular matrix
of bone, with principles of synthesis and dependency of mineral deposition on cell membrane transport. Am. J. Physiol. Cell
Physiol. 2020, 318, C111–C124. [CrossRef]

35. Buckwalter, J.A.; Cooper, R.R. Bone structure and function. Instr. Course Lect. 1987, 36, 27–48.
36. Ducy, P.; Zhang, R.; Geoffroy, V.; Ridall, A.L.; Karsenty, G. Osf2/Cbfa1: A transcriptional activator of osteoblast differentiation.

Cell 1997, 89, 747–754. [CrossRef]
37. Komori, T.; Yagi, H.; Nomura, S.; Yamaguchi, A.; Sasaki, K.; Deguchi, K.; Shimizu, Y.; Bronson, R.T.; Gao, Y.H.; Inada, M.; et al.

Targeted disruption of Cbfa1 results in a complete lack of bone formation owing to maturational arrest of osteoblasts. Cell 1997,
89, 755–764. [CrossRef]

38. Mansour, A.; Mezour, M.A.; Badran, Z.; Tamimi, F. (*) Extracellular Matrices for Bone Regeneration: A Literature Review. Tissue
Eng. Part A 2017, 23, 1436–1451. [CrossRef]

39. Duong, L.T.; Lakkakorpi, P.; Nakamura, I.; Rodan, G.A. Integrins and signaling in osteoclast function. Matrix Biol. J. Int. Soc.
Matrix Biol. 2000, 19, 97–105. [CrossRef]

40. Fuller, K.; Ross, J.L.; Szewczyk, K.A.; Moss, R.; Chambers, T.J. Bone is not essential for osteoclast activation. PLoS ONE 2010,
5, e12837. [CrossRef]

41. Takayanagi, H. The unexpected link between osteoclasts and the immune system. Adv. Exp. Med. Biol. 2010, 658, 61–68. [CrossRef]
[PubMed]

42. Saint-Pastou Terrier, C.; Gasque, P. Bone responses in health and infectious diseases: A focus on osteoblasts. J. Infect. 2017, 75,
281–292. [CrossRef] [PubMed]

43. Manolagas, S.C. Birth and death of bone cells: Basic regulatory mechanisms and implications for the pathogenesis and treatment
of osteoporosis. Endocr. Rev. 2000, 21, 115–137. [CrossRef] [PubMed]

https://doi.org/10.4049/jimmunol.1201345
https://doi.org/10.1038/s41586-019-1105-7
https://www.ncbi.nlm.nih.gov/pubmed/30971820
https://doi.org/10.3390/ijms19020360
https://www.ncbi.nlm.nih.gov/pubmed/29370110
https://doi.org/10.1186/s13287-022-02985-y
https://doi.org/10.1186/1742-4690-8-3
https://www.ncbi.nlm.nih.gov/pubmed/21226936
https://doi.org/10.1089/aid.2007.0112
https://doi.org/10.1177/0963689721993774
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1128/jvi.59.2.284-291.1986
https://doi.org/10.1128/jvi.69.6.3949-3954.1995
https://doi.org/10.1128/JVI.01495-12
https://doi.org/10.1016/S0166-0934(02)00105-2
https://www.ncbi.nlm.nih.gov/pubmed/12270656
https://doi.org/10.1080/09540121.2019.1622631
https://www.ncbi.nlm.nih.gov/pubmed/31137948
https://www.ncbi.nlm.nih.gov/pubmed/22589609
https://doi.org/10.1152/ajpcell.00120.2019
https://doi.org/10.1016/S0092-8674(00)80257-3
https://doi.org/10.1016/S0092-8674(00)80258-5
https://doi.org/10.1089/ten.tea.2017.0026
https://doi.org/10.1016/S0945-053X(00)00051-2
https://doi.org/10.1371/journal.pone.0012837
https://doi.org/10.1007/978-1-4419-1050-9_7
https://www.ncbi.nlm.nih.gov/pubmed/19950016
https://doi.org/10.1016/j.jinf.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/28778751
https://doi.org/10.1210/edrv.21.2.0395
https://www.ncbi.nlm.nih.gov/pubmed/10782361


Pathogens 2024, 13, 800 14 of 14

44. Gibellini, D.; Alviano, F.; Miserocchi, A.; Tazzari, P.L.; Ricci, F.; Clo, A.; Morini, S.; Borderi, M.; Viale, P.; Pasquinelli, G.; et al.
HIV-1 and recombinant gp120 affect the survival and differentiation of human vessel wall-derived mesenchymal stem cells.
Retrovirology 2011, 8, 40. [CrossRef]

