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Abstract

HIV infection causes bone loss. We previously reported that immunosuppression-mediated B-cell
production of receptor activator of NF-xB ligand (RANKL) coupled with decline in
osteoprotegerin correlate with decreased bone mineral density (BMD) in untreated HIV-infection.
Paradoxically, antiretroviral therapy (ART) worsens bone loss although existing data suggest that
such loss is largely independent of specific antiretroviral regimen. This led us to hypothesize that
skeletal deterioration following HIV disease reversal with ART may be related to T-cell
repopulation and/or immune-reconstitution. Here we transplant T cells into immunocompromised
mice to mimic ART-induced T-cell expansion. T-cell reconstitution elicits RANKL and TNFa
production by B-cells and/or T-cells, accompanied by enhanced bone resorption and BMD loss.
Reconstitution of TNFa- or RANKL-null T-cells and pharmacological TNFa antagonist all
protect cortical, but not trabecular bone, revealing complex effects of T-cell-reconstitution on
bone turnover. These findings suggest T-cell repopulation and/or immune-reconstitution as
putative mechanisms for bone loss following ART initiation.
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INTRODUCTION

HIV infection is associated with skeletal deterioration-6. Nearly two thirds of HIV-infected
patients exhibit osteopenia, with osteoporosis occurring in up to 15% of HIV-infected
subjects’-9. Consequently, an overall 2-4 fold higher prevalence of bone fracture and up to 9
fold increase in hip fracture is reported for HIV-infected patients compared to the general
population10-15, Using an HIV transgenic rat model, we demonstrated that HIV-induced
bone loss is related to altered B cell function® presumably via loss of co-stimulation, a
consequence of CD4* T cell lymphopenia. We recently validated these animal studies in
humans, demonstrating a significant increase in B cell production of the key
osteoclastogenic factor, receptor activator of NF-xB ligand (RANKL) and a simultaneous
decline in its decoy receptor and physiological antagonist, osteoprotegerin (OPG). The B
cell RANKL/OPG ratio was significantly correlated with bone mineral density (BMD) at the
femoral neck and total hip in HIV-infected subjects, suggesting an immunocentric basis for
bone loss in HIV-infection 17. Furthermore, studies of T cells in HIV infected subjects
suggest a heightened state of activation that likely further contributes to HIVV-induced bone
loss 18,

Antiretroviral therapy (ART) causes paradoxical worsening of skeletal health1-3.19-21 A
decline in BMD of up to 6% is observed with ART initiation, a loss comparable to that
sustained during the early phase of menopausel®. Previous attempts to identify the
mechanisms of ART-induced bone loss separately from those of HIV itself have been futile,
as the direct actions of ART on bone cells in vitro?2-24 and in animal models in vivo?®
frequently fail to recapitulate ART-effects observed in HIV-infected patients. Nevertheless,
ART drug classes with distinct modes of action mediated through different biochemical
pathways are all associated with bone loss26-28 suggesting that bone loss is independent of
antiretroviral regimen2629 and implying an indirect effect of ART on bone homeostasis.
One such indirect action may be related to HIV disease reversal and homeostatic expansion
of the immune cells. In fact, in other non-HIV pathologic conditions such as periodontal
disease and postmenopausal osteoporosis, immune activation and inflammation, processes
seen during CD4* T cell repopulation and expansion with ART, are involved in the
pathogenesis of bone loss30-34,

Because of the universality of this bone loss to all ART drug classes, and the known impact
of immune activation on bone catabolism in other disease states, an immunocentric
explanation for ART-induced bone loss is likely, although has not previously demonstrated.
We thus hypothesized that T cell repopulation and immune reactivation, a consequence of
ART-induced HIV disease reversal, may explain the enhanced bone loss following ART
initiation. We tested this hypothesis by simulating immune reconstitution in the context of
immunodeficiency using T cell deficient TCRp knockout (KO) mice that we reconstituted
by adoptive transfer of syngeneic T cells. We show that as with ART-induced T cell
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repopulation, a significant increase in bone resorption and a corresponding decline in BMD
and cortical and trabecular bone structure follows T cell reconstitution. Transferred T cells
produced significant concentrations of RANKL and TNFa. Furthermore, reconstitution of
TNFa- or RANKL-null T cells, as well as treatment with the pharmacological TNFa
antagonist Etanercept, led to significant protection of cortical bone, but interestingly, not of
trabecular bone. Our data support a role for T cell reconstitution as a key mechanism of bone
loss. We further demonstrated that bone loss associated with disruption of the immuno-
skeletal interface could be fully prevented by anti-resorptive medication prophylaxis using
zoledronic acid in T cell reconstituted animals.

Loss of BMD following T cell reconstitution

To investigate whether T cell repopulation and/or immune reconstitution independently
cause bone resorption in the absence of HIV infection or AIDS sequelae, we transplanted
CD3* T cells into genetically identical syngeneic T cell deficient TCRp knockout (KO) mice
by adoptive transfer.

T cell-deficient TCRB KO mice on a C57BL6 background were injected with vehicle (sham)
or reconstituted by adoptive transfer of 1 x 10° immunomagnetically purified CD3* T cells
(both CD4* and CD8" at physiological ratios). Purified T cells were verified as = 97% CD3"*
by flow cytometry (Supplementary Fig. 1A). T cell number and proliferation were
quantitated by flow cytometry 12 weeks later. As expected, T cells had significantly
reconstituted in the spleen and bone marrow (BM) after adoptive transfer (Supplementary
Fig. 1B).

Following reconstitution of the TCR KO mice, we quantitated BMD using in vivo bone
densitometry (dual energy X-ray absorptiometry [DXA]). Over a 12-week period, we
observed a dramatic progressive decline in accrual of total body, lumbar spine, femur, and
tibia BMD in reconstituted mice compared to non-transplanted (sham) TCRpB KO mice (Fig.
1A-D), supporting the hypothesis that T cell repopulation can initiate conditions propitious
for bone loss.

Loss of cortical and trabecular bone following T cell reconstitution

Trabecular and cortical bone structure were independently quantified in femurs from sham
and reconstituted mice 12 weeks after T cell adoptive transfer, using high-resolution (6 um)
micro-computed tomography (UCT). Representative UCT reconstructions of sham and CD3™*
T cell reconstituted TCRp KO femurs (Fig. 1E) showed severe deterioration of both
trabecular and cortical bone structure. Severely denuded trabecular structure in the femoral
epiphysis and metaphysis was also evident on Masson’s Trichrome-stained histological
sections (Fig. 1F).

Quantitative micro-architectural indices of trabecular and cortical structure were further

computed from pCT slices (Table 1). Tissue volume (TV), a reflection of bone size, was not
significantly altered, however trabecular bone volume (BV) was drastically reduced in CD3*
T cell reconstituted mice, leading to diminished bone volume fraction (BV/TV), a key index
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of trabecular bone mass. Trabecular microarchitecture revealed diminished thickness (Tb.
Th.) and number (Th. N.), and increased trabecular separation (Th. Sp.) with an overall
significant decline in volumetric BMD (TV. D.). T cell reconstitution was also associated
with degradation of cortical bone structure, with significant decline in both cortical area (Ct.
Ar.) and thickness (Ct. Th.) two key indices of cortical bone mass.

