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Abstract

Patients with HIV-1 infection often develop multiple complications and comorbidities, including
osteoporosis and atherosclerosis. The receptor activator of nuclear factor kappa-B/receptor
activator of nuclear factor kappa-B ligand/osteoprotegerin axis has been identified as a possible
common link between osteoporosis and vascular diseases. Since the discovery of this axis, much
has been learned about its role in controlling skeletal biology and less about its role in the context
of vascular biology. However, the exact role of the receptor activator of nuclear factor kappa-B
ligand/osteoprotegerin axis in HIV infection is not completely understood. In this review we
examine the mechanisms by which inflammation and immune dysregulation in HIV-1 infection
may impact bone turnover and atherogenesis through perturbations in the receptor activator of
nuclear factor kappa-B/receptor activator of nuclear factor kappa-B ligand/osteoprotegerin axis.
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Introduction

As life expectancy for HIV-1-infected patients continues to increase as a result of successful
antiretroviral therapy (ART), morbidity and mortality from chronic complications of HIV-1
infection, such as osteoporosis and cardiovascular disease, will continue to risel. However,
the mechanisms that contribute to the increased incidence of these complications in HIV-1
infection remain to be elucidated?.

Correspondence to: Theodoros Kelesidis, M.D., Department of Medicine, Division of Infectious Diseases, David Geffen School of
Medicine at UCLA, 10833 Le Conte Ave. CHS 37-121, Los Angeles, CA 90095, USA, tkelesidis@mednet.ucla.edu.

Supplementary Data
Supplementary data is available at AIDS Reviews journal online (http://www. aidsreviews.com). This data is provided by the author
and published online to benefit the reader. The contents of all supplementary data are the sole responsibility of the authors.


http://www.aidsreviews.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelesidis et al.

Page 2

The interplay between the immune and skeletal systems, often described as the “immuno-
skeletal interface”, has been implicated in the pathogenesis of bone disease in the setting of
HIV infection?, a condition associated with a persistent state of immune activation and
chronic inflammation?. Bone resorption is dependent on a cytokine known as receptor
activator of the nuclear factor kappa B (NFxB) ligand (RANKL), a tumor necrosis factor
(TNF) family member that is expressed on the surface of osteoblasts and is released by
activated T-cells3#. RANKL is also produced by osteoblasts, osteocytes, bone marrow
stromal cells, and T-cells among others3, it activates its receptor, receptor activator of the
NFxB (RANK), which is largely expressed by osteoblasts, T- and B-cells, dendritic cells,
and fibroblasts and has important immunological functions including the regulation of T-cell
growth and dendritic cell functions34. Osteoprotegerin (OPG) does not bind RANKL
exclusively, but also represents a decoy receptor even for TNF-related apoptosis-inducing
ligand (TRAIL), a multifunctional cytokine involved in the regulation of cell survival and
differentiation of several cell lineages and apoptosis in normal and malignant cells®6. The
complex regulation of both RANKL and OPG is summarized in supplementary tables 1 and
2. There is limited data on the role of the RANKL/OPG axis in HIV-1 infection and further
understanding of the potential alterations in this system in metabolic disorders that develop
during HIV-1 infection is needed. Herein, we review the available literature on the role of
the RANKL/OPG axis specifically in HIV-1 infection and its complications, including
osteoporosis and accelerated atherosclerosis.

RANKL/osteoprotegerin axis plays a critical role in the interplay between

the immune system and bone and cardiovascular disease in patients not
infected with HIV-1

The decisive roles played by the RANKL/OPG axis in regulating bone metabolism, the
immune system, and cardiovascular disease in patients not infected with HIV-1 have been
recently reviewed’-10 and are also summarized in figure 1 and in supplementary table 3.
Lymphocytes influence the basal production of bone-sparing OPG; however, under
inflammatory conditions, activated lymphocytes become a significant additional source of
RANKLS. Thus, elevated RANKL levels in chronic inflammatory conditions can be caused
by more intensive synthesis of RANKL and/or a non-sufficient upregulation of OPG
synthesis, which in turn leads to increased RANKL:OPG ratio. An increased RANKL:OPG
ratio has been associated with bone resorption and atherogenesis®?.

RANKL/RANK/osteoprotegerin axis has an important role in HIV-1 infection

Cytokines produced by the host in response to HIV-1 infection play several critical roles in
virus—host interactions, both in terms of regulation of viral replication and a variety of
metabolic complications of HIV-1 and ARTZ. Alterations in T- and B-cell activation and
cytokine production persist in the setting of HIV-1 infection, despite effective ARTZ. In the
context of this inflammatory milieu, the mechanisms underlying the possible pathogenesis
of bone and cardiovascular disease associated with HIV-1 infection have been previously
described2:13, The pathophysiologic changes associated with HIV infection may affect bone
metabolism and atherogenesis on multiple levels, including the direct disruption of B-cell
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and T-cell functions, and immune activation!4. Data from both 7 vitro and in vivo studies
reviewed in this manuscript and also summarized in figure 21528 provide evidence of the
significant role of RANKL/OPG in HIV infection that may affect the immune system, and
the risk for bone and cardiovascular disease.

Evidence from in vitro studies that HIV-1 upregulates the RANKL/

osteoprotegerin ratio

A positive feedback loop exists between RANKL production and HIV-1 replication, which
may be relevant to both the pathophysiology of HIV-1-linked osteopenia and control of
HIV-1 replication?®. This pathway appears distinct from those of other cytokine activators of
HIV-1, is enhanced synergistically by TNF-a, and suppressed by interferon (IFN)-y2? and is
summarized in table 1. In addition, viral proteins such as gp120, Vpr, and Tat can upregulate
the RANKL expression on osteoclastic progenitor cells, enhancing osteoclastic activity®:16,
The HIV-1 envelope protein gp120 also induces RANKL secretion from lymphocytes and
macrophages?® and several HIV-1 proteins inhibit the osteoblast activity” with a
derangement of osteoblasts and osteoclast homeostasis (Table 1). In addition, TRAIL, which
binds OPG, is activated by HIV-1 Tat protein in monocytes?’:28. Although the prospect of
direct HIV-1 infection of osteoblasts is still controversial?2, studies based on osteoblast
cultures from bone marrow biopsies of HIV-infected patients and control patients suggest
that HIV-1 can modify the bone matrix through changes in the cytokine microenvironment
rather than a direct impairment of osteoblast activity2>. Overall, these Jin vitro studies
suggest that HIV-1 per se can directly upregulate expression of RANKL in osteoclasts and
their progenitors and in immune cells (macrophages, lymphocytes), while it can
downregulate expression of OPG in osteoblasts.