45. Scadden, D.T.; Zeira, M.; Woon, A.; Wang, Z.; Schieve, L.; Ikeuchi, K.; Lim, B.; Groopman, J.E. Human immunodeficiency virus
infection of human bone marrow stromal fibroblasts. Blood 1990, 76, 317–322. [CrossRef]

46. Cotter, E.J.; Chew, N.; Powderly, W.G.; Doran, P.P. HIV type 1 alters mesenchymal stem cell differentiation potential and cell
phenotype ex vivo. AIDS Res. Hum. Retroviruses 2011, 27, 187–199. [CrossRef] [PubMed]

47. Honczarenko, M.; Le, Y.; Swierkowski, M.; Ghiran, I.; Glodek, A.M.; Silberstein, L.E. Human bone marrow stromal cells express a
distinct set of biologically functional chemokine receptors. Stem Cells 2006, 24, 1030–1041. [CrossRef]

48. Kallmeyer, K.; Ryder, M.A.; Pepper, M.S. Mesenchymal Stromal Cells: A Possible Reservoir for HIV-1? Stem Cell Rev. Rep. 2022,
18, 1253–1280. [CrossRef]

49. McNamara, L.A.; Onafuwa-Nuga, A.; Sebastian, N.T.; Riddell, J.t.; Bixby, D.; Collins, K.L. CD133+ hematopoietic progenitor cells
harbor HIV genomes in a subset of optimally treated people with long-term viral suppression. J. Infect. Dis. 2013, 207, 1807–1816.
[CrossRef]

50. Marie, P.J. Osteoblast dysfunctions in bone diseases: From cellular and molecular mechanisms to therapeutic strategies. Cell. Mol.
Life Sci. CMLS 2015, 72, 1347–1361. [CrossRef]

51. Cotter, E.J.; Ip, H.S.; Powderly, W.G.; Doran, P.P. Mechanism of HIV protein induced modulation of mesenchymal stem cell
osteogenic differentiation. BMC Musculoskelet. Disord. 2008, 9, 33. [CrossRef] [PubMed]

52. Fakruddin, J.M.; Laurence, J. HIV envelope gp120-mediated regulation of osteoclastogenesis via receptor activator of nuclear factor
kappa B ligand (RANKL) secretion and its modulation by certain HIV protease inhibitors through interferon-gamma/RANKL
cross-talk. J. Biol. Chem. 2003, 278, 48251–48258. [CrossRef]

53. Fuller, K.; Lindstrom, E.; Edlund, M.; Henderson, I.; Grabowska, U.; Szewczyk, K.A.; Moss, R.; Samuelsson, B.; Chambers, T.J.
The resorptive apparatus of osteoclasts supports lysosomotropism and increases potency of basic versus non-basic inhibitors of
cathepsin K. Bone 2010, 46, 1400–1407. [CrossRef]

54. Valles, G.; Bensiamar, F.; Maestro-Paramio, L.; Garcia-Rey, E.; Vilaboa, N.; Saldana, L. Influence of inflammatory conditions
provided by macrophages on osteogenic ability of mesenchymal stem cells. Stem Cell Res. Ther. 2020, 11, 57. [CrossRef]

55. Komori, T. Regulation of Proliferation, Differentiation and Functions of Osteoblasts by Runx2. Int. J. Mol. Sci. 2019, 20, 1694.
[CrossRef]

56. Gersbach, C.A.; Byers, B.A.; Pavlath, G.K.; Guldberg, R.E.; Garcia, A.J. Runx2/Cbfa1-genetically engineered skeletal myoblasts
mineralize collagen scaffolds in vitro. Biotechnol. Bioeng. 2004, 88, 369–378. [CrossRef]

57. Komori, T. Runx2, an inducer of osteoblast and chondrocyte differentiation. Histochem. Cell Biol. 2018, 149, 313–323. [CrossRef]
[PubMed]

58. Zanatta, M.; Valenti, M.T.; Donatelli, L.; Zucal, C.; Dalle Carbonare, L. Runx-2 gene expression is associated with age-related
changes of bone mineral density in the healthy young-adult population. J. Bone Miner. Metab. 2012, 30, 706–714. [CrossRef]
[PubMed]

