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Homeostatic Expansion of CD4+ T Cells Promotes Cortical 
and Trabecular Bone Loss, Whereas CD8+ T Cells Induce 
Trabecular Bone Loss Only
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Background.  Bone loss occurs in human immunodeficiency virus (HIV) infection but paradoxically is intensified by HIV-
associated antiretroviral therapy (ART), resulting in an increased fracture incidence that is largely independent of ART regimen. 
Inflammation in the bone microenvironment associated with T-cell repopulation following ART initiation may explain ART-induced 
bone loss. Indeed, we have reported that reconstitution of CD3+ T cells in immunodeficient mice mimics ART-induced bone loss 
observed in humans. In this study, we quantified the relative effects of CD4+ and CD8+ T-cell subsets on bone.

Methods.  T-cell subsets in T-cell receptor β knockout mice were reconstituted by adoptive transfer with CD4+ or CD8+ T-cells 
subsets were reconstituted in T-cell receptor β knockout mice by adoptive transfer, and bone turnover, bone mineral density, and 
indices of bone structure and turnover were quantified.

Results.  Repopulating CD4+ but not CD8+ T cells significantly diminished bone mineral density. However, micro–computed tomog-
raphy revealed robust deterioration of trabecular bone volume by both subsets, while CD4+ T cells additionally induced cortical bone loss.

Conclusions.  CD4+ T-cell reconstitution, a key function of ART, causes significant cortical and trabecular bone loss. CD8+ 
T cells may further contribute to trabecular bone loss in some patients with advanced AIDS, in whom CD8+ T cells may also be 
depleted. Our data suggest that bone densitometry used for assessment of the condition of bone in humans may significantly under-
estimate trabecular bone damage sustained by ART.
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Osteoclasts are bone-resorbing (ie, degrading) cells, and they dif-
ferentiate from precursors that circulate among the monocyte lin-
eage under the action of the key osteoclastogenic cytokine receptor 
activator of nuclear factor κB ligand (RANKL) in the presence of 
permissive concentrations of macrophage colony-stimulating factor 
(M-CSF). Osteoprotegerin, a decoy receptor for RANKL, moder-
ates RANKL-induced osteoclastogenesis and bone resorption [1, 2].
A centralization of immune and skeletal functions around com-
mon cell types and shared cytokine effectors that serve discrete 
functions in both organ systems (ie, the immunoskeletal inter-
face) has pronounced consequences for the skeleton both in the 
context of immune deficiency and in immune activation (ie, 
inflammatory) states. Human immunodeficiency virus (HIV) 
infection, a condition associated with both immunodeficiency 

and inflammation, is recognized to cause severe skeletal dete-
rioration [3–8], and it is estimated that up to two thirds of 
HIV-infected patients have low bone mineral density (BMD; ie, 
osteopenia) and that up to 10% have osteoporosis [9–11].

The underlying pathology that gives rise to bone loss is poorly 
understood and likely multifactorial [5, 8], but we have investigated 
an immunocentric basis and reported that the human immunode-
ficiency virus type 1 (HIV) transgenic rat, an animal model of HIV 
infection, undergoes significant bone loss due to an elevated ratio of 
RANKL to osteoprotegerin expression in B cells [12]. Importantly, 
our recently translational clinical studies have revealed that an 
imbalance in the B-cell levels of RANKL to osteoprotegerin is a 
feature of human HIV infection and correlates significantly with 
diminished BMD in the appendicular skeleton [13].

Antiretroviral therapy (ART) is extremely effective in sup-
pressing HIV replication, leading to rejuvenation, in part, 
of the immune system and alleviation of many pathologies 
associated with HIV infection with or without progression to 
AIDS. However, serious metabolic complications and end-or-
gan damage are now emerging as new threats to long-term 
survivors of HIV infection. Among the end-organ damage 
associated with ART is intensified skeletal deterioration [3–5, 
14–18]. This occurs particularly within the first 2  years of 
ART initiation, when up to 6% of a patient’s BMD may be lost 
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over and above the bone already lost because of chronic HIV 
infection [15, 16].

Large population-based studies are now routinely report-
ing a significant overall 2–5-fold higher rate of fracture and 
HIV-infected patients, compared with age- and sex-matched 
uninfected patients [19–23]. Although all fractures can lead to 
significant morbidity, hip fractures are extremely serious and 
can be associated with mortality rates as high as 24%–33% 
within the first year of fracture [24–26]. Bone fractures thus 
have the potential to generate significant morbidity and mortal-
ity in HIV-infected patients receiving long-term ART, especially 
as the population continues to age.