Changes in the immune system during HIV-1 infection can directly affect

the RANKL/osteoprotegerin axis

HIV-1 infection may affect both the cellular and humoral immune responses®? (Table 1). The
interactions between RANKL, TRAIL, OPG, and immune cells have been previously
described16:31 and are summarized in figure 1 and supplementary table 3. As the RANKL/
OPG axis has a major role in regulation of the immune system (both adaptive and innate
immunity) and vice versa, immune dysregulation during HIV-1 infection can also lead to
dysregulation in the RANKL/OPG axis. A hallmark of HIV infection is loss of CD4* T-
lymphocytes, which is accompanied by increased immune activation, affecting all major cell
populations of the immune system32. The HIV-1 infection can lead to B-cell and T-cell
exhaustion, resulting in a dysfunctional memory B-cell compartment32. In addition to this
direct disruption of the immune cells, chronic immune activation is a recognized feature of
HIV infection and a strong predictor of disease progression33. This loss of T-cells early in
the course of HIV infection is thought to partially result in gastrointestinal mucosal damage,
which in turn leads to systemic translocation of bacterial cell wall products including
lipopolysaccharide (LPS). These bacterial cell wall products are capable of activating both
the innate and adaptive immune systems33. /n vitro studies have shown that LPS can
stimulate osteoclast production by promoting osteoblast production of RANKL34. On the
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other hand, recent /n vitro studies on HIV-1 pathogenesis point to increased susceptibility of
CD4* T-cells to TRAIL-mediated apoptosis®®. TRAIL binds OPG and antagonizes its
effects. In addition, viral replication requires activation-induced cellular transcription factors
to drive viral RNA transcription, and increased immune activation would favor enhanced
HIV-1 replication3®. Thus, the /n vitro data outlined in table 1 regarding the interplay
between HIV-1, the RANKL/OPG axis, and the immune system suggest, overall, that HIV-1,
through its interaction with the immune system, can upregulate the RANKL:OPG ratio,
which in turn may increase immune activation and HIV-1 infectivity.

The impact of HIV infection on the immuno-skeletal interface was recently evaluated /n vivo
using the HIV-1 transgenic rat model, which has been demonstrated to recapitulate many of
the immunologic and clinical abnormalities seen with human HIV infection2. In HIV-1
transgenic rats, osteoclastogenesis was associated with altered B-cell function, leading to a
significant decline in production of bone-sparing OPG and an increased expression of the
osteoclastogenic cytokine RANKL?Z, leading to an elevated RANKL:OPG ratio. However, in
humans, the complex interactions between HIV-1, the immune system, and the
RANKL/OPG axis are largely unknown and may lead to variable RANKL:OPG ratios,
depending on the degree of immune activation and dysregulation during the course of HIV-1
infection. Further studies in human HIV infection will broaden our understanding of these
complex interactions.

RANKL, osteoprotegerin, and TRAIL in untreated HIV-1 infection

In vitro studies often offer conflicting results regarding the interactions between HIV
replication and the levels of RANKL, OPG, and TRAIL (Table 2). This is due in part to the
failure to consider the potential involvement of soluble HIV-1 gene products, HIV-1-
associated cytokines, and physiologic regulators of osteoclast formation such as IFN-y on
these parameters. Thus, /n vitro studies may not be able to adequately describe the possible
interaction between HIV-1-related inflammatory cytokines and RANKL/OPG synthesis.

Previous studies have shown that HIV-1-positive ART-naive subjects display an increase in
plasma RANKL compared to healthy controls36-38, consistent with 7 vitro data where the
increase of RANKL synthesis was related to HIV-1 gp120 and vpr treatment1°:16:38_|n one
study, both RANKL and OPG were significantly increased in the plasma of ART-naive
HIV-1-positive patients compared to a healthy control group, but there was no correlation
between OPG plasma levels and HIV-1-RNA viral load3®. In contrast in this same study,
higher RANKL and TRAIL levels were directly related to plasma HIV-1-RNA viral load3®.
This direct correlation suggests a possible linkage between RANKL and TRAIL increases
and viral replication. Although plasma levels of TRAIL are increased in HIV-1-infected
patients36:3% and enhancement of TRAIL-mediated apoptosis of CD4* T-cells36 has been
described in these patients, no correlation was found between higher TRAIL levels and
lower bone mineral density38. However, further studies are needed to elucidate the role of
TRAIL in HIV-1 infection and the RANKL/OPG axis. The higher plasma RANKL and OPG
concentrations in ART-naive individuals compared to healthy subjects suggests a role of
HIV-1 infection in this cytokine deregulation, probably through derangement of the immune
system36. In another study it was also suggested that the increase in RANKL in untreated
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HIV-1-infected subjects may be a reflection of increased immune activation and subsequent
expression and production of RANKL by activated T-cells associated with untreated HIV
infection40,

Antiretroviral therapy is a major determinant of the RANKL/ osteoprotegerin

axis in HIV-1 infection

In vitro studies suggest that antiretroviral therapy can directly affect the RANKL/
osteoprotegerin axis

The etiology and causes of ART-associated bone loss are likely multifactorial®l.
Antiretrovirals may have both direct and indirect effects as they suppress HIV replication.
The ability of certain antiretrovirals to interfere with IFN-y function and the RANKL/OPG
in bone physiology may be particularly damaging in HIV-1 infection*2. /n vitro experiments
with osteoblast and osteoclast-like cell lines suggest that specific antiretrovirals are involved
in the perturbation of the RANKL/OPG axis, and different doses of the same drug may have
different effects on the RANKL pathway and activate or inhibit specific intracellular
pathways, interfering with expression of RANKL*3. The majority of data in this area
involves the protease inhibitor class of drugs, where individual drugs within this class appear
to have differential effects on the RANKL/OPG axis. The in vitro effects of ART on the
RANKL/OPG axis are summarized in table 2.

HIV-1-positive patients on antiretroviral therapy may have variable circulating RANKL

levels

Studies examining the relationship between ART exposure and RANKL levels have yielded
conflicting results374445, Supplementary table 4 describes the details of 14 studies that have
examined this association. Although in some studies, treatment with protease inhibitors (PI)
tended to increase®® blood levels of RANKL, whereas treatment with nucleoside reverse
transcriptase inhibitors (NRT1)37:44 and nonnucleoside reverse transcriptase inhibitors
(NNRTI)37 tended to reduce RANKL, in most studies the relative contribution of specific
antiretrovirals on systemic levels of RANKL could not be determined®47. In one
prospective study, circulating RANKL and the RANKL:OPG ratio increased in the HIV-1
infected patients who stopped ART and this increase was associated with increased bone
mass density and reduced markers of bone resorption®C. The authors suggested that ART
may increase bone turnover through a RANKL/OPG independent pathway and that the
increase in RANKL on discontinuation of ART may be a compensatory response to the
reduction in markers of bone turnover40,

The lower levels of total serum RANKL compared to HIV-1-uninfected patients found in
some studies of ART-treated patients#849 may reflect suppressed bone remodeling and
unfavorable bone micro architecture®. Increased RANKL tissue expression in HIV-1-
positive patients may also lead to negative feedback loop and lower circulating levels of
RANKL. It has previously been suggested that serum levels of RANKL may be very
different from local tissue expression and activity®L. It may be possible that with increased
local RANKL activity there is less production of soluble RANKL5L, Consistent with this
hypothesis, circulating RANKL levels were inversely associated with local bone RANKL
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mRNA levels®2. In HIV infection, /in vitro data suggest that RANKL activity is increased at
the tissue level, whether via HIV infection itself>3 or secondary to medication effects®3.
Thus, increased local RANKL activity in HIV-infected patients may be associated with
lower circulating RANKL levels. Further studies are needed to directly measure RANKL
activity within the arteries, bone, and lymphocytes of HIV-infected individuals.

