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Immune Reconstitution Bone Loss Exacerbates Bone 
Degeneration Due to Natural Aging in a Mouse Model
M. Neale  Weitzmann,1,2,a,  Daiana  Weiss,2,b Tatyana  Vikulina,1,2,b Susanne  Roser-Page,1 Kanglun  Yu,3 Meghan E.  McGee-Lawrence,3,4 Chia-Ling  Tu,5 
Wenhan  Chang,5 and Ighovwerha  Ofotokun6,7,a

1Atlanta Department of Veterans Affairs Medical Center, Decatur, Georgia, USA, 2Division of Endocrinology, Metabolism, and Lipids, Department of Medicine, Emory University School of Medicine, 
Atlanta, Georgia, USA, 3Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta University, Augusta, Georgia, USA, 4Department of Orthopaedic Surgery, Medical 
College of Georgia, Augusta University, Augusta, Georgia, USA, 5Endocrine Research Unit, San Francisco VA Healthcare System, University of California, San Francisco, California, USA, 6Division of 
Infectious Diseases, Department of Medicine, Emory University School of Medicine, Atlanta, Georgia, USA, 7Grady Healthcare System, Atlanta, Georgia, USA

Background. Immune reconstitution bone loss (IRBL) is a common side-effect of antiretroviral therapy (ART) in people with 
human immunodeficiency virus (PWH). Immune reconstitution bone loss acts through CD4+ T-cell/immune reconstitution-
induced inflammation and is independent of antiviral regimen. Immune reconstitution bone loss may contribute to the high rate of 
bone fracture in PWH, a cause of significant morbidity and mortality. Although IRBL is transient, it remains unclear whether bone 
recovers, or whether it is permanently denuded and further compounds bone loss associated with natural aging.

Methods. We used a validated IRBL mouse model involving T-cell reconstitution of immunocompromised mice. Mice under-
went cross-sectional bone phenotyping of femur and/or vertebrae between 6 and 20 months of age by microcomputed tomography 
(µCT) and quantitative bone histomorphometry. CD4+ T cells were purified at 20 months to quantify osteoclastogenic/inflammatory 
cytokine expression.

Results. Although cortical IRBL in young animals recovered with time, trabecular bone loss was permanent and exacerbated 
skeletal decline associated with natural aging. At 20 months of age, reconstituted CD4+ T cells express enhanced osteoclastogenic 
cytokines including RANKL, interleukin (IL)-1β, IL-17A, and tumor necrosis factor-α, consistent with elevated osteoclast numbers.

Conclusions. Immune reconstitution bone loss in the trabecular compartment is permanent and further exacerbates bone loss 
due to natural aging. If validated in humans, interventions to limit IRBL may be important to prevent fractures in aging PWH. 

Keywords. aging; antiretroviral therapy; HIV; immune reconstitution bone loss; T cells.

Although antiretroviral therapy (ART) has dramatically ex-
tended the lifespan of people with human immunodeficiency 
virus (PWH), comorbidities are now common and account for 
more than half the deaths observed among PWH [1].

Human immunodeficiency virus (HIV) infection is itself 
a risk factor for low bone mineral density (BMD) [2–8], and 
this bone loss is compounded by BMD reductions of up to 6% 
within the first 6–48 months of ART initiation [9–13], leading 
to significantly increased fracture risk in PWH [14–19].

Immune reconstitution bone loss is an unavoidable side-
effect of ART, driven by CD4+ T-cell reconstitution and adaptive 
immune system reactivation [20, 21], and consequently occurs 
independently of the specific type of antiviral regimen [22–26]. 
Indeed, bone resorption and loss correlates significantly with 

the magnitude of CD4+ T-cell reconstitution [26] and with 
baseline CD4+ T-cell number [26, 27].

To study the mechanisms of IRBL, we developed a mouse 
model involving adoptive transfer of T cells into T cell-deficient 
TCRβ knockout (KO) mice [28] to mimic T-cell homeostatic 
repopulation after ART in humans. It is remarkable that T-cell 
reconstitution mirrored all major features of human IRBL after 
ART, establishing a platform to further study the mechanisms 
driving IRBL [28, 29].