Biochemical indices of bone turnover, osteoclastogenic cytokines and osteoclastogenesis
following T cell reconstitution

Serum biochemical markers of bone turnover were quantitated in sham- and T cell-
reconstituted TCRP KO mice 12 weeks after T cell reconstitution. Bone resorption measured
by serum C-terminal telopeptide of type I collagen (CTx) was significantly elevated in T cell
reconstituted mice (Fig. 1G), while bone formation (measured by serum osteocalcin) was
modestly, but significantly suppressed (Fig. 1H), consistent with rapid bone loss observed in
this model. Serum RANKL, the key osteoclastogenic cytokine (Fig. 11), and its amplifier
TNFa (Fig. 1K) were significantly elevated in T cell reconstituted mice at 12 weeks.
Although there was some variability in individual animal responses, overall the RANKL
antagonist OPG was not significantly different (Fig. 1J) likely leading to an overall increase
in the RANKL/OPG ratio, conditions favorable for bone loss. Bone marrow from
reconstituted mice cultured ex vivo in the absence of exogenous RANKL generated
significantly higher numbers of osteoclasts than bone marrow from sham mice (Fig. 1L),
suggesting a more osteoclastogenic bone marrow microenvironment.

Decline in bone formation following T cell reconstitution

To confirm at the tissue level the decline in bone formation following adoptive transfer we
performed quantitative histomorphometry of mouse femurs (Table 1). The number of
osteoblasts per bone surface (N. Ob/BS), mineral apposition rate (MAR) and bone formation
rate (BFR/TV) were all significantly diminished. BFR normalized for bone surface (BS)
showed a strong negative trend but fell short of statistical significance, likely due to
significantly diminished bone surfaces in the transplanted mice. BFR/TV is the index that
correlates most closely with bone turnover markers such as osteocalcin 32

T cell RANKL is significantly elevated following T cell reconstitution

To assess whether the increased RANKL observed following T cell reconstitution was from
T cells or other immune cells, we used flow cytometry to evaluate RANKL expression from
known major RANKL-producing populations in the spleen and/or BM. We studied T cell-
reconstituted TCRP KO mice one week after T cell transfer, a time when T cells are
undergoing homeostatic expansion and are rapidly repopulating available niches.
Representative dot plots of all flow cytometry studies reported below are provided in
Supplementary Figures 2 to 7. The proportion of CD4* T cells producing RANKL was
significantly elevated in BM (Fig. 2A) and spleen (Fig. 2B), in reconstituted TCRp KO mice
compared with WT controls. The proportion of BM CD8* T cells producing RANKL was
low in both WT and reconstituted mice (Fig. 2C), but the proportion of splenic CD8" T cells
producing RANKL was significantly higher in reconstituted mice (Fig. 2D).
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The percentage of total (B220™) BM B lineage cells (Fig. 2E) as well as segregated B cell
precursors and immature B cells (B2209™) (Fig. 2F) and mature B cells (B220Pr19Mt) (Fig.
2G) producing RANKL was quantified and although most animals were modestly elevated
overall the data fell short of statistical significance. Splenic RANKL production by B cells
was lower than for BM overall and no changes or trends were observed in reconstituted mice
(Fig. 2H).

To confirm that the increase in RANKL observed with T cell reconstitution came from
immune cells rather than osteoblasts and their precursors, the bone marrow stromal cells
(BMSC), populations long considered to be a rich basal source of RANKL, we assessed the
proportion of RANKL-producing osteoblasts (VCAM™* cells in the bone marrow) and
BMSC (CD29" SCAL* cells in the bone marrow)36. Approximately 80% of osteoblasts and
40% of BMSC produced RANKL in WT mice but neither population was significantly
changed by T cell reconstitution (Figures. 21 and 2J respectively). Dendritic cells were not a
significant source of RANKL in WT or reconstituted BM (Fig. 2K) or spleen (Fig. 2L).

T cell reconstitution increases TNFa-producing B cells and T cells

We next assessed the cellular sources of elevated TNFa using flow cytometry. The
proportion of TNFa-producing BM CD4* (Fig. 2M) and CD8* (Fig. 20) T cells and splenic
CD4* (Fig. 2N) and CD8* (Fig. 2P) T cells were all significantly elevated in reconstituted
mice compared with WT.

The percentage of total TNFa producing BM B lineage cells (Fig 2Q), B cell precursors and
immature B cells (Fig. 2R), and mature BM (Fig. 2S) and splenic (Fig. 2T) B cells from T
cell reconstituted mice was significantly elevated compared to cells from WT mice, but fell
short of significance compared to sham reconstituted TCR KO mice.

TNFa-producing BM and splenic monocytes/macrophages (CD11b*) (Supplementary
Figures 7A and 7B respectively) were also significantly increased in reconstituted mice
relative to WT mice, but despite a strong trend fell short of significance relative to TCRp
KO controls.

TNFa- or RANKL-KO T cell reconstitution prevents cortical but not trabecular, bone loss

To test the direct contributions of T cell RANKL and TNFa production to bone loss we
reconstituted 1 x 105 CD3* T cells from either TNFa, KO mice or RANKL KO mice into
TCRB KO mice. BMD was quantified at baseline and at 12 weeks after transplant.
Reconstitution of TNFa KO or RANKL KO T cells led to partial protection from bone loss
compared to WT T cells at total body (Fig. 3A), and significant protection of the femurs
(Fig. 3B) and lumbar spine (Fig. 3C). Representative 3D reconstructions of isolated femurs
by UCT (Fig. 3D) and quantitative analysis of femoral microarchitecture in Table 2 revealed
significant protection from cortical bone loss (both Ct. Ar. and Ct. Th.). RANKL KO T cells
showed virtually complete protection, while TNFa KO T cells caused a significantly bunted,
bone loss. By contrast, both TNFa and RANKL KO T cells elicited significant trabecular
bone loss, with BV/TV indistinguishable from WT T cells and most indices of bone
microarchitecture comparable to that of WT T cells.
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The bone resorption marker CTx (Fig. 3E) was significantly increased in the WT T cell
transplanted group but not in TNFa or RANKL KO groups, although the median values
were comparable to that of mice receiving WT T cells, suggesting an overall increased rate
of resorption that likely accounts for the trabecular bone loss.

Osteocalcin revealed a significant decline in bone formation in WT transplanted T cells and
remained significantly depressed in the TNFa and RANKL null T cell transplanted groups
(Fig. 3F).

Serum RANKL (Fig. 3G) was increased by transfer of WT T cells and remained elevated in
TNFa null T cell transplant but was not significantly elevated in mice reconstituted with
RANKL KO T cells, suggesting that T cells are the major source of RANKL driving bone
loss during reconstitution. OPG was not significantly elevated by WT or RANKL KO T cell
transplant but interestingly was significantly increased by transfer of TNFa KO T cells (Fig.
3H).

As TNFa null T cells did not diminish RANKL concentrations the data suggest that the
mode of action of TNFa in this model is likely to amplify RANKL activity rather than to
promote its production.