Although aggressive bone loss has been attributed to drugs 
such as tenofovir disoproxil fumarate, emerging data suggest that 
a significant portion of ART-induced bone loss may be indepen-
dent of specific ART regimen [27–30]. However, the molecular 
mechanisms involved remain unclear but may be mediated in 
large measure through indirect effects of ART on the immu-
noskeletal interface. We have reported that increased bone 
resorption in humans initiating ART is significantly associated 
with the degree of immune reconstitution achieved by individual 
subjects [14]. We have further modeled the process of immune 
regeneration associated with ART, using immunocompromised 
T-cell–deficient T-cell receptor β (TCRβ) knockout (KO) mice 
reconstituted with CD3+ T cells [31]. These data suggested that 
inflammation in the bone microenvironment resulting from 
ART-mediated early T-cell repopulation and immune reconstitu-
tion may drive or exacerbate ART-associated bone loss.

In this study, we investigated the specific effects of CD4+ and 
CD8+ T-cell repopulation on bone turnover and loss of BMD and 
bone volume. Our data suggest that reconstituting the population 
of CD4+ T cells, the dominantly affected population in HIV infec-
tion, elicits aggressive deterioration of both cortical and trabecular 
bone mass, while reconstituting subsets of CD8+ T cells, a popula-
tion that may also be diminished in patients with advanced AIDS, 
may also contribute to trabecular bone loss in some subjects.

METHODS

All animal studies were approved by the Emory University 
Institutional Animal Care and Use Committee and were con-
ducted in accordance with the National Institutes of Health 
Laboratory Guide for the Care and Use of Laboratory Animals.

Mice were housed under specific-pathogen-free conditions 
and were fed γ-irradiated 5V02 mouse chow (Purina Mills) 
and autoclaved water ad libitum. The temperature of the animal 
facility was kept at 23°C (±1°C) with 50% relative humidity and 
a cycle of 12 hours of light followed by 12 hours of darkness.

T-Cell Adoptive Transfer

T cells were transplanted as previously described for CD3+ 
T cells [31], with modifications. Briefly, CD4+ or CD8+ T 
cells were purified from the spleens of 6–8-week-old female 

C57BL6/J wild-type mice. CD4+ T cells were purified by dou-
ble purification using negative immunomagnetic isolation with 
CD4 negative immunomagnetic beads (Stemcell Technologies, 
Vancouver, BC, Canada), followed by depletion of CD8+ T cells. 
For CD8+ T-cell isolation, CD8 negative immunomagnetic puri-
fication was performed followed by removal of any contaminat-
ing CD4+ T cells by positive immunomagnetic depletion, using 
CD4 immunomagnetic beads. All reagents and materials used 
in T-cell purification were endotoxin free and T cells were pro-
cessed under sterile conditions. For adoptive transfer, purified 
CD4+ or CD8+ T cells (1 × 106 cells/mouse) were injected into 
the tail vein of syngeneic female C57BL6/J TCRβ KO mice aged 
20 weeks. The tail vein of control (ie, sham) mice was injected 
with vehicle only (phosphate-buffered saline). Reconstitution of 
T-cell subsets and the degree of contamination of CD4+ T cells 
with CD8+ T cells or vice versa was assessed by flow cytometry 
at the time mice were euthanized (12 weeks after reconstitution; 
Supplementary Figure 1).

Bone Densitometry

BMD measurements were performed in anesthetized mice 
at baseline (0) and at 2, 4, 8, and 12 weeks following sham 
or T-cell reconstitution by dual-energy x-ray absorptiometry 
(DXA), using a PIXImus 2 bone densitometer (GE Medical 
Systems) as previously described [31]. Data (mean values ± 
standard errors of the mean [SEMs]) are presented as percent-
age changes in BMD for each individual mouse from baseline 
to each time point. For analysis of femurs and tibias, the left 
and right femurs or tibias were averaged for each individual 
mouse before calculating the mean femur or tibia BMD for all 
mice in the group.