Because fracture risk increases significantly with age in both 
general populations and in PWH [14], there is now concern that 
IRBL may compound bone loss due to natural aging and lead to 
increased fracture incidence in PWH. Indeed, of the 1.3 million 
PWH in the United States, 50% are over the age of 50, and it is 
estimated that 70% will be over the age of 50 by 2030 [30].

In the present study, we used our IRBL mouse model to in-
vestigate the hypothesis that IRBL causes irreparable damage 
to the skeleton, which is further exacerbated by the bone loss 
associated with natural aging.

MATERIALS AND METHODS

Mice

Animal studies were approved by the Emory Institutional Animal 
Care and Use Committee. All studies used female, wild-type (WT) 
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C57BL6/J mice and T cell-deficient TCRβ KO mice (Jackson 
Laboratory, Bar Harbor, ME). Mice were housed under spe-
cific pathogen-free conditions and fed gamma-irradiated 5V5R 
mouse chow (LabDiet, St. Louis, MO) and water ad libitum.

T-Cell Adoptive Transfer

Immune reconstitution bone loss was induced as previously 
described [28, 29] by syngeneic adoptive transfer of 1 × 105 
immunomagnetically purified (StemCell Technologies, 
Cambridge, MA) splenic CD3+ T cells, from 6-month-old fe-
male WT mice, into 6 month-old TCRβ KO mice by tail-vein 
injection. Sham controls were injected with vehicle (phosphate-
buffered saline). Mice were sacrificed for immunoskeletal 
profiling 3 months after reconstitution (9 month of age) as pre-
viously described [28]. Nine months of age represents adult hu-
mans 30–38 years of age [31]. Mice were also killed at 14 months 
of age (considered “middle age” in mice and representing hu-
mans of ~50 years of age) and at 20 months of age (considered 
“old” in mice, with senescent changes present in almost all bio-
markers and representative of older humans between 56 and 69 
years of age [31]). Untransplanted TCRβ KO mice 6 months of 
age were used as a baseline control.

Microcomputed Tomography

Microcomputed tomography (µCT) was performed, as pre-
viously described [28, 32], in vertebrae and femurs ex vivo 
using a µCT40 scanner (Scanco Medical, Wangen-Brüttisellen, 
Switzerland). For trabecular bone, 200 tomographic slices 
were taken (total area = 1200μm) at the distal right femoral 
metaphysis or the L3 vertebrae, at a voxel size of 6 μm (70 kVp 
and 114 mA, and 200 ms integration time). Cortical bone was 
quantified at the mid-diaphysis from 99 slices at a voxel size of 
6 μm (total area = 594 μm).

Quantitative Bone Histomorphometry

Bone histology and histomorphometric analysis was per-
formed at Augusta University, as previously described [33], using 
(BioquantOsteo, Nashville, TN) software, on undecalcified and 
unstained double calcein-labeled (7-day interval) femoral sections 
for dynamic bone formation and tartrate-resistant acid phospha-
tase (TRAP)-stained sections for osteoclasts. Images were captured 
on an Olympus IX70 (Olympus Life Science, Waltham, MA).

Biochemical Indices of Bone Turnover

Mice were killed by exsanguination using cardiac puncture 
under isoflurane anesthesia for serum collection. C-terminal 
telopeptide of type I collagen (CTx), osteocalcin, total soluble 
receptor activator of NF-κB ligand (RANKL), osteoprotegerin 
(OPG), and tumor necrosis factor (TNF)α were quantified in 
serum using commercial enzyme-linked immunosorbent as-
says from Immunodiagnostic Systems Inc. (Gaithersburg, MD) 
and from R&D Systems (Minneapolis, MN) for RANKL, OPG, 
and TNFα.

NanoString Expression Profiling

Expression of RANKL, OPG, TNFα, interleuking (IL)-1β, 
IL-17A, and IL-6 messenger ribonucleic acid (mRNA) 
was quantified from 50  000 immunomagnetically purified 
(StemCell Technologies) CD4+ T cells lysed directly in 1:3 RLT 
buffer (QIAGEN, Germantown, MD) and hybridized with 
gene-specific fluorescent barcoded probes at 65°C for 24 hours 
without RNA extraction. The mRNA was quantified on an 
nCounter Max analysis system, and transcripts were normalized 
to β-Actin, β2-microglobulin, and Gilz, using nSolver 4.0 soft-
ware (NanoString Technologies, Seattle, WA).