TNFa production (Fig. 3I) was significantly increased by WT, TNFa KO and RANKL KO
T cells, suggesting that T cells alone do not account for all the TNFa produced, and
consistent with our flow analyses. In addition, some mice in this group had unusually high
TNFa levels, suggesting that loss of T cell TNFa may promote a compensatory production
from other sources.

Taken together, these data suggest that production of TNFa and RANKL by T cells
contributes significantly to direct cortical bone loss. Interestingly, T cell production of either
TNFa or RANKL was dispensable for trabecular bone loss, possibly due to involvement of
other immune cells such as B cells as observed by flow cytometry in Fig. 2.

TNFa ablation blocks cortical but not trabecular, bone loss

To assess the significance of global TNFa production in T cell reconstitution bone loss,
mice were treated with the pharmacological TNFa antagonist Etanercept. TCRp KO mice
were injected with vehicle (sham) or reconstituted by adoptive transfer of 1 x 10° CD3* T
cells, with or without Etanercept (3 mg/Kg, 3 times per week).

Prospective BMD quantification over 12 weeks revealed significant bone loss following T
cell reconstitution in the vehicle injected group, but significant protection from bone loss in
Etanercept-treated groups at the total body (Fig. 4A) and femurs (Fig. 4C) with partial
protection at tibias (Fig. 4D). By contrast, the axial skeleton (lumbar spine), a trabecular-rich
site, was not significantly protected by Etanercept (Fig. 4B), again suggesting a more
pronounced effect of TNFa on cortical than trabecular bone mass. This was verified in the
femur by quantifying separate cortical and trabecular microarchitecture by pCT.
Representative 3D reconstructions are shown in Fig. 4E with quantitative analysis in Table
3. As observed for TNFa KO T cell reconstitution, the TNFa antagonist significantly
protected cortical bone thickness and area. Trabecular bone indices including BV/TV

Nat Commun. Author manuscript; available in PMC 2016 March 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ofotokun et al.

Page 7

revealed partial protection with Etanercept but were not significantly different from either
sham or T cell reconstituted mice.

Etanercept was further associated with a partial but significant decrease in serum CTx
compared to T cell reconstituted groups (Fig. 4F). By contrast, serum RANKL was not
affected by TNFa neutralization (Fig. 4G), suggesting that the mode of action of TNFa in
this model is likely to amplify RANKL activity rather than promote its production. OPG was
also modestly but significantly increased by T cell transplantation in this experiment and
was partially but not significantly reduced by TNFa suppression (Fig. 4H).

As expected, T cell adoptive transfer caused a significant increase in TNFa (Fig. 41),
however due to Etanercept cross-reactivity with the ELISA, we were unable to quantify
changes in TNFa production in Etanercept-treated mice.

Taken together, these data suggest that TNFa produced by T cells is a significant inducer of
cortical bone loss.

T cell number impacts the magnitude of reconstitution bone loss

It has been reported that patients with low baseline CD4 count undergo greater bone loss
after initiating ART37. To determine whether the number of starting T cells affects the
extent of bone loss, we adoptively transferred different numbers of CD3* T cells into TCRp
KO mice and quantified bone turnover and structure after 3 months. Adoptive transfer of a
low number (1 x 103) of T cells produced no significant loss of BMD as quantified by DXA
in the lumbar spine (Fig. 5A) or femur (Fig. 5B), while transfer of a very large number (1 x
107) produced a small but non-significant loss of BMD in the spine but not femur, compared
to 1 x 10° T cells that produced significant bone loss at both spine and femur. uCT analysis
however, revealed that high concentrations of T cells produced significant loss of trabecular
bone structure, but not of cortical bone (as was reflected by DXA a technique sensitive to
cortical but not trabecular bone changes), while the low dose of T cells (1 x 103) had no
significant effect on either compartment (Fig. 5C and Table IV).

Overall, serum CTx was only significantly higher with 1 x 10° T cells (Fig. 5D) although
there was significant variability between individual animals in all transplanted groups.
Osteocalcin (Fig. 5E) was slightly suppressed relative to sham irrespective of T cell number
although all groups fell short of significance. Serum RANKL (Fig. 5F) was significantly
increased in both the high (1 x 107) and moderate (1 x 10°) group, but not the low number
of transplanted T cells (1 x 103).

By contrast, serum TNFa concentrations were significantly elevated in moderate (1 x 10°)
and low (1 x 103) groups.

Taken together the data suggest that an increase in RANKL alone is sufficient for trabecular
bone loss to occur but TNFa and RANKL are needed for cortical bone loss. This
interpretation is consistent with the known action of TNFa on bone, which is to indirectly
amplify RANKL-induced osteoclastogenesis and bone resorption, not to promote
osteoclastogenesis directly 38-40,

Nat Commun. Author manuscript; available in PMC 2016 March 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ofotokun et al. Page 8

Antiresorptive therapy reverses T cell reconstitution bone loss

In our final study, as a “proof of concept” that bone loss associated with T cell reconstitution
can be blocked pharmacologically without impairing T cell reconstitution, CD3* T cell
reconstituted mice were injected once with zoledronic acid (a long-acting antiresorptive drug
approved for amelioration of postmenopausal osteoporosis#1) at the time of adoptive transfer
and BMD was quantitated by DXA at baseline and at 12 weeks. While T cell reconstituted
mice lost total body BMD (Supplementary Fig. 8A) including at the lumbar spine
(Supplementary Fig. 8B), femur (Supplementary Fig. 8C) and tibia (Supplementary Fig.
8D), the zoledronic acid-treated group was protected from bone loss at all sites and actually
gained BMD relative to the sham group during follow-up (Supplementary Fig. 8A-D).
Serum CTx was significantly decreased with zoledronic acid treatment (Supplementary Fig.
8E) while osteocalcin remained unchanged (Supplementary Fig. 8F). Importantly, at 4
weeks, the proportion of T cells in the peripheral circulation were not significantly different
between vehicle and zoledronic acid-treated mice (14.8% £ 0.2 vs. 13.7% = 4.0 respectively,
N=8 sham and 5 CD3* T cell/group), suggesting that zoledronic acid does not impede T cell
reconstitution.

DISCUSSION

Although HIV- and ART-induced bone loss has long been recognized, the underlying
pathophysiology remains poorly understood. Emerging data suggest that direct HIV effects
on the skeleton may be linked to altered immune function including activation of T cells!8
and significant B cell dysfunction, with consequent increase in the RANKL/OPG ratio,
favoring enhanced bone catabolism and loss of BMD16:17, Immune effects of ART in
patients are however complex and while some studies suggest that ART may diminish
immune activation at least in the short term 4244 other studies suggest that reversal of
inflammation by ART is incomplete and that inflammation persists, albeit at a lower level
indefinitely 45.

We now provide a “proof of concept” that like HIV-infection itself, the bone effect of ART
may too have an immunocentric component driving bone loss though a mechanism aligned
with immunologic events associated with HIV disease reversal and immune reconstitution
and/or reactivation, that may lead to persistent low-level chronic inflammation.