Micro–Computed Tomography

Micro–computed tomography was performed in the L3 ver-
tebral body and in the mid-diaphysis cortical bone) and dis-
tal metaphysis (trabecular bone) of the right femur ex vivo 
to assess cortical and trabecular bone volume and microar-
chitecture. Mice were euthanized, and bones were isolated 
by dissection, followed by soft-tissue removal. Bones were 
fixed and stored in 70% ethanol at 4oC until micro–computed 
tomography, using a microCT 40 scanner (Scanco Medical, 
Brüttisellen, Switzerland). The scanner was calibrated weekly 
with a factory-supplied phantom. A total of 405 tomographic 
slices at a voxel size of 6 μm (70 kVp and 114 mA, with 200 ms 
integration time) were taken at the L3 vertebra (total area, 2.43 
mm). Trabecular bone was segmented from the cortical shell, 
beginning approximately 0.5 mm from the distal growth plate. 
Projection images were reconstructed using the auto-con-
tour function for trabecular bone. Femoral cortical bone was 
quantified at the mid-diaphysis from 100 tomographic slices 
spanning 0.6 mm. Representative vertebral samples based on 
the mean ratio of the bone volume to the total volume were 
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reconstructed to generate 3-dimensional visual represen-
tations. Indices and units were standardized per published 
guidelines [32].

Biochemical Indices of Bone Turnover

Metabolic indices of bone resorption and bone formation 
were quantified in mouse serum obtained 12 weeks after 
T-cell transfer, using a RATlaps enzyme-linked immunosor-
bent assay (ELISA) for measurement of C-terminal telopep-
tide of type I collagen, a specific and sensitive marker of bone 
resorption, and a Rat-MID ELISA for measurement of osteo-
calcin, a specific and sensitive marker of bone formation (both 
from Immunodiagnostic Systems, Fountain Hills, AZ). Total 
RANKL, osteoprotegerin, and tumor necrosis factor α (TNF-α)  
levels were quantified in mice serum by using ELISAs from 
R&D Systems (Minneapolis, MN).

In Vitro Osteoclastogenesis Assays

Whole bone marrow was isolated from mice in the sham 
and reconstitution groups 12 weeks after adoptive transfer. 
Bone marrow cells from individual mice (n  =  6) were plated 
into 96-well plates at a density of 1 × 105 nucleated cells/well, 
with 5 replicate wells for each individual mouse. Cells were 
cultured in 200 μL of alpha modified Eagle’s medium supple-
mented with 10% fetal bovine serum and treated with M-CSF 
(25  ng/mL). Some wells received a low subsaturating dose 
(15 ng/mL) of RANKL (R & D Systems). Fifty percent of the 
medium was changed every 3 days, and fresh RANKL and/or 
M-CSF was added. After 9 days of culture, cells were fixed and 
stained for expression of tartrate resistant acid phosphatase. 
Multinucleated (≥3 nuclei) tartrate-resistant acid phospha-
tase–positive cells were defined as osteoclasts and quantitated 
under light microscopy, with normalization for size, based on 
the number of nuclei. Five replicate wells were quantified and 
averaged for each of 6 individual mice. Averages were used to 
calculate mean osteoclast number (±SEM) for each group.

Statistical Analysis

Statistical significance was determined using GraphPad Prizm 
7.0 for Macintosh (GraphPad Software, La Jolla, CA). Simple 
comparisons were made using the Student t test. Multiple 
comparisons were performed by 1-way analysis of variance 
(ANOVA) with the Tukey multiple comparisons post hoc test. 
Prospective BMD data were analyzed by 2-way ANOVA with 
the Tukey multiple comparisons post hoc test to assess the sig-
nificance of differences between the sham and CD4+ T-cell–
reconstituted groups and sham and CD8+ T-cell–reconstituted 
groups at each time point. Gaussian distribution was assessed 
by the Shapiro-Wilk test. P values of ≤.05 were considered sta-
tistically significant.

In the osteocalcin assay, 2 values in the CD8+ T cells group 
were below the level of detection. To allow for more-ro-
bust statistics, the nondetectable values were imputed using 

the L/2 substitution formula, where L is the limit of detec-
tion as described elsewhere [33]. The limit of detection for 
osteocalcin is 50  ng/mL, per the manufacturers data sheet 
(Immunodiagnostic Systems).