Data on circulating osteoprotegerin levels in HIV-1-infected patients on antiretroviral
therapy are conflicting

Data from in vivo studies in HIV-1-infected subjects regarding circulating OPG levels are
conflicting and are summarized in supplementary table 5. Concentrations of circulating OPG
were found to be significantly increased in HIV-1-infected subjects compared to age-
matched controls in three studies36:37:54, |t seems that OPG is dependent on HIV-1 infection,
but independent of viral load38. In addition, elevated OPG levels in HIV-1-infected patients
were significantly correlated with high TNF-a levels® and this may reflect enhanced
immune activation in these patients. These data suggest that HIV-1 or ART may act on the
osteoblast and stromal cells that are producers of OPG. Raised OPG levels may also be a
parameter of enhanced activity in the OPG system, possibly correlated to enhanced activity
of other members of the TNF family such as RANKL36:37.54,

In contrast, in one cross-sectional study, plasma OPG levels were greatly diminished in
HIV-1-infected subjects compared to age-matched controls®®. A decrease in serum OPG
levels might reflect an increase in OPG binding to RANKL5® or may also be partially
explained through HIV-1-induced immune dysregulation. The synthesis of OPG by T-cells is
a compensatory mechanism to counterbalance the expression of RANKL and TRAIL by
these activated cells® and this autoregulatory mechanism might be overridden in chronic
disease conditions®’. Inversely, the decrease of OPG production by T-cells induced by HIV-1
gp120 proteins and Pls could reflect abnormal local immune responses®®. Thus, diseases
directly related to the CD4* subset of T lymphocytes, such as HIV-1, could lead to abnormal
tissue responses that include diminished OPG production®®.

Antiretrovirals such as drugs within the PI5® or NRTI classes® were associated with a
reduction in OPG levels 7 vivo®®. Protease inhibitors decreased the spontaneous production
of OPG by T-cells and were associated with an increased incidence of osteoporosis in HIV-1
patients that in turn can also contribute to lower levels of OPG®0.61, Finally, in a recent study
in HIV-1-infected subjects, both RANKL and OPG decreased significantly with ART
initiation, while their ratio remained constant®. It was suggested that the reduction of
inflammation that accompanies treatment of HIV infection may indirectly reduce OPG
levels and that this could contribute to the early loss of bone mineral density observed after
the initiation of ART®®.

However, in other studies, ART use did not affect52 or even increase levels of OPGS3. In one
study, all patients achieved undetectable viremia, the main factor that drives systemic
inflammation, and thus the authors concluded that other factors except for inflammation may
be implicated in regulation of circulating OPG levels in HIV-1-infected subjects®3. Thus, the
significance of circulating OPG levels in HIV-1 infection remains unknown because these
levels may not reflect local tissue expression.
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Data on circulating RANKL/ osteoprotegerin levels in HIV-1-infected patients on
antiretroviral therapy are limited

Different types of OPG with varying potencies to neutralize soluble RANKL (sSRANKL) can
be present in different diseases®, but the potency of OPG to neutralize RANKL in HIV-1
infection remains unknown. In one study there was no difference in the RANKL:OPG ratio
between HIV-1-infected patients without osteopenia and their osteopenic counterparts,
suggesting that osteoclastogenesis was not influenced by HIV-1 infection or ARTS5,
However, in most studies examining osteopenia in HIV-1-infected patients, the
RANKL:OPG ratio was not determined, or if it was, the measurements were only assessed at
a single time point. Investigation of the specific effect of ART on the RANK/RANKL/OPG
axis may best be examined in HIV-uninfected persons receiving ART for the prevention of
HIV infection or in virologically suppressed, ART-treated, HIV-infected persons switching
ART regimens. In this way, the specific effect of the ART component might be evaluated
independently of its effect on immune function, as seen during the early stages of HIV
treatment.

Explanation for discordant results regarding blood levels of
osteoprotegerin and RANKL in studies of HIV-1-infected subjects is
multifactorial

Several hypotheses can be formulated to explain conflicting results in the measurement of
levels of RANKL/OPG in human studies.

First, discrepancies in determination of blood levels of RANKL/OPG between different
studies might be explained by the fact that the RANKL/OPG axis plays a crucial role in
immune regulation®®. It remains unclear whether the contribution of the immune system,
mainly immune activation, on the production of RANKL could be considered constant or
even absent if patients have excellent control of viral replication and immune response3”+46,
Thus, it is possible that differences in the state of immune activation between different
groups of HIV-1-infected patients could explain discrepancies in circulating levels of
RANKL/OPG between different studies.

Second, the majority of RANKL is cell bound and is not detectable in the circulation, and
thus circulating RANKL is only a small part of total RANKL®%:67_ In addition, only small
amounts of locally acting cytokines are present in systemic circulation, and thus serum OPG
and RANKL may not reflect the levels of these cytokines at the bone tissue level®8. Both
RANKL and OPG are also expressed in metabolically active tissues such as the liver®8, but
the contributions of these tissues to the blood levels of RANKL remains unknown,
especially in HIV-1 infection. Thus, differences in metabolic activity of different tissues
between different groups of HIV-1-infected patients with different comorbidities (e.g.
accelerated atherosclerosis, osteopenia) and on different antiretrovirals may also explain
discordant results regarding measurement of serum RANKL/ OPG levels in HIV-1-infected
patients.
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Third, current commercially available methods detect total levels of RANKL and OPG and
not exclusively the biologically active forms®. Unfortunately, many studies measuring
RANKL do not described which form of RANKL is detected (free, bound, or total form). It
is possible that in chronic inflammatory conditions, a higher part of free SRANKL
(potentially effective RANKL) exists, whereas in healthy control patients the part of
inactivated form (OPG bound) of SRANKL may be higherll. This remains to be shown for
patients with HIV-1 infection.