It is well established that the immune and skeletal systems are intricately linked via a
centralization of common cell types and cytokine mediators — the “immune-skeletal
interface” 16:3446_|n HIV-infected patients, suppression of HIV replication with ART leads
to a partial recovery of depleted CD4* T cells through mechanisms involving both
peripheral expansion of existing T cell pools and IL-7—mediated thymic reactivation
pathways?#”48. Furthermore, CD4™" T cells are central regulators of adaptive immunity and
potently affect the action of other immune cells, including professional antigen presenting
cells (APCs) such as dendritic cells, macrophages and B cells, all of which are capable of
secreting TNFa and/or RANKL. In this study we investigated whether activation of the
expanding T cell pool, together with the reactivation of humoral immunity and antigen
presentation to APCs associated with ART-induced disease reversal can lead to constitutive
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production of key osteoclastogenic cytokines including TNFa and RANKL, tilting the
RANKL/OPG ratio in favor of enhanced bone breakdown.

To establish a mechanistic basis for immune reconstitution-induced bone loss, we adoptively
transferred T cells into an animal model of T cell immunodeficiency (TCRB KO mice) to
simulate T cell repopulation, as is likely to occur following ART-initiation in HIV-infected
patients. We observed a dramatic decline in BMD at all anatomic sites examined following
adoptive transfer of a modest number (1 x 10%) of CD3* T cells supporting the hypothesis
that T cell repopulation can independently induce bone loss in the absence of HIV-infection,
AIDS pathologies, and other confounding risk factors for osteoporosis that coexist in human
populations.

Consistent with elevated serum RANKL and TNFa our flow cytometry data suggest that
reconstituting T cells are significant sources of RANKL and TNFa. Although CD4* T cells
are severely depleted by HIV infection, significant losses in CD8* T cell populations also
occur in advanced HIV infection and recover following ART#%. To maintain this dynamic
we initially repleted T cell-deficient mice with both CD8* and CD4™ T cells in normal
physiological ratios (CD3*). However, our data revealed that reconstituted CD8" T cells are
also a significant source of RANKL (Fig. 2D) and TNFa (Figure 20 and 2P).

As RANKL and TNFa production is associated with T cell activation we performed flow
cytometry analysis of T cells three months after reconstitution and found the majority of
transplanted CD4* and CD8* T cells still express the activation marker CD69, and KI-67 a
marker of proliferation and synonymous with T cell activation (Supplementary Figure 9).
These data provide additional support to our hypothesis of long term bone loss associate
with chronic T cell activation.

Furthermore, our data also support a contribution by B cells and monocytes/macrophages,
where modest increases were observed. Given the relatively large number of B cell
populations in the bone marrow (25% of nucleated cells) even small increases in RANKL
and/or TNFa production may add up to a significant overall contribution to total cytokine
levels. Both B cells and macrophages also serve as APCs that normally interact with T cells
as part of adaptive immune function. Our data thus suggest that bone loss occurs as a result
of a generalized reactivation of the adaptive immune complex as a whole following
reconstitution of the T cells. This model is outlined diagrammatically in Figure 6.

It has been reported that patients with low baseline CD4 count have greater bone loss
following ART initiation3’, suggesting that the extent of homeostatic repopulation may have
an impact on bone turnover. Interestingly, the number of T cells reconstituted did indeed
have a significant and complex effect on bone loss as a modest number of starting T cells
elicited severe bone loss in contrast to very low and very high numbers. Furthermore, very
high numbers of T cells induced severe trabecular, but not cortical bone loss, while modest
T cell numbers caused loss in both compartments. Very low numbers of T cells did not
induce significant bone loss consistent with a failure to upregulate RANKL production.
Interestingly, TNFa production was significantly elevated in this group, but was insufficient
to promote bone loss in the absence of increase RANKL. These data are consistent with the
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action of TNFa, which is not directly osteoclastogenic but functions to synergistically
amplify the activity of RANKL38-40. Another interesting observation is that very high
concentrations of transferred T cells produced RANKL production but not TNFa and led to
trabecular, but not cortical, bone loss. The amplificatory role of TNFa thus appears to be
essential to amplify RANKL to induce a robust cortical bone loss. Indeed transplantation of
T cells deficient in TNFa production likewise led to only trabecular bone loss. These data
are further consistent with the fact that pharmacological ablation of TNFa using Etanercept
also significantly protected cortical bone while mediating only weak protection of trabecular
bone mass.

The transplantation of T cells deficient in RANKL production led to complete protection of
cortical bone, however surprisingly did not provide significant protection from trabecular
bone loss. These data suggest that additional sources of RANKL such as those from B cells
may be sufficient to promote trabecular bone loss in the presence of permissive
concentrations of TNFa.

The reason that different concentrations of T cells lead to somewhat different cytokine
production and bone loss is not presently clear, however we speculate that higher doses of T
cells may lead to reconstitution too rapidly to generate sufficient prolonged TNFa
production, while too few T cells may produce inadequate concentrations of RANKL to
effectively drive bone loss.

Another plausible explanation is that the expansion of T cells from a modest pool may lead
to a contraction of the T cell repertoire and accumulation of a relatively large number of T
cell clones responding robustly to foreign and self-antigens. Although rare, such reactive T
cell clones would likely have a selective advantage and more effectively reconstitute than
non-reactive clones, leading to their preferential amplification. High concentrations of
reactive T cell populations could mediate a persistent inflammatory response. Persistent
inflammation is indeed a well-documented feature of patients on long term ART#%:50 and
although the cause is unclear, our mouse model may indeed be replicating this event. A
similar effect is observed in aging (inflammaging) due to age-associated contraction of the T
cell repertoire leading to accumulation of autoreactive T cells®! and bone loss. This
explanation is consistent with our observations of chronic bone loss persisting for at least 3
months in mice, time points well beyond the 2-3 week time frame normally required for
homeostatic expansion to be completed following adoptive transfer.

The fact that not only T cells produce RANKL and/or TNFa, but also multiple other
immune cells including APCs, B cells and monocytes, suggests that chronic activation of
immune responses may underlie long-term bone loss. It is important to point out that bone
loss in HIV-infected patients on ART is also polymorphic and that even within a defined
cohort there are subjects who are resistant to bone loss and other with extensive bone loss.
The factors playing into this are likely complex and multifactorial but the extent of T cell
reconstitution, number of starting, and ending T cells, and other immune cells, may well
play into the eventual outcome.
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Eight week old mice were used for adoptive transfer, a time at which the long bones are still
growing and accreting bone mass. As a consequence, T cell adoptive transfer leads to a
significant delta between sham and experimental groups as a consequence of both bone loss
and a failure to accrete new bone mass. These femoral data may provide clues as to the
effects of T cell reconstitution on bone modeling in children initiating ART. However, as
vertebral BMD peaks earlier (around 8 to 12 weeks) in this strain, reconstituted animals
show a significant loss of BMD that may more closely represent bone remodeling in adult
humans initiating ART. The TCRp KO mouse however is a thymus independent model of T
cell deficiency and despite the relatively young age of the mice the T cell reconstitution
phase of the study is likely representative of human adults where the thymus is expected to
be largely atrophic and unlikely to significantly contribute to T cell restoration. Competition
from de novo T cell generation through the thymus may significantly alter the dynamic in
children and remains to be studied.