RESULTS

Reconstitution of CD4+ but Not CD8+ T Cells Induces 

Significant Loss of BMD, as Quantified by DXA

We have reported that CD3+ T cells reconstituted at physio-
logical ratios of CD4+ and CD8+ T cells elicit significant bone 
loss over 12 weeks during homeostatic repopulation into host 
TCRβ KO mice [31], modeling immune reconstitution bone 
loss sustained by HIV-infected patients initiating ART. To fur-
ther study the independent effect of CD4+ and CD8+ T-cell 
reconstitution on bone turnover and mass, we independently 
reconstituted CD4+ or CD8+ T cells in TCRβ KO mice by syn-
geneic adoptive transfer with equivalent numbers (1 × 106) of 
each subset. Changes in BMD were quantified prospectively 
over 3  months, using in vivo DXA. Compared to sham-in-
jected mice, mice receiving CD4+ T cells underwent a robust 
and significant overall decline in total body BMD (Figure 1A) 
by 4 weeks after reconstitution. Independent analysis of lumber 
spine (Figure 1B), femurs (Figure 1C), and tibias (Figure 1D) 
also revealed significant bone loss beginning 4 or 8 weeks after 
CD4+ T-cell reconstitution. By contrast, reconstitution with 
CD8+ T cells failed to show a significant loss of BMD at any site 
(Figures 1A–1D).

Reconstitution of CD4+ and CD8+ T Cells Elicits Significant 

Trabecular Bone Loss, Whereas Only Reconstitution of CD4+ T 

Cells Significantly Influences Cancellous Bone

Because DXA provides an integral measurement of cortical and 
trabecular bone mass and cortical bone represents approxi-
mately 80% of total BMD, the trabecular compartment is under-
estimated. To specifically quantify the cortical and cancellous 
bone compartments independently, we used high-resolution 
(6 μm) micro–computed tomography of femurs and vertebrae 
ex vivo 12 weeks after T-cell reconstitution.

Three-dimensional micro–computed tomographic reconstruc-
tions of femoral diaphysis (Figure 1A) revealed significant loss of 
cortical bone mass in mice in which the CD4+ T-cell population 
was reconstituted but not in mice transplanted with CD8+ T cells. 
By contrast, transplantation of CD4+ or CD8+ T cells both caused 
significant deterioration of trabecular bone mass (Figure 2A). An 
identical trend was observed in vertebrae (Figure 2B).

Visual representations of bone changes were confirmed by 
detailed microarchitectural quantification of trabecular and 
cortical bone parameters in the femur (Table  1) and verte-
brae (Table  2) for CD4+ and CD8+ T-cell–reconstituted mice. 
The data confirm a significant decline in the trabecular bone 
volume fraction in both CD4+ T-cell– and CD8+ T-cell–recon-
stituted mice in both femur (Table 1) and vertebrae (Table 2). 
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In the femur, the trabecular structural index and trabecular 
number were significantly decreased in both CD4+ and CD8+ 
T-cell groups in the femur, leading to an expected increase in 
trabecular separation. Trabecular thickness was diminished in 
both groups but not significantly. Interestingly, the reverse was 
observed in the vertebrae, with trabecular number being more 
robustly affected than trabecular thickness.

CD4+ T-cell–reconstituted mice also displayed a significant 
decline in cortical indices, including cortical bone area, average 
cortical thickness, total cross-sectional area inside the periosteal 
envelope, and cortical area fraction. Mice in which the CD8+ 
T-cell population was reconstituted showed only relatively 
small declines in cortical structure that were not statistically sig-
nificant for any index in the femur (Table 1). Data were similar 
for the vertebrae (Table 2), although declines in cortical thick-
ness in recipients of CD8+ T-cell transplants reached statistical 
significance, but the magnitude of decline was approximately 
50% of that observed in the CD4+ T-cell transplant recipients.

Our data support the DXA outcomes and reveal that CD4+ 
T cells promote both trabecular and cortical bone loss, while 
the dominant effect of CD8+ T cells was on trabecular bone, 
with only relatively modest and mostly nonsignificant changes 
in cortical bone.

CD4+ but Not CD8+ T-Cell Reconstitution Enhances Biochemical 

Indices of Bone Resorption In Vivo

The index of bone resorption serum C-terminal telopeptide of 
type I collagen was quantified in mice 12 weeks after adoptive 
transfer and was significantly elevated in CD4+ but not CD8+ 
T-cell–reconstituted mice (Figure 3A). As circulating markers 
reflect turnover across the entire skeleton, which is predom-
inantly cortical bone, the data are consistent with the lack of 
cortical bone loss observed by DXA and micro–computed 
tomography in CD8+ T cells.

No significant change in serum osteocalcin, a marker of bone 
formation, was observed for either reconstituted CD4+ or CD8+ 
T cells (Figure 3B).