Finally, RANKL/OPG was measured in serum in most studies and in plasma in others and
this can cause discordant results. Serum concentrations of cytokines such as RANKL and
OPG can be different between serum and plasma’® and such differences could be, at least in
part, related to clotting necessary to recover serum’L. Thus, differences between serum and
plasma measurements’?, use of different antiretrovirals between different studies®, the
variety of different assays used, a lack of standardization of commercially available kits, and
measurement of RANKL/OPG levels at different time points during the treatment of HIV-1
could explain discrepancies between different studies.

Changes in levels of the RANKL/ osteoprotegerin axis have been

associated with bone disease in HIV-infected subjects

Changes in the RANKL/OPG axis could lead to an impaired balance in functions of
osteoblasts and osteoclasts that may explain bone disease in HIV-1 infection36:37.45,
Antiretrovirals can reduce the bone mass in HIV-1-infected patients that may be associated
with a reduction in total systemic levels of RANKL (Table 5, Fig. 1). It is speculated that
low serum RANKL may reflect suppressed bone remodeling and unfavorable bone micro
architecture®0. Increased levels of OPG in HIV-infected patients36:37:54 may reflect a
compensatory mechanism to downregulate increased bone resorption, as seen in prior
studies of menopausal women’2. On the other hand, a decrease in serum OPG levels in HIV-
infected subjects observed in certain studies might reflect an increase in OPG binding to
RANKL, which may have a beneficial effect on bone®®. In a prospective study of HIV-1-
infected subjects on intermittent ART, increases in RANKL and the RANKL:OPG ratio
predicted increases in bone mineral dinsity over time#C. However, as noted previously,
circulating RANKL/OPG concentrations may not reflect their concentrations in the bone
micro-environment and soluble levels of RANKL may not correlate with the activity of
membrane RANKL, which has been shown to be more potent in stimulating
osteoclastogenesis 7 vitro’3. Thus, further studies in HIV-1-infected subjects are needed to
elucidate the role of the RANKL/OPG axis in bone disease in these patients.

There is limited data on the role of the RANKL/osteoprotegerin axis in

cardiovascular disease in HIV-infected subjects

Although reports of associations between circulating levels of OPG or RANKL with
cardiovascular disease in HIV-1-uninfected subjects have been conflicting® 74, the most
recent studies have shown that increased RANKL concentration and decreased OPG level
each are associated with vascular calcification, and an increased RANKL:OPG ratio is
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significantly associated with coronary artery disease874. However, there is limited data
regarding the role of the RANKL/OPG axis in cardiovascular disease in HIV-infected
subjects. Elevated OPG levels in HIV-1-infected patients were found to be associated with
high ankle-brachial indices’® and with markers of endothelial dysfunction®8. A recent study
found that serum RANKL was lower in HIV-infected individuals on ART compared to
controls, and was negatively associated with the number of coronary segments with plaque
and Agatston coronary artery calcium score in HIV-infected individuals, even after adjusting
for traditional cardiovascular risk factors®l. However, in a smaller study there were no
significant associations of serum RANKL, OPG, and RANKL/OPG with progression of
atherosclerosis in HIV-1-positive subjects on ART49. Further studies are necessary to
understand the physiological regulation and potential effects of RANKL on coronary
atherosclerosis development in the HIV population during effective ART.

Other roles of the RANKL/osteoprotegerin axis in HIV-infected subjects

It was recently shown that higher OPG circulating levels were significantly associated with
the presence of microalbuminuria in untreated HIV-1-infected patients, but not in HIV-1-
infected subjects on ART, further suggesting a role for systemic inflammation in the
pathogenesis of glomerular injury in HIV-1 infection82. However, interpretation of the role
of the RANKL/OPG axis in HIV-associated diseases should be done after understanding the
limitations of determining levels of RANKL/OPG in HIV-infected subjects.

Future studies

Limitations of studies measuring RANKL in HIV-1-infected patients include the lack of an
appropriate healthy control population®?, lack of measurement in all studies of other
important cytokines that can affect RANKL levels, such as OPG/TRAIL, small number of
patients, and large variability in RANKL/OPG blood levels between different studies. In
addition, the contribution of the immune system, mainly immune activation, and of
antiretrovirals on the production of RANKL/ OPG was not assessed in most of the studies.

Further studies addressing the aforementioned limitations are needed to elucidate the role of
the RANKL/OPG axis in HIV-1 infection. These studies should take into consideration the
effect of different antiretroviral agents, immune activation, and expression of RANKL/OPG
at different tissues. It may be necessary to investigate mRNA expression of OPG and
RANKL in the tissues of interest and correlate these results with the individual serum levels
of the patients in order to know how representative the measurable amount of OPG and
RANKL in serum of HIV-infected patients is. Finally, since concentrations of circulating
OPG evaluated at one time point can be variable as a compensatory response to variable
abnormal osteoclastic activity®8, an appropriate profile of circulating RANKL/OPG
concentrations in HIV-1-infected subjects will require a longitudinal measurement of
circulating RANKL and OPG over several months.
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Conclusion

Interest in the role of the RANKL/OPG axis during the course of HIV disease has grown in
recent years. To date, studies on the role of the RANKL/OPG axis in HIV-1 infection have
not produced conclusive results. Discrepant clinical conclusions are possibly due to
differences in the selection criteria of HIV-1-infected patients and the complexity of various
ART regimens. Serum measurements of OPG and RANKL are likely to be influenced by a
variety of ongoing processes, and are unlikely to reflect what is ongoing in the tissue (for
example the bone) itself. Elucidating the RANKL/OPG axis in HIV-1 infection may open a
window to novel strategies to forestall an epidemic of future bone or cardiovascular disease
in this population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

References

1. Currier J, Havlir D. Complications of HIV disease and antiretroviral therapy. Top HIV Med. 2009;
17:57-67. [PubMed: 19401608]
2. Vikulina T, Fan X, Yamaguchi M, et al. Alterations in the immuno-skeletal interface drive bone
destruction in HIV-1 transgenic rats. Proc Natl Acad Sci USA. 2010; 107:13848-53. [PubMed:
20643942]
3. Lacey D, Timms E, Tan H, et al. Osteoprotegerin ligand is a cytokine that regulates osteoclast
differentiation and activation. Cell. 1998; 93:165-76. [PubMed: 9568710]
4. Yasuda H, Shima N, Nakagawa N, et al. Osteoclast differentiation factor is a ligand for
osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to TRANCE/RANKL. Proc
Natl Acad Sci USA. 1998; 95:3597-602. [PubMed: 9520411]
5. Lum J, Schnepple D, Badley A. Acquired T-cell sensitivity to TRAIL mediated killing during HIV
infection is regulated by CXCR4-gp120 interactions. AIDS. 2005; 19:1125-33. [PubMed:
15990565]
6. Herbeuval J, Hardy A, Boasso A, et al. Regulation of TNF-related apoptosis-inducing ligand on
primary CD4+ T cells by HIV-1: role of type I IFN-producing plasmacytoid dendritic cells. Proc
Natl Acad Sci USA. 2005; 102:13974-9. [PubMed: 16174727]
7. Hofbauer L. Pathophysiology of RANK ligand (RANKL) and osteoprotegerin (OPG). Ann
Endocrinol (Paris). 2006; 67:139-41. [PubMed: 16639364]
8. D’Amelio P, Isaia G, Isaia G. The osteoprotegerin/RANK/RANKL system: a bone key to vascular
disease. J Endocrinol Invest. 2009; 32(Suppl):6-9.
9. Leibbrandt A, Penninger J. TNF conference 2009: beyond bones - RANKL/RANK in the immune
system. Adv Exp Med Biol. 2011; 691:5-22. [PubMed: 21153305]
10. Van Campenhout C, Golledge J. Osteoprotegerin, vascular calcification and atherosclerosis.
Atherosclerosis. 2009; 204:321-9. [PubMed: 19007931]