Statistical Analysis

Statistical significance was determined using GraphPad 
Prizm8.4.3 for Mac (GraphPad Software Inc., La Jolla, CA). 
Normal distribution was assessed by Shapiro-Wilk test. 
Multiple comparisons were analyzed by 2-way analysis of var-
iance (ANOVA) with Bonferroni correction. Simple group 
comparisons involved unpaired Student’s t test for parametric 
data or Mann-Whitney test for non-parametric data. All tests 
were 2-sided and P < .05 was considered a statistically signifi-
cant result. Line data are expressed as mean ± standard error of 
the mean, and boxplots represent median ± interquartile range 
with 10–90 percentile whiskers.

RESULTS

Trabecular Bone Mass Is Permanently Diminished by Immune 

Reconstitution and Is Cumulative With Age-Associated Bone Loss 

Using high-resolution (6 µm) μCT, we analyzed the L3-lumbar 
vertebrae and distal-femoral metaphasis of T-cell reconstituted 
(T cells) and sham mice at 6, 9, 14, and 20 months of age.

Two-way ANOVA revealed significant effects of time 
(P < .0001) and T-cell reconstitution (P < .0001) on vertebral 
bone volume fraction (bone volume), the key index of trabecular 
bone mass (Figure 1A). However, interaction between time and T 
cells fell short of statistical significance (P = .0841). Vertebral bone 
volume in sham mice declined significantly (P = .0036) between 6 
and 20 months of age, which is indicative of aging bone loss.

Vertebral bone volume was significantly diminished due 
to IRBL in T-cell reconstituted mice, with respect to sham, at 
9 months of age and remained significantly lower than sham 
groups at 14 months of age, reaching a percentage change dif-
ference of −27.4% by 20 months of age (Figure 1A), indicating a 
cumulative effect of IRBL and aging-bone loss.

Bone volume reflects total trabecular microarchitecture, 
represented by trabecular number, thickness, and separation. 
Significant effects of time (P < .0001) and T-cell reconstitution 
(P < .0001) were observed for trabecular number and trabec-
ular separation as well as significant interactions between time 
and T cells (P = .0268 and P = .0134 for number and separation, 
respectively). Trabecular thickness likewise showed a signifi-
cant effect of time (P < .0001) and interaction between T cells Seroevidence of Human H7N9 Virus InfectionsSeroevidence of Human H7N9 Virus Infections
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and time (P = .0030); however, there was no significant overall 
effect of T-cell reconstitution itself.

Trabecular number was diminished between sham and T-cell 
groups at 14 and 20 months of age, whereas trabecular sepa-
ration was increased (Figure 1A), consistent with diminished 

bone volume. Trabecular number was not affected by IRBL (9 
months of age), instead IRBL was associated with diminished 
trabecular thickness.

The data suggest that although bone volume decline associ-
ated with IRBL was driven primarily by a decline in trabecular 
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Figure 1. Microcomputed tomography (µCT) analysis of lumbar vertebrae and femoral trabecular bone in sham-reconstituted (Sham) and T-cell reconstituted (T cells) mice. 
Six-month-old female C57BL6/J TCRβ knockout (KO) mice were sham-reconstituted or T-cell reconstituted by adoptive transfer with 1 × 105 CD3+ T cells, and changes in 
trabecular bone structure and mass were quantified in L3 vertebrae and distal femoral metaphysis, by high-resolution (6 μm) µCT, in cross-sectional groups at 6, 9, 14, and 
20 months of age. (A) Vertebral and (C) femoral trabecular indices are shown for bone volume fraction, trabecular number, trabecular thickness, and trabecular separation. 
Data are expressed as mean ± standard error of the mean: ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, and ∗∗∗∗P < .0001 for T-cell compared with sham by 2-way analysis of variance 
with Bonferroni posttest. Nonsignificant comparisons not shown. n = 12 mice/group at 6 months, 22–23 mice/group at 9 months, 15–16 mice/group at 14 months, and 15–16 
mice/group at 20 months. Representative high-resolution (6 μm) 3-dimensional reconstructions of (B) L3 vertebrae and (D) distal femur for sham and reconstituted (T cell) 
mice are shown for baseline (6 months) and 9 months, 14 months, and 20 months. Scale bars represent 500 μm.
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thickness, bone volume declines due to aging were driven pri-
marily by a decline in trabecular number. Representative 3-di-
mensional reconstructions of vertebral trabecular bone are 
shown in Figure 1B.