RANKL, but Not Osteoprotegerin, Is Significantly Elevated in 

the Serum of CD4+ and CD8+ T-Cell–Reconstituted Mice

Because RANKL is the key osteoclastogenic cytokine and its 
activity is moderated by its decoy receptor osteoprotegerin, 
we quantified circulating RANKL and osteoprotegerin lev-
els in the serum of sham-exposed mice and CD4+ and CD8+ 
T-cell–reconstituted mice. Serum RANKL level was signifi-
cantly elevated in both CD4+ and CD8+ T-cell–reconstituted 
mice (Figure 3C), while the osteoprotegerin level (Figure 3D) 
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Figure 1.  Prospective bone mineral density in mice transplanted with CD4+ or CD8+ T cells. Bone mineral density (BMD) total body (A) and in the lumbar spine (B), femur 
(average of left and right femur for each mouse; C), and tibia (average of left and right tibia for each mouse; D) was quantified by dual-energy x-ray absorptiometry at baseline 
(0 weeks) and 2, 4, 8 and 12 weeks following CD4+ T-cell or CD8+ T-cell adoptive transfer. All data are expressed as means ± standard errors of the mean. Data are for 12 
mice in the sham group and 6 mice each in the CD4+ and CD8+ T-cell–reconstituted groups. *P < .05, **P < .01, ***P < .001, ****P < .0001, compared with the sham group, 
by 2-way analysis of variance with the Tukey multiple comparisons post hoc test.
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was not significantly changed in either group as compared to 
the sham group.

Ex Vivo Osteoclast Formation Is Significantly Elevated in CD4+ 

but Not CD8+ T-Cell–Reconstituted Mice

To assess the osteoclastogenic potential of CD4+ and CD8+ 
T-cell–reconstituted bone marrow, we isolated whole bone mar-
row from all groups of mice 12 weeks after adoptive transfer and 
performed ex vivo osteoclastogenesis studies. In the absence of 
exogenous RANKL, bone marrow derived from CD4+ T-cell–
transplant recipients generated significantly higher numbers of 
osteoclasts, compared with findings for the sham group, while 
CD8+ T-cell–reconstituted bone marrow was not significantly 
different to that in the sham group (Figure 4A). Addition of a 
low sub-saturating dose of RANKL raised the baseline of osteo-
clast formation in both Sham and CD8+ T-cell transplanted 
groups, however no significant differences were evident. 
Osteoclast formation by CD4+ T-cell transplanted bone marrow 
was only marginally increased by exogenous RANKL stimula-
tion, suggesting that near saturating concentrations of RANKL 

were already being generated endogenously due to the presence 
of CD4+ T cells (Figure 4B).

Taken together our data reveal complex effects of indepen-
dent CD4+ and CD8+ T-cell reconstitution with CD8+ T cells 
impacting predominantly trabecular bone while CD4+ T cells 
robustly affect both cortical and cancellous compartments 
(Figure 2 and Tables 1 and 2).

DISCUSSION

We recently reported that adoptive transfer of CD3+ T cells 
containing physiological ratios of both CD4+ and CD8+ T cells 
into TCRβ KO mice led to dramatic loss of BMD and bone vol-
ume [31]. We suggested that the processes of homeostatic T-cell 
repopulation and immune reconstitution mimic that of ART-
induced T-cell recovery in HIV-infected humans and provide a 
plausible mechanism to explain in part the bone loss common 
to all ART regimens [31]. Although in humans, T-cell recovery 
is predominantly CD4+ T cells, in very advanced cases of HIV 
infection CD8+ T cells may also be diminished.

We previously, adoptively transferred CD3+ T cells, con-
taining a population of CD4+ and CD8+ T-cell subsets. In this 
study, we further investigated the relative potential of CD4+ 
and CD8+ T-cell subsets to influence bone loss after T-cell 
reconstitution. Our data reveal that although both subsets have 
the capacity to contribute significantly to bone loss, CD8+ T 
cells mediate effects that were mostly limited to the trabecu-
lar compartment. By contrast, CD4+ T cells induce robust loss 
of both cortical and trabecular bone. One possible explana-
tion for this differential effect lies in the relative production of 
RANKL and TNF by CD4+ and CD8+ T cells in the bone mar-
row microenvironment.

Another reason that CD4+ T cells may be more osteoclasto-
genic than CD8+ T cells is that CD4+ T cells are the lynchpin of 
adaptive immunity, and their restoration is likely to rejuvenate 
humoral immunity through B-cell reactivation, as well as rekin-
dling general antigen presentation to professional antigen-pre-
senting cells (ie, macrophages, dendritic cells, and B cells). 
Indeed, we have reported that in response to T-cell reconsti-
tution in immunodeficient mice, B cells and macrophages pro-
duce significant concentrations of TNF that likely contribute to 
bone resorption [31].