Since the majority of HIV-infected adults have declining bone mass due to natural aging,
interventions to prevent further bone loss are needed in this population. The transient and
early increase in bone resorption following ART-initiation152 suggests a potential for
short-term anti-resorptive therapy, for which we provide a proof of concept in T cell
reconstituted mice. Importantly, zoledronic acid did not impair T cell reconstitution in these
immunodeficient mice. Therefore, short-term use of this and related bone protective agents
may be safe in HIV-infected patients initiating ART. In fact, zoledronic acid has been used
successfully in the treatment of osteoporosis in HIV-infected patients®3:54 and extending
treatment pre-emptively to protect against ART-associated bone loss, even in non-
osteoporotic patients, may be an important future approach to reducing fracture in this at risk
population.

Because, immune-reconstitution in mice led to not only cortical, but also dramatic trabecular
bone loss, even under conditions where cortical bone loss was not induced, it is important to
note that traditional DXA-based bone densitometry measurements in patients significantly
underestimate trabecular bone loss and may thus underestimate the extent of total bone loss,
and hence fracture risk. This is especially problematic in younger populations where fracture
risk does not directly correlate with BMD T-scores®® leading to a conservative approach to
therapy.

Although our animal model may not completely recapitulate the complexity of HIV
infection state and the effect of ART in humans, it does offer a unique opportunity to isolate
the bone impact of immune reconstitution in a background of immunodeficiency without the
plethora of confounding variables that plague clinical studies in human.

In conclusion, our data demonstrate a cause-effect relationship between T cell repopulation
and/or immune reconstitution and osteoclastic bone loss. These data provide a proof of
concept that enhanced bone loss associated with ART initiation may be related, in large part,
to immune regeneration and/or reactivation rather than, or in addition to, direct effects of
ART on bone cells. In our animal model, short-term anti-resorptive therapy prevented bone
loss associated with T cell repopulation and should be explored further in HIV-infected
patients starting ART.
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MATERIALS AND METHODS

Mice

All animal studies were approved by the Emory University Institutional Animal Care and
Use Committee (IACUC) and were conducted 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 gamma-irradiated 502 mouse chow
(Purina Mills) and autoclaved water ad libitum. The animal facility was kept at 23°C (x1°C)
with 50% relative humidity and a 12 hour/12 hour light/dark cycle.

Animals were distributed into experimental groups based on baseline BMD measurements
of lumbar spine and femurs in order to minimize variances in total BMD between groups
that could bias outcomes in cross sectional studies such as in vitro uCT and
histomorphometry.

T cell adoptive transfer

CD3™* T cells were purified from the spleens of 6-8 week old female WT C57BL6 mice. For
some studies T cells were harvested from 6-8 week old female TNFa KO C57BL6 mice
purchased from Jackson Labs (Bar Harbor, ME) or 6-8 week old female RANKL KO mice
on the C57BL6 background. RANKL KO mice were obtained from an Emory breeding
colony derived from donors originally provided by Dr. Yongwon Choi (University of
Pennsylvania)®®57. T cells were purified by negative immunomagnetic isolation (Stem Cell
Inc.) to = 97 % purity (Supplementary FigurelA). All buffers, reagents and materials used in
T cell purification were sterile and endotoxin free and T cells were processed under sterile
conditions. Unless otherwise stated 1 x 10° purified T cells were adoptively transferred by
tail vein injection into syngeneic female C57BL6 TCRp KO mice at 8 weeks of age. Sham
mice were tail vein injected with vehicle (phosphate buffered saline [PBS]). Where
indicated, mice received a single 0.4 mg/kg intraperitoneal (IP) dose of zoledronic acid
(Novartis Pharmaceutical Corporation) at the time of T cell adoptive transfer. Some T cell
reconstituted TCRP KO mice were injected IP 3 times per week for 3 months with 3 mg/kg
of the pharmacological TNFa antagonist Etanercept (Pfizer Inc.). Mice were sacrificed 3
months after adoptive transfer for detailed bone and immuno-phenotyping.

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 DXA using a PIXImus 2 bone
densitometer (GE Medical Systems) as described 8. Data are presented as percentage
change from baseline for each mouse. Baseline BMD (g/cm?) for each mouse in each group
are located in Supplementary Tables 1 to 4.

Micro-computed tomography

UCT was performed in femurs ex vivo using a JCT40 scanner that was calibrated weekly
with a factory-supplied phantom (Scanco Medical, Bassersdorf, Switzerland) as
described®859, For trabecular bone 100 tomographic slices were taken (total area of 600 um)
at the distal right femoral metaphysis at a voxel size of 6 um (70 kVp and 114 mA, and 200
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ms integration time). Trabecular bone was segmented from the cortical shell, for a total area
of 0.6 mm beginning ~0.5 mm from the distal growth plate and projection images
reconstructed using the autocontour function for trabecular bone. Cortical bone was
quantified at the mid-diathesis from 100 slices at a voxel size of 6 um. Representative
samples were reconstructed in 3D to generate visual representations of cortical and
trabecular structure. Indices and units are standardized per the “Guidelines for assessment of
bone microstructure in rodents using micro-computed tomography”¢0.

Quantitative bone histomorphometry

Bone histomorphometric analysis was performed at the University of Alabama at
Birmingham Center for Metabolic Bone Disease— Histomorphometry and Molecular
Analysis Core Laboratory, as previously described by us>%61, Briefly trichrome-stained
plastic-embedded sections of calcein double labeled femora from sham and CD3* T cell
reconstituted mice were analyzed by an operator blinded as to the nature of the samples.
Indices and units are reported per the revised recommendations of the ASBMR
Histomorphometry Nomenclature Committee52.

Biochemical indices of bone resorption

CTx, Osteocalcin, total RANKL, OPG and TNFa were quantified in mice serum 12 weeks
after T cell transfer using RATlaps (CTx) and Rat-MID (osteocalcin) ELISAs
(Immunodiagnostic Systems Inc. Fountain Hills AZ) and ELISAs from R&D Systems for
RANKL, OPG and TNFa.

In vitro osteoclastogenesis assays

Whole bone marrow was cultured in aMEM supplemented with 10% Fetal Bovine Serum
(FBS) and treated with rmM-CSF (30 pg/mL). After 9 days TRAP* multinucleated cells (= 3
nuclei) were quantitated under light microscopy and normalized for size based on humber of
nuclei.

Flow cytometry

Surface staining—Single cell suspensions of spleens and bone marrow were prepared
and surface staining performed on 1 x 10° cells per reaction in FACS buffer (PBS
containing 1% Fetal Bovine Serum (FBS)) for 30 minutes at 4°C followed by one wash in
FACS buffer and fixation in PBS containing 1% paraformaldehyde. All antibodies were
purchased from eBioscience Inc. (San Diego, CA), unless otherwise indicated. For direct
staining of T cells, we used rat anti-mouse CD4-FITC (clone Gk1.5, 0.25 ug/test) and CD8-
APC (clone 53-6.7, 0.125 pg/test); B cells were stained using cd45R (B220)-FITC (clone
RA3-6B2, 0.5 pg/test); monocytes/macrophages were stained using CD11b-APC
(cloneM1/70, 0.125 pg/test) and CD11c-APC (clone N418, 0.25 ug/test); myeloid lineage
and bone marrow stromal cells were stained using rat anti-mouse CD106 (VCAM-1)-FITC
(clone 429, 0.5 pg/test), Armenian hamster anti-mouse/rat CD29-APC (clone HMb1-1, 0.25
ug/test) and rat anti-mouse Ly-6A/E (Sca-1)-FITC (clone D7, 0.5 ug/test). Rat isotype and
fluorochrome matched controls, as well as fluorescence-minus-one (FMOQ) controls were
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used to control for non-specific binding and to set gates (see Supplementary Figures 10 and
11).