Similar changes in bone volume were observed in the trabec-
ular compartment of the distal femur (Figure 1C). Like the axial 
skeleton, 2-way ANOVA revealed statistically significant main 
effects of time (P < .0001) and T-cell reconstitution (P = .0010) 
on femoral bone volume but no significant interaction between 
time and T-cell reconstitution.

Femoral bone volume was significantly (P = .0435) dimin-
ished in the first 3 months by T-cell reconstitution, relative to 
sham control. Sham mice further lost significant (P < .0001) 
amounts of bone volume between 6 and 20 months of age, con-
sistent with natural aging bone loss. T-cell reconstituted mice had 
significantly (P = .0102) reduced percentage change difference in 
bone volume of −53.3% relative to sham controls at 20 months of 
age. These data suggest that, as in the vertebrae, trabecular IRBL 
in the femur was cumulative with bone loss due to natural aging.

Significant effects of time (P < .0001 and P < .0001), T-cell re-
constitution (P = .0002 and P = .0007), and interaction between 
time and T-cell reconstitution (P = .0047 and P = .0096) were 
observed for trabecular number and separation, respectively. 
There were no significant differences for trabecular thickness.

Femoral trabecular number, but not trabecular thickness, was 
significantly (P < .0001) lower and trabecular separation was 
significantly (P < .0001) higher in T-cell reconstituted groups 
compared with sham controls at 20 months of age (Figure 
1C), indicative of diminished bone structure. Representative 
3-dimensional reconstructions of femoral trabecular bone are 
shown in Figure 1D.

Cortical Bone Volume Is Transiently Diminished by Immune Reconstitution 

in Skeletally Mature Mice but Recovers Before Onset of Age-Associated 

Bone Loss

In the cortical compartment of the femur, 2-way ANOVA re-
vealed statistically significant main effects of (1) time (P = .0015) 
and T-cell reconstitution (P = .0076) on cortical thickness and 
(2) time (P < .0001) and T-cell reconstitution (P = .0123) on 
cortical area, 2 key indices of cortical bone mass. Neither index 
revealed a significant interaction between time and T-cell re-
constitution (Figure 2A).

In contrast to the trabecular bone compartment, by 9 months 
of age (3 months after T-cell reconstitution) cortical thickness 
and cortical area were significantly reduced by IRBL in T-cell 
reconstituted mice (Figure 2A). Cortical bone loss was tran-
sient, however, and not significantly different between groups 
at 14 and 20 months of age for either cortical thickness or area 
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Figure 2. Microcomputed tomography (µCT) analysis of femoral cortical bone in sham-reconstituted (Sham) and T-cell reconstituted (T cells) mice. Six-month-old female 
TCRβ knockout (KO) mice were sham-reconstituted or T-cell reconstituted by adoptive transfer with 1 × 105 CD3+ T cells, and changes in cortical bone mass were quantified 
in the femoral diaphysis by high-resolution (6 μm) µCT, in cross-sectional groups at 6, 9, 14, and 20 months of age. (A) Cortical indices are as follows: cortical thickness and 
cortical area. Data are expressed as mean ± standard error of the mean: ∗P < .05 and ∗∗P < .01 for T cell compared with sham by 2-way analysis of variance with Bonferroni 
posttest. Nonsignificant comparisons not shown. n = 12 mice/group at 6 months, 20–22 mice/group at 9 months, 15–16 mice/group at 14 months, and 15–16 mice/group at 
20 months. (B) Representative high-resolution (6 μm) 3-dimensional reconstructions of femoral cortical bone for sham and reconstituted (T cells) mice at baseline (6 months) 
and 9, 14, and 20 months of age. Scale bars represent 500 μm.
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(Figure 2A). Representative 3-dimensional reconstructions of 
femoral cortical bone are shown in Figure 2B.