DXA is the gold standard for quantifying BMD across large 
bone surfaces and is used clinically for assessment of bone con-
dition and clinical diagnosis of osteopenia and osteoporosis. 
BMD quantified by DXA revealed significant bone loss follow-
ing CD4+ T-cell transplantation but not with CD8+ T-cell adop-
tive transfer. High-resolution micro–computed tomography, 
however, identified significant deterioration of the trabecular 
bone compartment in both CD4+ and CD8+ T-cell–reconsti-
tuted mice, but only cortical bone was significantly impacted by 
CD4+ T-cell transplants.

Micro–Computed Tomography of the FemurA

B Micro–Computed Tomography of the Vertebrae

Sham

Cortical

Cortical

Trabecular

Trabecular

CD8+ T cellsCD4+ T cells

Sham CD8+ T cellsCD4+ T cells

Figure 2.  Representative cortical and trabecular bone reconstructions from CD4+ 
or CD8+ T-cell–reconstituted mice by micro–computed tomography. Representative 
cortical (upper panels) and trabecular (lower panels) high-resolution (6-μm) 3-dimen-
sional reconstructions of femurs (A) and vertebrae (B) from mice in the sham group 
and those in CD4+ and CD8+ T-cell–reconstituted groups 12 weeks after reconstitu-
tion. The length of the white scale bar represents 500 µm.
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These data highlight a significant caveat of DXA technol-
ogy. DXA provides an integrated measurement of both corti-
cal and trabecular compartments, but the adult human skeleton 
is composed of 80% cortical bone and only 20% trabecular 
bone, although different skeletal sites have different ratios of 

cortical to trabecular bone [34]. For example, vertebra are tra-
becular-rich sites with a cortical bone to trabecular bone ratio 
of 25:75, while the ratio in the femoral head is 50:50 and that 
in the radial diaphysis is 95:5 [34]. Consequently, DXA is not 
a sensitive technology for quantifying changes in trabecular 

Table 2.  Vertebral Structural Indices Determined by Micro–Computed Tomography in Control (Sham) and CD4+ and CD8+ T-Cell–Reconstituted Mice

Index

CD4+ T-Cell–Associated Comparison, Mean ± SD CD8+ T-Cell–Associated Comparison, Mean ± SD

Sham Group
Reconstituted 

Group
Percentage 

Change Exact Pa Sham Group
Reconstituted 

Group
Percentage 

Change Exact Pa

Trabecular

Total volume, mm3 3.23 ± 0.26 3.68 ± 0.41 +14.1 ≤.0434 3.23 ± 0.26 3.45 ± 0.11 +7.0 ≤.0805

Bone volume, mm3 0.477 ± 0.139 0.389 ± 0.041 −18.4 ≤.1670 0.477 ± 0.139 0.433 ± 0.051 −9.2 ≤.4816

Bone volume 
fraction, %

14.6 ± 2.9 10.6 ± 0.61 −27.5 ≤.0071 14.6 ± 2.9 12.6 ± 1.6 −13.9 ≤.1589

Trabecular  
thickness, mm

0.041 ± 0.002 0.033 ± 0.002 −18.6 ≤.0001 0.041 ± 0.002 0.037 ± 0.004 −9.5 ≤.0546

Trabecular number, 
/mmb

4.13 ± 0.70 3.51 ± 0.17 −15.1 ≤.0600 4.13 ± 0.70 3.93 ± 0.32 −4.9 ≤.5306

Trabecular  
separation, mm

0.248 ± 0.032 0.291 ± 0.016 +17.3 ≤.0141 0.248 ± 0.032 0.261 ± 0.023 +5.3 ≤.4287

Cortical

Cortical area, mm2 0.323 ± 0.022 0.254 ± 0.022 −21.4 ≤.0003 0.323 ± 0.022 0.305 ± 0.060 −5.5 ≤.5140

Cortical thickness, 
mm

0.063 ± 0.003 0.048 ± 0.005 −22.9 ≤.0001 0.063 ± 0.003 0.055 ± 0.007 −12.0 ≤.0406

Total cross- 
sectional area, mm3

0.779 ± 0.080 0.602 ± 0.066 −22.8 ≤.0018 0.779 ± 0.080 0.703 ± 0.140 −9.7 ≤.2771

 Cortical area 
fraction, %

41.6 ± 1.5 42.3 ± 1.0 1.6 ≤.3753 41.6 ± 1.5 43.4 ± 0.5 +4.5 ≤.0163

Data for 6 mice per group.
aBy the Student t test.
bCalculated as the inverse of the mean distance between the mid-axes of the vertebrae.