Indirect surface staining for RANKL was performed as previously described33. Briefly, cells
were incubated with human OPG-Fc (R&D Systems) at 1ug/ml for 30 minutes in FACS
buffer, followed by anti-human IgG-Fc-PE at 1ug/test. To ensure specific detection of
RANKL, we included controls stained with anti-human 1gG Fc-PE without prior pre-
incubation with OPG-Fc, and consistently observed negligible background staining levels <
5% non-specific binding.

Intracellular staining for TNFa production—Cells were cultured unstimulated for 4
hours with the protein transport inhibitor Golgistop (BD Biosciences) in 12-well flat-
bottomed plates (Costar, Cambridge, MA) at a concentration of 2.5 x 106 cells/well in a
volume of 2 ml complete medium. The cells were harvested, washed once in FACS buffer,
and surface stained for lineage markers in FACS buffer as indicated above. After washing
the unbound antibody, cells were fixed and permeabilized using the Cytofix/Cytoperm kit
according to the manufacturer's instructions (BD Biosciences). Spontaneous intracellular
TNFa production was quantified by flow cytometry using PE-conjugated monoclonal rat
anti-mouse TNFa antibody (clone MP6-XT22, 0.125 pug/test). Isotype control antibody (PE
rat 1gG1, 0.125 pg/test) (BD Biosciences) was used to control for non-specific binding and
as a reference to set gates.

The minimal number of events for BM CD4 or CD8 subset analysis was 1,250 — 2,500 cells.
Samples were acquired on an Accuri flow cytometer (BD Immunocytometry Systems) and
the data analyzed with Flowjo software version 9.5.3 (Treestar Inc. Ashland, OR).

Statistical Analysis

Statistical significance was determined using GraphPad Prizm 5.0 for Mac (GraphPad
Software Inc. La Jolla, CA). Multiple cross sectional comparisons were performed by
Kruskal-Wallis 1 way ANOVA with Dunn’s Multiple Comparison post hoc test. For simple
comparisons between two groups we used the Mann-Whitney test for non-parametric data.
Prospective changes over time between two groups were analyzed by 2-Way ANOVA with
Bonferroni post-test. P <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

ART antiretroviral therapy

BM bone marrow

BMSC bone marrow stromal cells

BMD bone mineral density

CTx C-terminal telopeptide of collagen type |

DXA dual energy X-ray absorptiometry

uCT micro-computed tomography

OPG osteoprotegerin

RANK receptor activator of NF-xB

RANKL RANK ligand

TCRp T cell receptor beta
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Figure 1. T cell reconstitution induces bone turnover and loss of BMD and bone structure in
TCRp KO mice

BMD (% change from baseline) was quantified by DXA prospectively at baseline, 2, 4, 8
and 12 weeks following T cell (1 x 10° CD3* T cells) transplant or vehicle injection (sham)
at (A) total body, (B) lumbar spine, (C) femurs and (D) tibias. Data expressed as mean +
SEM, *p<0.05, **p<0.01, ***p<0.001, 2-Way ANOVA with Bonferroni post-test (n=8
mice per group). At 12 weeks the following cross sectional endpoints were analyzed: (E)
micro-computed tomography of representative femoral cortical (upper panels) and trabecular
(lower panels) high resolution (6 um) 3D reconstructions. White bar represents 500 um. (F)
Histological sections of distal femur from sham and CD3"* T cell reconstituted mice.
Mineralized bone stains blue (red arrows indicate trabeculae in the metaphysis and yellow
arrows in the epiphysis). White bar represents 200 um. Serum ELISAs were used to
quantify: (G) CTx, (H) osteocalcin, (I) RANKL, (J) OPG, (K) TNFa. Data points represent
individual animals with median (black line), n= 8 mice per group. *P<0.05, **P<0.01 or
***P<(0.001 by Mann-Whitney test. (L) In vitro osteoclastogenesis assay. TRAP+
multinucleated (= 3 nuclei) cells were generated from bone marrow from 4 individual mice
per group with 5 wells per mouse averaged per data point. Data representative of 2
independent experiments and presented as individual wells with median (black line).
*P<0.05 by Mann-Whitney test.
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Figure 2. Proportion of immune cells producing RANKL and TNFa following T cell
reconstitution

Expression of RANKL was quantified by flow cytometry in WT control mice and TCR KO
mice 1 week following reconstitution with 1 x 10° CD3* T cells (TCRB+T cells) in: (A) BM
CD4* T cells; spleen CD4* T cells; (C) BM CD8* T cells and (D) spleen CD8" T cells.
Expression of RANKL was further quantified in: (E) total BM B-lineage; (F) BM immature
B cells and B cell precursors; (G) mature BM B cells; (H) mature B cells in spleen; (1)
osteoblasts: (J) BM stromal cells (BMSC); (K) BM dendritic cells and (L) splenic dendritic
cells. Expression of TNFa was quantified by flow cytometry in WT control mice and TCRf
KO mice 1 week after reconstitution with T cells (TCRB+T cells) in: (M) BM CD4* T cells;
(N) spleen CD4* T cells; (O) BM CD8* T cells and (P) spleen CD8* T cells. Expression of
TNFa was further quantified in: (Q) total BM B-lineage; (R) BM immature B cells and B
cell precursors; (S) mature BM B cells; (T) mature B cells in spleen. Data points represent
individual animals with median (black line), n=6 independent mice per group. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 by Kruskal-Wallis 1-way ANOVA with Dunn's
Multiple Comparison post-test for 3 groups or Mann-Whitney for simple comparisons
between two groups.
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Figure 3. Reconstitution of TCRB KO mice with TNFa KO T cells or RANKL KO T cells blunts
cortical but not trabecular bone loss

T cell adoptive transfer was performed by transplanting 1 x 10> WT CD3* T cells, 1 x 10°
TNFa KO CD3* T cells or 1 x 10° RANKL KO CD3* T cells into TCRp KO mice. BMD
was quantified by DXA at baseline and 12 weeks following T cell transplant at: (A) total
body, (B) femurs and (C) lumbar spine. Cross sectional endpoints were analyzed at 12
weeks after transfer for: (D) micro-computed tomography of representative cortical (left
panels) and trabecular (right panels) high resolution (6 um) 3D reconstructions of femurs.
White bar represents 500 um. Serum ELISAs were used to quantify: (E) CTx, (F)
osteocalcin, (G) RANKL, and (H) OPG and (I) TNFa. Data points represent individual
animals with median (black line), *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis 1-way
ANOVA with Dunn's Multiple Comparison post-test (n=12 sham, 11 WT, 8 TNFa KO and
7 RANKL KO mice per group).