Bone Histomorphometry Reveals Increased Osteoclast Indices in 20 

Month-Old T-Cell Reconstituted Mice

Quantitative bone histomorphometry was used to assess dy-
namic and/or static changes in bone formation and resorption 
at 20 months of age in the trabecular compartment of the femur. 
Compared to sham mice, the number of osteoclasts normalized 
for bone surface, and surfaces covered by osteoclasts, were sig-
nificantly elevated in T-cell reconstituted mice (Figure 3A). 
Representative images of TRAP staining for osteoclasts (red 
cells) are shown in Figure 3B.

The key dynamic indices of bone formation (bone forma-
tion rate and mineral apposition rate) were not significantly 
different between groups (Figure 3C). Representative images of 
calcein double-labeled bone surfaces are shown in Figure 3D.

Changes in Biochemical Indices of Bone Turnover and Osteoclastogenic 

Cytokines in Reconstituted Mice

Serum biochemical markers of bone turnover were quantified 
in control (sham) and T-cell reconstituted mice (T cells) cross-
sectionally at baseline (6 months), 12 weeks after reconstitution 
(9 months of age), and at 14 and 20 months of age (Figure 4A).

Two-way ANOVA revealed significant effects of time 
(P < .0001), but not of T-cell reconstitution or interaction be-
tween time and T cells, on serum CTx, a marker of bone resorp-
tion (Figure 4A). The CTx was significantly elevated in T-cell 
reconstituted mice due to IRBL at 9 months of age (3 months 
after transplant) but not at other time points.

Likewise, 2-way ANOVA revealed significant effects of time 
(P = .0018) but not T-cell reconstitution, or interaction be-
tween time and T-cells, on serum osteocalcin, a bone forma-
tion marker. There were also no differences between sham and 
T cell-reconstituted groups at any time point (Figure 4A).

To better understand the underlying drivers of bone resorp-
tion, we further quantified serum concentrations of RANKL, 
the key osteoclastogenic cytokine, and of OPG, its physiological 
moderator, and we derived a RANKL/OPG ratio that better re-
flects the net state of RANKL activity in the body (Figure 4B 
and C).

RANKL showed significant effects of time (P = .0008) and 
T-cell reconstitution (P < .0001) but without significant in-
teraction between time and T cells. Osteoprotegerin showed 
significant effects of time (P < .0001) but not of T-cell reconsti-
tution or interaction between time and T cells. After deriving a 
RANKL/OPG ratio, both time (P = .0278) and T-cell reconsti-
tution (P = .0002) were significant but not interaction.

Relative to sham mice, RANKL was significantly elevated 
3 months after immune reconstitution (9 months of age) 
and remained significantly elevated at 14 and 20 months of 
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Figure 3. Histomorphometry of sham and T-cell reconstituted (T cells) mice at 
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by osteoclasts normalized for bone surface (Oc.S/BS). (B) Representative images 
of tartrate-resistant acid phosphatase (TRAP) staining for osteoclasts (red cells) in 
sham and T-cell reconstituted mice (T cells). Images at the top are presented at 
×200 final magnification, and images at the bottom represent boxed regions scaled 
to ×800. Black arrows designate osteoclasts and red scale bars = 100 µm. (C) 
Dynamic bone formation indices: bone formation rate normalized for bone surface 
(BFR/BS) and mineral apposition rate (MAR). (D) Representative images of calcein 
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shown. n = 15–16 mice/group.
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age (Figure 4B). Osteoprotegerin was not significantly dif-
ferent between sham and reconstituted mice at any time point 
(Figure 4B), which accounted for an imbalance in the RANKL/
osteoprotegerin ratio and is propitious for continued bone re-
sorption. We further quantified TNFα, a potent inflammatory 
cytokine that promotes RANKL and amplifies RANKL activity 
to enhance osteoclastogenesis and bone resorption [8].