11. Hein G, Meister M, Oelzner P, Franke S. SRANKL and OPG in serum and synovial fluid of
patients with rheumatoid arthritis in comparison to non-destructive chronic arthritis. Rheumatol
Int. 2008; 28:765-9. [PubMed: 18172654]

12. Chu C, Selwyn P. Complications of HIV infection: a systems-based approach. Am Fam Physician.
2011; 83:395-406. [PubMed: 21322514]

13. Luetkemeyer A, Havlir D, Currier J. Complications of HIV disease and antiretroviral therapy. Top
Antivir Med. 2011; 19:58-68. [PubMed: 21868823]

14. Ofotokun I, MclIntosh E, Weitzmann M. HIV: inflammation and bone. Curr HIV/AIDS Rep. 2012;
9:16-25. [PubMed: 22179898]

AIDS Rev. Author manuscript; available in PMC 2016 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelesidis et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Page 11

Fakruddin J, Laurence J. HIV-1 Vpr enhances production of receptor of activated NF-kappaB
ligand (RANKL) via potentiation of glucocorticoid receptor activity. Arch Virol. 2005; 150:67-78.
[PubMed: 15449141]

Fakruddin J, 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;
278:48251-8. [PubMed: 12975380]

Cotter E, Malizia A, Chew N, Powderly W, Doran 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;
23:1521-30. [PubMed: 18160010]

Knobel H, Guelar A, Vallecillo G, Nogues X, Diez A. Osteopenia in HIV-infected patients: is it the
disease or is it the treatment? AIDS. 2001; 15:807-8. [PubMed: 11371701]

Bruera D, Luna N, David D, Bergoglio L, Zamudio J. Decreased bone mineral density in HIV-
infected patients is independent of antiretroviral therapy. AIDS. 2003; 17:1917-23. [PubMed:
12960824]

Amorosa V, Tebas P. Bone disease and HIV infection. Clin Infect Dis. 2006; 42:108-14. [PubMed:
16323100]

Gibellini D, de Crignis E, Ponti C, et al. HIV-1 triggers apoptosis in primary osteoblasts and
HOBIT cells through TNFalpha activation. J Med Virol. 2008; 80:1507-14. [PubMed: 18649336]
Mellert W, Kleinschmidt A, Schmidt J, et al. Infection of human fibroblasts and osteoblast-like
cells with HIV-1. AIDS. 1990; 4:527-35. [PubMed: 2201317]

Salzman N, Psallidopoulos M, Prewett A, O’Leary R. Detection of HIV in bone allografts prepared
from AIDS autopsy tissue. Clin Orthop Relat Res. 1993; 292:384-90. [PubMed: 8519136]
Campbell D, Stephenson A, Li P, Oakeshott R. Human immunodeficiency virus infection of human
bone derived cells. Clin Orthop Relat Res. 1996; 331:291-9. [PubMed: 8895652]

Nacher M, Serrano S, Gonzalez A, et al. Osteoblasts in HIV-infected patients: HIV-1 infection and
cell function. AIDS. 2001; 15:2239-43. [PubMed: 11698696]

Gibellini D, Re M, Ponti C, et al. HIV-1 Tat protects CD4+ Jurkat T lymphoblastoid cells from
apoptosis mediated by TNF-related apoptosisinducing ligand. Cell Immunol. 2001; 207:89-99.
[PubMed: 11243698]

Gibellini D, Re M, Ponti C, et al. HIV-1 Tat protein concomitantly down-regulates apical
caspase-10 and up-regulates c-FLIP in lymphoid T cells: a potential molecular mechanism to
escape TRAIL cytotoxicity. J Cell Physiol. 2005; 203:547-56. [PubMed: 15573381]

Yang Y, Tikhonov I, Ruckwardt T, et al. Monocytes treated with human immunodeficiency virus
Tat kill uninfected CD4(+) cells by a tumor necrosis factor-related apoptosis-induced ligand-
mediated mechanism. J Virol. 2003; 77:6700-8. [PubMed: 12767990]

Fakruddin J, Laurence J. Interactions among human immunodeficiency virus (HIV)-1, interferon-
gamma and receptor of activated NF-kappa B ligand (RANKL): implications for HIV
pathogenesis. Clin Exp Immunol. 2004; 137:538-45. [PubMed: 15320903]

Moir S, Fauci A. B cells in HIV infection and disease. Nat Rev Immunol. 2009; 9:235-45.
[PubMed: 19319142]

Han X, Becker K, Degen H, Jablonowski H, Strohmeyer G. Synergistic stimulatory effects of
tumour necrosis factor alpha and interferon gamma on replication of human immunodeficiency
virus type 1 and on apoptosis of HIV-1-infected host cells. Eur J Clin Invest. 1996; 26:286-92.
[PubMed: 8732485]

Moir S, Ho J, Malaspina A, et al. Evidence for HIV-associated B cell exhaustion in a dysfunctional
memory B cell compartment in HIV-infected viremic individuals. J Exp Med. 2008; 205:1797—
805. [PubMed: 18625747]

Brenchley J, Price D, Schacker T, et al. Microbial translocation is a cause of systemic immune
activation in chronic HIV infection. Nat Med. 2006; 12:1365—-71. [PubMed: 17115046]

Zou W, Bar-Shavit Z. Dual modulation of osteoclast differentiation by lipopolysaccharide. J Bone
Miner Res. 2002; 17:1211-18. [PubMed: 12096834]

AIDS Rev. Author manuscript; available in PMC 2016 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelesidis et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 12

Lawn S, Butera S, Folks T. Contribution of immune activation to the pathogenesis and transmission
of human immunodeficiency virus type 1 infection. Clin Microbiol Rev. 2001; 14:753-77.
[PubMed: 11585784]

Gibellini D, Borderi M, de Crignis E, et al. RANKL/OPG/TRAIL plasma levels and bone mass
loss evaluation in antiretroviral naive HIV-1-positive men. J Med Virol. 2007; 79:1446-54.
[PubMed: 17705184]