Table 1.  Femoral Structural Indices Determined by Micro–Computed Tomography in Control (Sham) and CD4+ and CD8+ T-Cell–Reconstituted Mice

Index

CD4+ T-Cell–Associated Comparison, Mean ± SD CD8+ T-Cell–Associated Comparison, Mean ± SD

Sham Group
Reconstituted 

Group
Percentage 

Change Exact Pa Sham Group
Reconstituted 

Group
Percentage 

Change Exact Pa

Trabecular

Total volume, mm3 1.27 ± 0.07 1.41 ± 0.06 +11.1 ≤.0025 1.26 ± 0.06 1.36 ± 0.09 +7.2 ≤.0682

Bone volume, mm3 0.060 ± 0.011 0.026 ± 0.006 −56.7 ≤.0001 0.062 ± 0.012 0.028 ± 0.007 −52.7 ≤.0001

Bone volume 
fraction, %

4.75 ± 0.01 1.85 ± 0.41 −61.2 ≤.0001 4.88 ± 0.01 2.07 ± 0.42 −54.6 ≤.0001

Trabecular  
thickness, mm

0.041 ± 0.003 0.036 ± 0.005 −11.8 ≤.0793 0.041 ± 0.003 0.036 ± 0.005 −12.4 ≤.0507

Trabecular number, 
/mmb

3.20 ± 0.20 2.49 ± 0.12 −22.1 ≤.0001 3.22 ± 0.19 2.67 ± 0.12 −16.4 ≤.0003

Trabecular  
separation, mm

0.316 ± 0.022 0.407 ± 0.018 +31.8 ≤.0001 0.313 ± 0.021 0.382 ± 0.014 +20.9 ≤.0001

Cortical

Cortical area, mm2 0.879 ± 0.049 0.748 ± 0.041 −15.0 ≤.0006 0.879 ± 0.049 0.829 ± 0.094 −5.7 ≤.2802

Cortical thickness, 
mm

0.192 ± 0.012 0.159 ± 0.009 −17.5 ≤.0003 0.192 ± 0.012 0.180 ± 0.014 −6.4 ≤.1320

Total cross- 
sectional area, mm3

0.497 ± 0.028 0.421 ± 0.024 −15.4 ≤.0006 0.497 ± 0.028 0.459 ± 0.036 −7.8 ≤.0683

 Cortical area 
fraction, %

176.8 ± 0.4 177.8 ± 0.5 +0.6 ≤.0022 176.8 ± 0.4 180.4 ± 8.1 +2.0 ≤.3284

Data for 6 mice per group.
aBy the Student t test.
bCalculated as the inverse of the mean distance between the mid-axes of the femur.
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bone. As the trabecular bone compartment is considerably 
more metabolically active than cortical bone and also contrib-
utes to load-bearing capacity, DXA-based measurements may 
significantly underestimate the extent of skeletal deteriora-
tion. Indeed, it has been reported that about half of hip frac-
tures occur in women who are not osteoporotic based on BMD 

testing by DXA [35]. The inability of DXA to assess trabecular 
condition or to estimate bone quality aspects may contribute to 
its poor sensitivity.

C-terminal telopeptide of type I collagen is a sensitive and 
specific biochemical index of global bone resorption in the 
body, but it quantifies bone resorption averaged across all bone 
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Figure 3.  Biochemical bone turnover markers and circulating osteoclastogenic cytokines. Serum from sham-exposed mice and CD4+ and CD8+ T-cell–reconstituted mice 
was collected 12 weeks after reconstitution for quantification of biochemical markers of bone resorption (ie, C-terminal telopeptide of type I collagen; A) and bone formation 
(ie, osteocalcin; B). Serum cytokines representing the key final osteoclastogenic effectors were quantified by enzyme-linked immunosorbent assay for receptor activator of 
nuclear factor κB ligand (RANKL; C) and osteoprotegerin (D). Data are expressed as means ± standard errors of the mean. Data are for 6 mice/group. ∆, percentage change 
from the sham group. *P < .05 and ***P < .001, compared with the sham group, by 1-way analysis of variance with the Tukey multiple comparisons post hoc test.
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variance with the Tukey multiple comparisons post hoc test. ∆, percentage change from the sham group.
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surfaces. Consistent with this concept, the level of C-terminal 
telopeptide of type I collagen was observed to be elevated in 
CD4+ T-cell–reconstituted mice but was not altered in CD8+ 
T-cell–reconstituted mice, despite significant trabecular bone 
loss. Like DXA measurements, biochemical bone resorption 
markers significantly underestimate degradation of the tra-
becular compartment and this is the likely explanation for why 
quantifiable changes in resorption marker were not observed in 
the circulation in the CD8+ T-cell–reconstituted mice in which 
only trabecular bone was affected.