Nat Commun. Author manuscript; available in PMC 2016 March 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Page 22

A Total Body B = Lumbar Spine
10 20
z£ —3 -
%3 sl 2z E
& m 3 a
i 55
&= o £
é & -5 . é E, d @sham
o5 " oo s g oo ess
25 o] T Fo | T
@ v 109 & o3 T cels + Etanercept o O osls + Etanercep w —
B =
454 2 4 8 12 MOS0 2 4 8 12
Weeks Weeks
c
204 Femurs D 204 Tibias
22 >2
235 10 ]
Beg S E
25 - r = r = T8 -
g £
2 & 51 esun - o T T T
S & . s ®sham
S 8 .10 mcoTeens gs
as ) . 8§ e Tools
O 45 A cos Teels s Enercent 2 )
N i I B o0
207 2 4 8 12 0 2 a 8 12
Weeks Weeks

Micro-Computed Tomography

Cortical :‘g 60 "
2 .
x40 A
el —_—
o ] "
e L e
8 —
Trabecular
T T T
Sham CD3* CD3*
Etanercept
Sham CD3* T cells CD3* T cells+
Etanercept
P=N.S.
250- H I
1.0 - 50
£ 200 . A = — 5
5 [ ] £ 08 A 40 ]
£ = €
2 A > _— £ .
5 100 —.—— < o6 = £30 .
= o ot (9] - A —_—
< 100 a. o i Z )
s : ) WA % 0.4 T3 R £ 20 "
E 504 “eo 2 02 310 eegye® =
B @ 2]
T T T 0. o T
Sham  CcD3*  CD3' Sham  CD3*  CD3' Sham cD3*
Etanercept Etanercept

Figure 4. Pharmacological TNFa ablation blunts cortical but not trabecular bone loss caused by
T cell reconstitution

TCRp KO mice were treated with Etanercept, a TNFa decoy receptor, after adoptive transfer
of 1 x 105 WT CD3* T cells. BMD (% change from baseline) was quantified by DXA
prospectively at baseline, 2, 4, 8 and 12 weeks following T cell (CD3* T cells) transplant or
vehicle injection (sham) at (A) total body, (B) lumbar spine, (C) femurs and (D) tibias. Data
expressed as mean = SEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to
sham by 2-Way ANOVA with Bonferroni post-test (n=8 mice per group). Cross sectional
endpoints were analyzed at 12 weeks after transplant for: (E) micro-computed tomography.
Representative cortical (upper panels) and trabecular (lower panels) high-resolution (6 um)
3D reconstructions of femurs from T cell reconstituted mice, with or without Etanercept at
12 weeks. White bar represents 500 um. Serum ELISAs were used to quantify: (F) CTx, (H)
osteocalcin, (G) RANKL, and (H) OPG and (I) TNFa. Data points represent individual
animals with median (black line), *p<0.05, **p<0.01, ***p<0.001 by Kruskal-Wallis 1-way
ANOVA with Dunn's Multiple Comparison post-test (n=7 mice per group).
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Figure 5. Starting T cell number impacts the magnitude of bone loss in trabecular and cortical
bone compartments

T cell adoptive transfer dose response was performed by transplanting (0, 1 x 103, 1 x 10° or
1 x 107) WT CD3* T cells into TCRB KO mice. BMD was quantified by DXA at baseline
and 12 weeks following T cell transplant at (A) lumbar spine, and (B) femurs. Cross
sectional endpoints were analyzed at 12 weeks after transplant for: (C) micro-computed
tomography or representative cortical (upper panels) and trabecular (lower panels) high
resolution (6 um) 3D reconstructions of femurs from T cell reconstituted mice at 12 weeks.
White bar represents 500 pm. Serum ELISAs were used to quantify: (D) CTx, (E)
osteocalcin, (F) RANKL, (G) OPG, and TNFa (H). Data points represent individual animals
with median (black line), *p<0.05, **p<0.01, ***p<0.001 compared to control (0 T cells) by
Kruskal-Wallis 1-way ANOVA with Dunn's Multiple Comparison post-test (=8 mice per

group).
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ART-induced T cell restoration and/or immune reactivation (T cell/antigen presenting cell
(APC) activity and/or T cell/humoral immunity) leads to osteoclastogenic cytokine
production including RANKL and TNFa by T cells and B cells and TNFa by monocytes.

These cytokines of immune origin distort the immuno-skeletal interface impacting the

skeletal system as RANKL binds to its receptor RANK or osteoclast precursors causing
them to differentiate into pre-osteoclasts that fuse into giant multinucleated mature bone
resorbing osteoclasts. The association of TNFa with its receptors on osteoclast lineage cells
may further synergize with RANKL signal transduction, thus amplifying osteoclast

formation and driving up bone resorption leading to bone loss.
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Femoral uCT and Bone Histomorphometry Analysis of T cell Reconstituted Mice.

Table 1

uCT Sham CD3* T cells % Change P
Median (IQR)  Median (IQR)
Trabecular Indices
TV [mm3]: 1.291 (0.149) 1.324 (0.113) +33 0.2345
BV [mm?d]: 0.0679 (0.016) 0.0371 (0.008) -45.4 *0.0006
BV/TV [%]: 5.260 (1.482)  2.875(0.615) -45.3 *0.0002
Tb.Th [mm]: 0.0399 (0.0018)  0.0286 (0.0052) -28.4 *0.0019
Th. N [/mm]: 3457 (0.428)  2.875(0.267) -16.8 *0.0006
Tb. Sp [mm]: 0.3033 (0.0409)  0.3590 (0.0318) +18.4 *0.0011
TV. D [mg HA/cmd] 41.56 (19.80) 5.46 (15.66) -86.9 *0.0002
Cortical Indices
Ct. Th [mm]: 0.1810 (0.0067)  0.1445 (0.0255) -20.2 *0.0027
Ct. Ar [mm?]: 0.7379 (0.0838)  0.5983 (0.0967) -18.9 *0.0047
Histomorphometry =~ Sham CD3* T cells % Change P
Median (IQR)  Median (IQR)
Osteoblasts & Bone formation
N.Ob/BS: 17.13 (4.23) 9.29 (10.90) -458  *00401
MAR [um/day]: 1.67 (0.38) 1.38 (0.40) -175 *0.0289
BFR/BS [pm/per day]: 0.76 (0.33) 0.65 (0.40) -14.4 0.2319
BFR/TV [per day]: 0.0040 (0.0026)  0.0021 (0.0011) -46.7 *0.0234

Page 25

Structural indices: total volume (TV), trabecular bone volume (BV), bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular

separation (Th. Sp), trabecular number (Th. N); cortical area (Ct. Ar) and cortical thickness (Ct. Th).

Histomorphometric indices: number of osteoblasts per bone surface (N.Ob/BS), mineral apposition rate (MAR) and bone formation rate (BFR)
per bone surface (BFR/BS) and per tissue volume (BFR/TV).

All data presented as Median with Interquartile Range (IQR) of N= 8 mice per group. Exact P values from Mann-Whitney tests are presented.