Mora S, Zamproni |, Cafarelli L, et al. Alterations in circulating osteoimmune factors may be
responsible for high bone resorption rate in HI\-infected children and adolescents. AIDS. 2007;
21:1129-35. [PubMed: 17502723]

Pathophysiologic Correlates of RANKL Deregulation in HIV Infection and Its Therapy; Presented
at CROI 2005, 12th CROI; Boston, Massachusetts. 2005. [Abstract 822]

Herbeuval J, Boasso A, Grivel J, et al. TNF-related apoptosis-inducing ligand (TRAIL) in HIV-1-
infected patients and its in vitro production by antigen-presenting cells. Blood. 2005; 105:2458—
64. [PubMed: 15585654]

Hoy J, Grund B, Roediger M, et al. Interruption or deferral of antiretroviral therapy reduces
markers of bone turnover compared with continuous therapy: The SMART Body Composition
substudy. J Bone Miner Res. 2013; 28:1264-74. [PubMed: 23299909]

Cozzolino M, Vidal M, Arcidiacono M, Tebas P, Yarasheski K, Dusso A. HIV-protease inhibitors
impair vitamin D bioactivation to 1,25-dihydroxyvitamin D. AIDS. 2003; 17:513-20. [PubMed:
12598771]

Modarresi R, Xiang Z, Yin M, Laurence J. WNT/beta-catenin signaling is involved in regulation of
osteoclast differentiation by human immunodeficiency virus protease inhibitor ritonavir:
relationship to human immunodeficiency virus-linked bone mineral loss. Am J Pathol. 2009;
174:123-35. [PubMed: 19095956]

Gibellini D, Borderi M, de Crignis E, et al. Analysis of the effects of specific protease inhibitors on
OPG/RANKL regulation in an osteoblast-like cell line. New Microbiol. 2010; 33:109-15.
[PubMed: 20518272]

Changes in bone turnover, OPG/RANKL, and inflammation with art initiation: A comparison of
tenofovir- and non-tenofovir-containing regimens. Montreal, Canada: 16th CROI

Konishi M, Takahashi K, Yoshimoto E, Uno K, Kasahara K, Mikasa K. Association between
osteopenia/osteoporosis and the serum RANKL in HIV-infected patients. AIDS. 2005; 19:1240-1.
[PubMed: 15990584]

HAART-induced immune reconstitution: A driving force behind bone resorption in HIVV/AIDS.
Boston, USA: 2011. 18th CROI

Yin M, Modarresi R, Shane E, et al. Effects of HIV infection and antiretroviral therapy with
ritonavir on induction of osteoclast-like cells in postmenopausal women. Osteoporos Int. 2011;
22:1459-68. [PubMed: 20683705]

The interplay of the osteoprotegerin/RANKL axis and dysfunctional HDL in HIV-positive adults:
ACTG NWCS 332/A5078 study. Washington, DC: 2012. XIX IAC[Abstract THAB0201]
Kelesidis T, Kendall M, Yang O, Hodis H, Currier J. Perturbations of circulating levels of RANKL-
osteoprotegerin axis in relation to lipids and progression of atherosclerosis in HIV-infected and -
uninfected adults: ACTG NWCS 332/A5078 Study. AIDS Res Hum Retroviruses. 2013; 29:938—
48. [PubMed: 23351153]

Schett G, Kiechl S, Redlich K, et al. Soluble RANKL and risk of nontraumatic fracture. JAMA.
2004; 291:1108-13. [PubMed: 14996780]

Hwang J, Wei J, Abbara S, Grinspoon S, Lo J. Receptor activator of nuclear factor-kappaB ligand
(RANKL) and its relationship to coronary atherosclerosis in HIV patients. J Acquir Immune Defic
Syndr. 2012; 61:359-63. [PubMed: 22842843]

Findlay D, Chehade M, Tsangari H, et al. Circulating RANKL is inversely related to RANKL
mRNA levels in bone in osteoarthritic males. Arthritis Res Ther. 2008; 10:R2. [PubMed:
18182105]

Fakruddin J, Laurence J. HIV envelope gp120-mediated regulation of osteoclastogenesis via
receptor activator of nuclear factor kappa B ligand (RANKL) secretion and its modulation by

AIDS Rev. Author manuscript; available in PMC 2016 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelesidis et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 13

certain HIV protease inhibitors through interferon-gamma/RANKL cross-talk. J Biol Chem. 2003;
278:48251-8. [PubMed: 12975380]

Ueland T, Bollerslev J, Godang K, Muller F, Froland S, Aukrust P. Increased serum osteoprotegerin
in disorders characterized by persistent immune activation or glucocorticoid excess--possible role
in bone homeostasis. Eur J Endocrinol. 2001; 145:685-90. [PubMed: 11720891]

Chakravarti A, Marceau A, Flamand L, Poubelle P. Normal human primary CD4+ T lymphocytes
synthesize and release functional osteoprotegerin in vitro. Lab Invest. 2008; 88:171-84. [PubMed:
18040268]

Wagner D, Fahrleitner-Pammer A. Levels of osteoprotegerin (OPG) and receptor activator for
nuclear factor kappa B ligand (RANKL) in serum: are they of any help? Wien Med Wochenschr.
2010; 160:452—7. [PubMed: 20714810]

Neville-Webbe H, Cross N, Eaton C, et al. Osteoprotegerin (OPG) produced by bone marrow
stromal cells protects breast cancer cells from TRAIL-induced apoptosis. Breast Cancer Res Treat.
2004; 86:269-79. [PubMed: 15567943]

Martinez E, Larrousse M, Podzamczer D, et al. Abacavir-based therapy does not affect biological
mechanisms associated with cardiovascular dysfunction. AIDS. 2010; 24:F1-9. [PubMed:
20009917]

Brown T, Ross A, Storer N, Labbato D, McComsey G. Bone turnover, osteoprotegerin/RANKL
and inflammation with antiretroviral initiation: tenofovir versus non-tenofovir regimens. Antivir
Ther. 2011; 16:1063-72. [PubMed: 22024522]

Moore A, Vashisht A, Sabin C, et al. Reduced bone mineral density in HIV-positive individuals.
AIDS. 2001; 15:1731-3. [PubMed: 11546951]

Tebas P, Powderly W, Claxton S, et al. Accelerated bone mineral loss in HIV-infected patients
receiving potent antiretroviral therapy. AIDS. 2000; 14:F63-7. [PubMed: 10770534]

Baekken M, Manner |, Ueland T, et al. Osteoprotegrin and soluble tumor necrosis factor receptor 1
are associated with microalbuminuria in nontreated HIV-infected patients. J Acquir Immune Defic
Syndr. 2010; 53:419-20. [PubMed: 20190590]