Two-way ANOVA revealed significant effects of time 
(P < .0001) and T-cell reconstitution (P = .0018) but no sig-
nificant interaction between time and T cells. The increase in 
TNFα concentrations with time (age) is consistent with the 
known development of an inflammatory state in aging hu-
mans and rodents that has been hypothesized to contribute to 
age-associated bone loss [34]. Relative to sham, TNFα was sig-
nificantly elevated in T-cell reconstituted mice 3 months after 

transplant and at 14 months of age but not at 20 months of age 
(Figure 4C).

These data suggest that trabecular bone resorption is the 
major mechanism accounting for both IRBL and age-associated 
bone loss and is driven by inflammatory cytokines including 
RANKL and TNFα.

Reconstituted CD4+ T Cells Are a Significant Source of Osteoclastogenic 

Cytokines in Aging Mice

We have previously reported that the reconstituted CD4+ T 
cells are a major source of RANKL and TNFα, which drive 
both trabecular and cortical IRBL [28, 29]. To assess the con-
tribution of reconstituted CD4+ T cells to bone loss in aging 
mice, we immunomagnetically purified CD4+ T cells from re-
constituted mice and performed gene expression analysis for 
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Figure 4. Serum biochemical indices of bone turnover and circulating osteoclastogenic mediators in sham and T-cell reconstituted mice (T cells). Circulating mediators 
were quantified in sham- and T-cell reconstituted mice in cross-sectional groups at baseline (6 months) and 9, 14, and 20 months of age. (A) Serum biochemical markers 
of bone turnover, C-terminal telopeptide of type I collagen (CTx), and osteocalcin. (B) Osteoclastogenic mediators RANKL, and osteoprotegerin and (C) the derived RANKL/
osteoprotegerin ratio, and the inflammatory/osteoclastogenic effector tumor necrosis factor (TNF)α. Data are expressed as mean ± standard error of the mean: ∗P < .05, 
∗∗P < .01, and ∗∗∗P < .001 for T cell compared with sham by 2-way analysis of variance with Bonferroni posttest. Nonsignificant comparisons not shown. n = 8 mice/group at 
6 months, 20–23 mice/group at 9 months, 15–16 mice/group at 14 months, and 10–16 mice/group at 20 months.
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key inflammatory genes, using NanoString nCounter mRNA 
quantification. Because untransplanted TCRβ KO mice lack 
T cells, we used 20-month-old WT C57BL6/J mice as a refer-
ence. The data (Figure 5A and B) revealed significantly ele-
vated expression of Rankl and Tnf, whereas expression of the 
gene for osteoprotegerin (Tnfsf11b) was very low in CD4+ T 
cells but increased significantly in reconstructed mice (Figure 
5A). We further derived a RANKL/osteoprotegerin ratio 
(Figure 5A), which was significantly elevated, suggesting 
that the small, albeit significant, increase in osteoprotegerin 
expression was unable to fully compensate for the increase 
in RANKL, skewing the balance in favor of increased 
osteoclastogenesis.

It is interesting to note that Il1β (Figure 5B) and Il17a (Figure 
5C) gene expressions were also significantly elevated in CD4+ T 
cells from reconstituted mice, whereas CD4+ T-cell expression 
of IL6 transcript was low and did not change significantly be-
tween groups (Figure 5C).