*
P<0.05
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Femoral Structural Indices in TCRp KO Mice Reconstituted with WT, TNFa KO or RANKL KO T cells

Sham WT T cells TNFa KO T cells RANKL KO T cells
Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Trabecular Indices
TV [mm3: 1.263 (0.088) 1.459 (0.307)"* 1.277 (0.100) 1.292 (0.068)
TV[A] 0 +15.5 +1.1 +1.3
BV [mm?]: 0.0628 (0.0176)  0,0373(0.0273)"*  0.0317 (0.0090)""  0.0328 (0.0358)"
BV [A] 0 -40.7 -49.6 -47.8
BVITV [%]: 5.065 (1.372) 2.380 (L.730)"  2.385(0.737)"" 2.540 (2.750)"
BVITV [A] 0 -53.0 -52.9 -49.9
Tb.Th [mm]: 0.04045 (0.0050)  0.0346 (0.0104)  0.04395 (0.0071)® 0.0413 (0.0140)
Tb.Th [A] 0 -145 +8.7 +2.1
Th.N [/mm]: 3.164 (0.381) 2597 (0.581)"** 2.820 (0.377) 2.726 (0.462)
Th.N [A] 0 -17.9 -10.9 -138
Th. Sp [mm]: 03162 0.0427) (3000 (0.0821)""* 03700 (0.0494)"* 03687 (0.0526)
Th. Sp [A] 0 +26.2 +17.3 +16.6
TV.D[mgHAKCm®]:  50.97 (1582) 2665 (2376)""  15.85 (23.36)" 26.69 (43.46)
TV.D [4] 0 -94.8 -63.0 -47.6
Cortical Indices
Ct. Th [mm]: 01785 (0.0068) 01300 (0.0350)™*  0.1645(0.0822) 1514 5 0700)55%
Ct. Th[A] 0 -27.2 -78 +1.4
Ct. Ar [mm?]: 0.7483 (0.0700) (5685 (0_3177)*** 0.6612 (0.1158) 0.7298 (0.0679)$$
Ct. Ar [A] 0 -24.0 -116 -25

Structural indices: total volume (TV), trabecular bone volume (BV), bone volume fraction (BV/TV), trabecular thickness (Th. Th), trabecular
separation (Th. Sp), trabecular number (Th. N); cortical area (Ct. Ar) and cortical thickness (Ct. Th). Data presented as Median with Interquartile
Range (IQR) of N=12 Sham, 11 WT T cells, 8 TNF KO T cells and 7 RANKL KO T cells mice/group,

*
p<0.05.

*

*
p<0.01;

*%

*
p<0.001 vs. Sham;

$$

p<0.01;

$$$

p<0.001 vs. WT T cells by 1 way ANOVA with Kruskal Wallis post-test. (A =% Change from Sham)
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Femoral UCT Analysis of T cell Reconstituted Mice Treated with Etanercept.

Table 3

Page 27

Trabecular Indices Sham CD3 T cells % Change CD3Tcells+ % Change
Median (IQR) Median (IQR) of Sham Etanercept of Sham
Median (IQR)

TV [mmd]: 1.402 (0.150) 1.447 (0.145)" +3.2 1.388 (0.205) -1.0
BV [mm3]: 0.0496 (0.041) (0318 (0.0167)" -35.9 00364 (0.0177)  -26.6
BVITV [%]: 3.540 (3.310) 2.200 (1.120)* -37.9 2.590 (1.220) -26.8
Tb.Th [mm]: 0.0428 (0.007) 00325 (0.006)" -24.1 0.0379 (0.017) -115
Tb.N [/mm]: 2.489 (0.529) 2.506 (0.307) +0.7 2.634 (0.488) +5.8
Tb. Sp [mm]: 0.3982 (0.094) 0.3977 (0.0488) -0.1 0.3854 (0.0846) -3.2
TV.D [mg HA/cm3]:  14.51 (16.81) 2.424 (5.00)" -83.3 11.06 (22.21) -237
Cortical Indices

Ct. Th [mm]: 0.1650 (0.0170) 1280 (0.0240)"* -224  0.1580 (0.0210) -4.2
Ct. Ar [mm]: 0.7795(0.1099) (5875 (0.0888)*** 246  0.7332(0.0541) -5.9

Structural indices: total volume (TV), trabecular bone volume (BV), bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular
separation (Th. Sp), trabecular number (Th. N); cortical area (Ct. Ar) and cortical thickness (Ct. Th). Data presented as Median with Interquartile

Range (IQR) of N=7 mice/group,

*
p<0.05.

*%

p<0.01;

*%

*
p<0.001 vs Sham by 1 way ANOVA with Kruskal Wallis post-test.
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Table 4

Femoral Structural Indices in TCRp KO Mice Reconstituted with Different Numbers of T cells

Trabecular Indices 0T cells 103 T cells 105 T cells 107 T cells
Median (IQR)  Median (IQR) Median (IQR) Median (IQR)
TV [mmd]; 1291 (0.149)  1.235(0.123) 1.324 (0.113) 1.281 (0.101)
TVI[A] 0 -4.3 +3.3 -0.8
BV [mm3: 0.0679(0.016) ~ 0.0577 (0.0142) 0371 (0.008)*  0.0359 (0.0165)"*
BV [A] 0 -15.0 —45.4 —-47.2
BVITV [%]: 5260 (1.482)  4555(L105) o475 (0615 2.775 (1.050)"
BVITV [A] 0 -13.4 —45.3 —-47.2
Tb.Th [mm]: 0.0399 (0.0018)  0.0361 (0.0092) 0286 (0.0052)**  0-0358 (0.0049)
Th.Th [A] 0 -95 -28.4 -10.3
Tb.N [/mm]: 3457 (0428)  3.391(0301) 475 (0.267)"" 3.081 (0.320)
Th.N[A] 0 -06 -16.8 -10.9
Tb. Sp [mm]: 0.3033 (0.0409)  0.3014 (0.0414) (3500 (0.0318)"*  0.3339 (0.0308)
Tb. Sp [A] 0 -0.6 18.4 10.1
TV.D[mgHA/Cm?]: 4156 (19.80)  3632(155) 546 (15,66 12.17 (21.59)"
TV.D [A] 0 -12.6 —-86.9 -70.7
Cortical Indices
Ct. Th [mm]: 0.1810 (0.0067)  0.1820 (0.0095) (1445 (0.0255)"*  0.1730 (0.0100)
Ct. Th[A] 0 +0.6 -20.2 -4.4
Ct. Ar [mm?]: 0.7379(0.0838) 0.7336 (0.0614) (5983 (0.0967)"*  0.7192 (0.0468)
Ct Ar[A] 0 -0.6 -18.9 -25

Page 28

Structural indices: total volume (TV), trabecular bone volume (BV), bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular
separation (Th. Sp), trabecular number (Th. N); cortical area (Ct. Ar) and cortical thickness (Ct. Th). Data presented as Median with Interquartile
Range (IQR) of N=8 mice/group,

*
p<0.05.

* %

p<0.01;

*%

p<0.001 vs. 0 T cells by 1 way ANOVA with Kruskal Wallis post-test.
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