Foca E, Motta D, Borderi M, et al. Prospective evaluation of bone markers, parathormone and
1,25-(0OH)(2) vitamin D in HIV-positive patients after the initiation of tenofovir/emtricitabine with
atazanavir/ritonavir or efavirenz. BMC Infect Dis. 2012; 12:38. [PubMed: 22333484]

Haynes D, Barg E, Crotti T, et al. Osteoprotegerin expression in synovial tissue from patients with
rheumatoid arthritis, spondyloarthropathies and osteoarthritis and normal controls. Rheumatology
(Oxford). 2003; 42:123-34. [PubMed: 12509625]

Seminari E, Castagna A, Soldarini A, et al. Osteoprotegerin and bone turnover markers in heavily

pretreated HIV-infected patients. HIV Med. 2005; 6:145-50. [PubMed: 15876279]

Anderson D, Maraskovsky E, Billingsley W, et al. A homologue of the TNF receptor and its ligand
enhance T-cell growth and dendritic-cell function. Nature. 1997; 390:175-9. [PubMed: 9367155]

Hofbauer L, Heufelder A. Role of receptor activator of nuclear factorkappaB ligand and
osteoprotegerin in bone cell biology. J Mol Med (Berl). 2001; 79:243-53. [PubMed: 11485016]
Rogers A, Eastell R. Circulating osteoprotegerin and receptor activator for nuclear factor kappaB
ligand: clinical utility in metabolic bone disease assessment. J Clin Endocrinol Metab. 2005;
90:6323-31. [PubMed: 16105967]

Chen D, Sarikaya N, Gunn H, Martin S, Young J. ELISA methodology for detection of modified
osteoprotegerin in clinical studies. Clin Chem. 2001; 47:747-9. [PubMed: 11274028]

Webb N, Bottomley M, Watson C, Brenchley P. Vascular endothelial growth factor (VEGF) is
released from platelets during blood clotting: implications for measurement of circulating VEGF
levels in clinical disease. Clin Sci (Lond). 1998; 94:395-404. [PubMed: 9640345]

Chan B, Buckley K, Durham B, Gallagher J, Fraser W. Effect of anticoagulants and storage
temperature on the stability of receptor activator for nuclear factor-kappa B ligand and
osteoprotegerin in plasma and serum. Clin Chem. 2003; 49:2083-5. [PubMed: 14633883]

Yano K, Tsuda E, Washida N, et al. Immunological characterization of circulating osteoprotegerin/
osteoclastogenesis inhibitory factor: increased serum concentrations in postmenopausal women
with osteoporosis. J Bone Miner Res. 1999; 14:518-27. [PubMed: 10234572]

AIDS Rev. Author manuscript; available in PMC 2016 October 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelesidis et al.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 14

Hikita A, Yana I, Wakeyama H, et al. Negative regulation of osteoclastogenesis by ectodomain
shedding of receptor activator of NF-kappaB ligand. J Biol Chem. 2006; 281:36846-55. [PubMed:
17018528]

Mohammadpour A, Shamsara J, Nazemi S, Ghadirzadeh S, Shahsavand S, Ramezani M.
Evaluation of RANKL/OPG serum concentration ratio as a new biomarker for coronary artery
calcification: a pilot study. Thrombosis. 2012; 2012:306263. [PubMed: 22577539]

Jang J, Schwarcz A, Amaez D, et al. Elevated osteoprotegerin is associated with abnormal ankle
brachial indices in patients infected with HIV: a cross-sectional study. J Int AIDS Soc. 2010;
13:12. [PubMed: 20307322]

Josien R, Wong B, Li H, Steinman R, Choi Y. TRANCE, a TNF family member, is differentially
expressed on T cell subsets and induces cytokine production in dendritic cells. J Immunol. 1999;
162:2562-8. [PubMed: 10072496]

Yu Q, Gu J, Kovacs C, Freedman J, Thomas E, Ostrowski M. Cooperation of TNF family members
CDA40 ligand, receptor activator of NF-kappa B ligand, and TNF-alpha in the activation of
dendritic cells and the expansion of viral specific CD8+ T cell memory responses in HIV-1-
infected and HIV-1-uninfected individuals. J Immunol. 2003; 170:1797-805. [PubMed: 12574344]

Yun T, Chaudhary P, Shu G, et al. OPG/FDCR-1, a TNF receptor family member, is expressed in
lymphoid cells and is up-regulated by ligating CD40. J Immunol. 1998; 161:6113-21. [PubMed:
9834095]

Wong B, Josien R, Lee S, et al. TRANCE (tumor necrosis factor [TNF]-related activation-induced
cytokine), a new TNF family member predominantly expressed in T cells, is a dendritic cell-
specific survival factor. J Exp Med. 1997; 186:2075-80. [PubMed: 9396779]

Jain R, Lenhard J. Select HIV protease inhibitors alter bone and fat metabolism ex vivo. J Biol
Chem. 2002; 277:19247-50. [PubMed: 11937496]

Pan G, Wu X, McKenna M, Feng X, Nagy T, McDonald J. AZT enhances osteoclastogenesis and
bone loss. AIDS Res Hum Retroviruses. 2004; 20:608-20. [PubMed: 15242537]

AIDS Rev. Author manuscript; available in PMC 2016 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kelesidis et al.

Page 15

“ RANKL Bone resorption Bone formation

Blood
vessels

Figure 1.
The RANKL/OPG system plays a critical role in regulating bone metabolism, the immune

system, and cardiovascular disease. (1) Activation of the RANKL/RANK pathway is
essential for normal osteoclast differentiation and activation, whereas OPG has also been
identified as a regulator of bone formation. (2) On the other hand, changes in the
RANKL/OPG system have also been associated with changes in macrophages, dendritic
cells, lymphocytes (reviewed in table 3), which are involved in systemic inflammation,
osteoclastogenesis, and atherogenesis. (3) RANKL and OPG are found not only in bone, but
also in the blood vasculature and increased RANKL:OPG ratio increases activity of matrix
metalloproteinases leading to increased atherogenesis. (4) Increased ratio of circulating
RANKL:OPG in the setting of systemic inflammation promotes osteoclastogenesis and
atherogenesis. OPG: osteoprotegerin; RANK: receptor activator of nuclear factor kappa-B;
RANKL: receptor activator of nuclear factor kappa-B ligand.
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Figure2.
HIV-1 infection can affect the RANKL/OPG system through multiple mechanisms. The

relative balance of mechanisms in HIV-1 infection that upregulate (1) or downregulate (2)
the ratio of RANKL:OPG (Tables 3, 4) in combination with unknown factors (3) may lead to
a variable circulating RANKL:OPG ratio between different HIV-1-infected subjects that is
associated with cardiovascular and bone disease and immune dysregulation. Arrows indicate
observed direct effects based on in vitro studies and/or observations based on in vivo studies
and do not necessarily imply causation. ART: antiretroviral therapy; IFN-y: interferon-
gamma; LPS: lipopolysaccharide; NNRTI: nonnucleoside reverse transcriptase inhibitor;
NRTI: nucleoside reverse transcriptase inhibitor; OPG: osteoprotegerin; Pl: protease
inhibitor; RANKL.: receptor activator of nuclear factor kappa-B ligand; TNF-a.. tumor
necrosis factor a; TRAIL: TINF-related apoptosis-inaucing ligand.
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Table 1