While these animal studies provide mechanistic insight into 
the osteoclastogenic activities of reconstituting CD4+ and CD8+ 
T cells, there are some important limitations in the model and 
in its interpretation. First, although the model provides proof 
of concept for immune reconstitution bone loss, it is an ART-
free model. In humans, T-cell repopulation is a consequence 
of ART, and this model does not directly replicate this process. 
As HIV-transgenic animal models (rats and mice) are constitu-
tively active, they are insensitive to ART. Future studies using 

a humanized mouse infected by HIV may be a more suitable 
model, although a caveat is that multiple steps involved in gen-
eration of humanized mice are themselves associated with bone 
loss, complicating interpretation.

Another limitation is T-cell reconstitution of a completely 
T-cell–deficient animal. Although this creates an aggressive 
homeostatic reconstitution event that leads to pronounced 
bone loss and is propitious for detailed mechanistic investiga-
tions in a mouse, it is likely an exaggeration of the more modest 
events associated with human immune reconstitution following 
ART. As previously reported by us, there is high variability in 
responses to ART in human subjects in terms of osteoclasto-
genic and inflammatory cytokine production and kinetics of 
changes [14], which are more homogenous in the mouse model. 
Nonetheless, the model allows for predictions to be made that 
can be tested in human populations. For example, patients with 
low nadir CD4+ and CD8+ T-cell counts are likely to sustain 
more-aggressive trabecular bone loss. Computed tomography 
or high-resolution computed tomography studies in progress 
may be able to validate these outcomes.

 We recently completed a phase 2b trial in which all subjects 
initiating ART were treated with a single dose of the antiresorp-
tive agent zoledronic acid (or placebo) [15]. Although this strat-
egy was extremely effective in blocking bone loss, being able to 
predict the degree of bone loss likely to be unleashed by ART, 
based on baseline T-cell populations and/or their early cytokine 
production profiles and/or ratios of CD4+ T cells to CD8+ T 
cells, may allow for a more tailored and personalized approach 
to treatment.

In conclusion, our cumulative data demonstrate that repop-
ulation of CD4+ T cells leads to significant increases in levels 
of both RANKL and TNF that promote robust bone resorp-
tion, affecting both trabecular and cortical compartments. By 
contrast, reconstituting CD8+ T cells increase bone marrow 
TNF levels only, supporting predominantly trabecular bone 
loss. In humans undergoing ART, repopulation of the depleted 
CD4+ T-cell population may contribute significantly to bone 
resorption and both cortical and trabecular bone loss. In sub-
jects with advanced AIDS and CD8+ T-cell depletion, recon-
stituting CD8+ T cells may further contribute to trabecular 
bone loss.
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Figure 5.  Model of CD4+ and CD8+ T-cell effects on osteoclastic bone resorption. 
Homeostatic reconstitution of CD4+ T cells leads to production of both tumor necro-
sis factor (TNF) and receptor activator of nuclear factor κB ligand (RANKL) in the 
bone marrow microenvironment. TNF amplified RANKL activity and promoted addi-
tional RANKL production by osteoblast-lineage cells, driving cortical and trabecular 
bone loss. CD8+ T cells produce only TNF in the bone marrow, inducing relatively 
modest levels of RANKL from osteoblasts and driving trabecular bone loss only. 
In addition, reconstitution of CD4+ T cells further leads to reinitiating of adaptive 
immune responses, including humoral immunity and antigen-presentation activity, 
that lead to additional TNF production by B cells and other antigen-presenting cells 
(APCs), such as macrophages. This potent inflammatory activity of CD4+ T cells 
likely drives a critical threshold of RANKL and TNF that is capable of driving cortical 
bone resorption. TNFR1, TNF receptor 1.
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