59. Oh, S.H.; Kim, J.W.; Kim, Y.; Lee, M.N.; Kook, M.S.; Choi, E.Y.; Im, S.Y.; Koh, J.T. The extracellular matrix protein Edil3 stimulates
osteoblast differentiation through the integrin alpha5beta1/ERK/Runx2 pathway. PLoS ONE 2017, 12, e0188749. [CrossRef]

60. Sinha, K.M.; Zhou, X. Genetic and molecular control of osterix in skeletal formation. J. Cell. Biochem. 2013, 114, 975–984. [CrossRef]
61. Matsubara, T.; Kida, K.; Yamaguchi, A.; Hata, K.; Ichida, F.; Meguro, H.; Aburatani, H.; Nishimura, R.; Yoneda, T. BMP2 regulates

Osterix through Msx2 and Runx2 during osteoblast differentiation. J. Biol. Chem. 2008, 283, 29119–29125. [CrossRef] [PubMed]
62. Liu, Q.; Li, M.; Wang, S.; Xiao, Z.; Xiong, Y.; Wang, G. Recent Advances of Osterix Transcription Factor in Osteoblast Differentiation

and Bone Formation. Front. Cell Dev. Biol. 2020, 8, 601224. [CrossRef] [PubMed]
63. Feng, X.; Teitelbaum, S.L. Osteoclasts: New Insights. Bone Res. 2013, 1, 11–26. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/1742-4690-8-40
https://doi.org/10.1182/blood.V76.2.317.317
https://doi.org/10.1089/aid.2010.0114
https://www.ncbi.nlm.nih.gov/pubmed/20929345
https://doi.org/10.1634/stemcells.2005-0319
https://doi.org/10.1007/s12015-021-10298-5
https://doi.org/10.1093/infdis/jit118
https://doi.org/10.1007/s00018-014-1801-2
https://doi.org/10.1186/1471-2474-9-33
https://www.ncbi.nlm.nih.gov/pubmed/18366626
https://doi.org/10.1074/jbc.M304676200
https://doi.org/10.1016/j.bone.2010.01.374
https://doi.org/10.1186/s13287-020-1578-1
https://doi.org/10.3390/ijms20071694
https://doi.org/10.1002/bit.20251
https://doi.org/10.1007/s00418-018-1640-6
https://www.ncbi.nlm.nih.gov/pubmed/29356961
https://doi.org/10.1007/s00774-012-0373-1
https://www.ncbi.nlm.nih.gov/pubmed/22903460
https://doi.org/10.1371/journal.pone.0188749
https://doi.org/10.1002/jcb.24439
https://doi.org/10.1074/jbc.M801774200
https://www.ncbi.nlm.nih.gov/pubmed/18703512
https://doi.org/10.3389/fcell.2020.601224
https://www.ncbi.nlm.nih.gov/pubmed/33384998
https://doi.org/10.4248/BR201301003
https://www.ncbi.nlm.nih.gov/pubmed/26273491

	Introduction 
	Materials and Methods 
	Isolation and Expansion MSCs 
	Infection of Mesenchymal Stem Cells and Osteoblasts by Cell-Free Wild-Type HIV-X4 or R5-Tropic 
	Osteoblast Differentiation 
	CD4, CXCR4, and CCR5 Surface Expression 
	HIV Infections Using X4 and R5-Tropic Strains 
	Cellular mRNA Preparation and RT-qPCR 
	RANKL Protein Expression 
	Alizarin Red S Staining 
	Alkaline Phosphatase (ALP) Staining 
	Assessment of Collagen Deposition by Sirius Red Staining 
	Assessment of Vitronectin by Immunofluorescence 
	U937 Adhesion Assay 
	Statistical Analysis 

	Results 
	Cell Membrane Expression of HIV Receptor and Co-Receptors on MSCs and Osteoblasts 
	MSCs, but Not Osteoblasts, Are Abortively Infected by HIV 
	HIV Was Unable to Modulate Alkaline Phosphatase Activity in Osteoblasts 
	HIV Was Unable to Modulate Osteoblast Differentiation 
	HIV Exposure Partially Alters RUNX2 Expression 
	HIV-Induced Vitronectin Expression from Osteoblasts 
	U937 Cells Adhere More to HIV-Infected Osteoblasts 
	HIV-Mediated RANKL Transcription among Osteoblasts 

	Discussion 
	References