Summary of interplay between RANKL, OPG, and immune system in HIV-1 infection

Direct interaction between HIV-1 and the RANKL/OPG system

- Gp120, Vpr, and Tat can upregulate RANKL expression, enhancing osteoclastic activity (HIV T RANKL — * binding to
RANK — * TRAF6 and MKKs — * osteoclast gene differentiation and amplification)16:17

- Vpr enhances production of RANKL by acting in synergy with glucocorticoid?:18
- HIV envelope protein gp120 induces RANKL secretion16-17
- RANKL also upregulates HIV replication6-17

- HIV and ART can cause osteopenia, bone matrix effects, change bone metabolism, and elicit bone structure alterations —
abnormal RANKL, OPG productiont?-25

- HIV can impair bone homeostasis by gp120/cell membrane interaction, inducing apoptosis by paracrine/autocrine TNF-a
activation — abnormal RANKL, OPG production!5-17.21.23

- Possible direct HIV-1 infection of osteoblasts — abnormal RANKL, OPG productiont’-25

- HIV tat protein activates TRAIL which binds OPG%6-28

Indirect interaction between HI1V-1-RANKL/OPG system through innate immunity

- HIV-induced gastrointestinal mucosal damage leads to systemic bacterial translocation and T LPS that activates both the
innate and adaptive immune systems. LPS 1 osteoclast production by fosteoblast production of RANKL, IL-1, and TNF-a.34

- PBMC from HIV-1-seropositive patients spontaneously overproduced biologically active RANKL4?

- RANKL induces greater osteoclastic activity in adherent PBMCs of HIV* women than those of HIV- women?47

Indirect interaction between HIV-1 and the RANKL/OPG system through adaptive immunity

- RANKL may increase activation and killing of virus-specific cytotoxic CD8* T-cells%29.76.77

- HIV infection | T-cell costimulation — | OPG29:30.78

- HIV infection 1 activated mature B-cells — 1 RANKL29:30.78

- HIV infection | resting memory B-cells — | OPG production29:30.78

- HIV-1 infection causes severe B-cell exhaustion— ¢ OPG — HIV-induced osteoclastic bone loss29:30:78

- HIV 1 secretion of M-CSF by macrophages — M-CSF T CD4/CCR5 receptors and virus gene expression in macrophages
— M-CSF 1 sensitivity of macrophages to HIV, the differentiation of osteoclasts, T RANKL activity, and | osteoprotegerin
levels — enhanced osteoclastogenesis®-16

- A block in the transition of monocytes to macrophages in HIV-1 Tg rats may lead to a pooling of monocytes and osteoclast
precursors — 1 HIV-induced bone loss®16

- RANKL enhances cross-presentation by DC of HIV antigens and anti-HIV memory responses’®

ART: antiretroviral therapy; BMD: bone mineral density; CTL: cytotoxic T lymphocyte; DC: dendritic cell; FN-y interferon-gamma; MAPK:

mitogen-activated protein kinase M-CSF: macrophage colony-stimulating factor; NFxB: nuclear factor kappa-B; OPG: osteoprotegerin; PPAR-y:
peroxisome proliferator activated receptor; PBMC: peripheral blood mononuclear cell; PI: protease inhibitor; RANKL: receptor activator o nuclear
factor kappa-B ligand; TRAF6: tumor necrosis factor receptor-associated protein 6
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Table 2

Direct and indirect effects of antiretroviral therapy on the RANK/OPG system

M edication

Pl class
effects37:80

Atazanavir43
Darunavir®3

Fosamprenavir3

Indinavirt6.80

Lopinavir®

Nelfinavirl6.80

Ritonavirl6.80

Saquinavirl6:80

Tipranavir3

Nucleoside reverse
transcriptase
inhibitor

NRTI8?

Zidovudine8!

- Cause direct bone loss (demineralization)

- HIV PIs have differential effects on osteoblast and osteoclast maturation and function, despite
targeting the same catalytic site of the retroviral protease

- May interfere with IFN-y function in bone physiology

- Switching to an antiretroviral regimen containing tenofovir and efavirenz, and excluding PI and
stavudine restores the RANKL/OPG equilibrium

- No effect on RANKL or OPG content in cell culture supernatants of osteoblasts

- 1 Blood levels of RANKL

- 1 Blood levels of OPG
- | Blood levels of RANKL

- No impact on the RANKL system

- No effect on RANKL or OPG content in cell culture supernatants of osteoblasts

- I Osteogenesis, calcium accumulation, and OPG expression in the osteoblasts

- No impact on the RANKL system

- I Osteogenesis, calcium accumulation, and OPG expression in the osteoblasts

- No impact on the RANKL system

- ¥ IFN-y, which normally | TRAF6, RANKL activity, MKKs

- ¥ RANKL-induced and IL-4-induced Akt and NFxB activation

- Modulates osteoclast differentiation through Wnt/B-catenin pathway

- Can modify the response of PBMCs to RANKL and MCSF in HIV* subjects

- Adherent PBMCs from HIV* women receiving RTV-boosted PI regimens exhibit greater induction
of osteoclast-like cells after exposure to autologous serum compared to women on regimens that do
not contain ritonavir

- ¥ RANKL serum concentration and RANKL:OPG ratio (not seen with other Pls)

-1 Bone resorption activity
- IFN-y, which normally inhibits TRAF6 and RANKL activity MKKs

- No effect on RANKL or OPG content in cell culture supernatants of osteoblasts

- 1 Blood levels of OPG
- | Blood levels of RANKL

- ¥ Bone mineral content in AIDS patients

- 1 Osteoclast differentiation /7 vitro through stimulation of the TRAP promoter, mediated through
the transcription factor, NFxB, in a RANKL-dependent manner
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Medication

- 1 The sensitivity of osteoclast precursors to RANKL

AP: alkaline phosphatase; AZT: zidovudine; BMD: bone mineral density; IFN-y: interferon-gamma; MAPK: mitogen-activated protein kinase; M-
CSF: macrophage colony-stimulating factor; MKK: mitogen-activated protein kinase kinase; NFxB: nuclear factor kappa-B; NRTI: nucleoside
reverse transcriptase inhibitor; OPG: osteoprotegerin; PBMC: peripheral blood mononuclear cell; PI: protease inhibitor; RANKL: receptor activator
of nuclear factor kappa-B ligand; TRAF6: tumor necrosis factor receptor-associated protein 6; TRAP: tartrate-resistant acid phosphatase.
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