Taken together, the µCT data reveal that although cortical 
IRBL in young animals is temporary and does not further com-
plicate cortical bone loss caused by aging, trabecular IRBL was 
permanent and cumulative, leading to exacerbated trabecular 
bone loss in old animals. Histomorphometry further revealed 
expanded osteoclast numbers in the trabecular bone of old re-
constituted animals, whereas bone formation indices were un-
affected. These data were consistent with significantly elevated 
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Figure 5. Quantification of gene expression patterns of inflammatory and osteoclastogenic cytokines in purified CD4+ T cells in mice at 20 months of age. CD4+ T cells were 
immunomagnetically purified from spleens of 20-month-old wild-type (WT) C57BL6/J and T-cell-reconstituted TCRβ knockout (KO) mice (T cells) and subjected to NanoString 
mRNA gene quantification for common osteoclastogenic and inflammatory cytokines: (A) mRNA for downstream osteoclastogenic mediators (RANKL, osteoprotegerin, and 
the RANKL/osteoprotegerin ratio). (B) Inflammatory mediators of osteoclastogenesis (tumor necrosis factor [TNF]α and IL-1β) and (C) IL-17A and IL-6. Data are expressed as 
boxplots (median ± interquartile range) with 10 to 90 percentile whiskers: ∗P < .05 and ∗∗P < .01 by Mann-Whitney U test. Nonsignificant comparisons not shown. n = 5 WT 
and 7 T-cell mice/group.
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serum RANKL in 20-month-old mice, whereas osteoprotegerin, 
a RANKL decoy receptor and resorption inhibitor, did not differ 
between sham and T-cell reconstituted groups, leading to a net 
RANKL/osteoprotegerin ratio that remained elevated in recon-
stituted mice into old age. Increased osteoclast indices were 
further consistent with elevated expression of osteoclastogenic 
cytokines by CD4+ T cells in old mice, including increased ex-
pression of RANKL, IL-1β, IL-17A, and TNFα. These data sug-
gest an important ongoing contribution of reconstituted CD4+ 
T cells to the trabecular bone resorption associated with aging.

DISCUSSION

There is concern that HIV/ART-induced bone loss may col-
lide with aging bone loss in PWH, culminating in an epidemic 
of fractures and offsetting the gains in patient health that have 
been achieved through the advent of ART itself [35, 36]. It is 
now established that ART-induced bone loss is relatively tran-
sient, occurring mainly within the first 6 months after ART in-
itiation and with bone resorption then remitting [37]. Because 
most patients are relatively young when first initiating ART, it 
is possible that ART-induced IRBL in younger PWH is regen-
erated over time through bone remodeling, a bone renewal/
repair program in rodents and humans. Whether this occurs 
or not is unknown, and with this uncertainty there has been 
little impetus to treat patients initiating ART prophylactically, 
to prevent IRBL, or to treat low BMD in PWH early, to prevent 
fractures in later life.

Although certain ART drugs directly induce modest bone 
loss (typically 1%–2%) [38], many PWH suffer intense ART-
induced bone loss that is independent of regimen [22–26]. 
Indeed, even with more modern ART regimens, including 
tenofovir alafenamide and integrase strand inhibitor-based 
ART, bone loss may still persist, with some PWH sustaining 
≥4% BMD loss [39]. We have proposed that immune reconsti-
tution downstream of ART-induced viral suppression may ac-
count for the bone loss that occurs independent of specific ART 
formulation [26], and we have developed an animal model of 
IRBL [28] to further investigate IRBL mechanisms and actions 
on bone.

In the present study, our data reveal that, as with humans, 
IRBL in young adult mice is transient (~3 months in mice 
and then plateaus). However, IRBL in the trabecular com-
partment of both the axial and appendicular skeletons was 
permanent and not reversed through bone remodeling. 
Furthermore, the convergence of IRBL and age-associated 
trabecular bone loss was cumulative and led to an exagger-
ated loss of bone volume by 20 months, an age considered 
old in mice [31]. The data were consistent with elevated 
osteoclast numbers and increased osteoclastic cytokine 
production by CD4+ T cells at 20 months, suggesting that 
the homeostatically expanded T cells remained inherently 
hyperresponsive throughout life.

By contrast, whereas cortical bone parameters were sig-
nificantly diminished after 3 months of IRBL, they recovered 
thereafter and were no longer significantly different in 
20-month-old mice, although a trend to decreasing bone mass 
was observed that could eventually become significant again 
at advanced age.

As expected, cortical bone mass continued to accrue with age 
in the long bones of mice, and, similar to humans, the cortical 
compartment of long bones continues to increase in cortical 
area due to periosteal apposition, increasing the diameter of the 
bone. By contrast, cortical thickness declines with age due to 
endocortical bone resorption of the endosteal surface, resulting 
in thinner bones and a widening of the bone marrow cavity.

It is interesting to note that CTx was only significantly dif-
ferent between groups during the 3 months of intense IRBL and 
then declined to control levels. However, CTx fell with age in 
both groups possibly due to reduced basal turnover in older 
mice. Nevertheless, because changes in CTx reflect predomi-
nantly cortical bone resorption, the lack of differences at 14 and 
20 months is consistent with the muted changes observed in 
cortical μCT indices at these time points, despite continuing 
loss of trabecular bone. This may further explain why CTx did 
not reflect the serum changes in RANKL and TNFα beyond the 
IRBL period. Indeed, aggressive bone loss was observed in the 
cortical compartment during the first 3 months of IRBL, and 
this was reflected by increases in CTx.

Although osteoprotegerin did not differ between sham and 
T-cell reconstituted groups, it did climb significantly with age, a 
phenomenon that has also been reported in human studies [40, 
41] and has been suggested to represent a possible homeostatic 
mechanism to limit bone loss [40]. The fact that osteoprotegerin 
did not differ between groups suggests that increased RANKL 
and TNFα are the dominant drivers of bone resorption and that 
osteoprotegerin acts, in part, to offset age-associated bone loss 
but not IRBL. However, the persistent rise in osteoprotegerin 
with age may have served to partially ameliorate the excessive 
bone resorption driven by IRBL, accounting for the plateauing of 
bone resorption at 14 months and consistent with the RANKL/
osteoprotegerin ratio that was biased in favor of RANKL and 
ongoing bone resorption. However, serum osteoprotegerin 
(and other serum factors) is representative of production across 
the total organism and may not accurately reflect local produc-
tion at sites of bone turnover.

Why CD4+ T cells produce heightened levels of 
osteoclastogenic cytokines during aging is unclear. However, 
expansion of T cells from a modest pool may lead to a contrac-
tion of the T-cell repertoire and accumulation of T-cell clones 
responding aggressively to foreign and self-antigens. Such reac-
tive T-cell populations could mediate a persistent inflammatory 
response, which is indeed a well documented feature of PWH 
on long-term ART [36]. A similar effect is observed in aging 
and is referred to as “inflammaging” due to age-associated 
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contraction of the T-cell repertoire leading to accumulation of 
autoreactive T cells [42]. Our mouse model may be replicating 
these events, although the antigens involved are presently un-
clear. Interleukin-17A, whose production we found to be in-
creased in CD4+ T cells, is a key product of CD4+ Th17 cells. 
Th17 cells are potently osteoclastogenic because they directly 
secrete RANKL and TNFα as well as IL-17A, a cytokine that 
induces RANKL production by cells of the osteoblast lineage. 
It is interesting to note that in healthy mice, the major source 
of Th17 cells is the gut, where they form in response to specific 
antigens, in mice, specifically those from segmented filamen-
tous bacteria [43], which are ubiquitous in the environment, 
although more than 20 bacterial strains in humans have been 
reported to be capable of inducing Th17 formation when trans-
planted into mice [44].

We have previously reported that CD4+ T cells drive aggres-
sive cortical and trabecular IRBL; however, CD8+ T cells may 
also contribute to trabecular bone loss [29]. Consequently, there 
may be additional contributions from CD8+ T cells and other 
adaptive immune components that respond to CD4+ T cells, in-
cluding B cells and macrophages, further adding to bone loss 
in aging.

Study Limitations

Mice may not accurately model mice do not accurately model 
all aspects of bone loss in humans and do not model the direct 
effects on bone of some antiretroviral agents [45] or the direct 
effects of breakthrough HIV replication on osteoclasts [46].

CONCLUSIONS

In conclusion, our data show that although cortical bone may 
regenerate in part, IRBL in the trabecular compartment is per-
manent and is cumulative with age-associated bone loss later 
in life. The loss of trabecular bone has consequences for bone 
strength and may contribute to higher fracture rates in PWH, 
leading to detrimental outcomes for long-term health and 
wellbeing. If the mouse data are replicated in humans, pro-
phylactic interventions to prevent bone loss may be warranted, 
including administration of antiosteoporotic pharmaceuticals 
such as zoledronic acid, which can prevent ART-induced bone 
loss during the early stages of ART initiation [13, 37].
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