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Abstract

Radiotherapy remains a common treatment modality for cancer despite skeletal complications;
however, there are currently no effective treatments for radiation-induced bone loss. The
consequences of radiotherapy on skeletal progenitor cell (SPC) survival and function remain
unclear. Following radiation, leptin receptor-expressing cells, which include a population of
SPCs, become localized to hypoxic regions of bone and stabilize the transcription factor hypoxia-
inducible factor-2a (HIF-2a), thus supporting a role for HIF-2a in the skeletal response to
radiation. Here, we conditionally knocked out HIF-2a in leptin receptor-expressing cells and
their descendants in mice. Radiation therapy in wildtype mice reduced bone mass; however,
HIF-2a conditional knockout mice maintained bone mass comparable to non-irradiated controls.
HIF-2a was shown to negatively regulate the number of SPCs, the production of bone forming
osteoblasts, and bone mineralization. To test whether blocking HIF-2a pharmacologically could
reduce bone loss during radiation, we administered a selective HIF-2a inhibitor (PT2399), whose
structural analog recently received FDA approval, to wildtype mice before radiation exposure.
Pharmacological inhibition of HIF-2a was sufficient to prevent radiation-induced bone loss in a
single-limb irradiation mouse model. Since approximately 90% of patients using HIF-2a inhibitor
treatment develop anemia due to off-target effects, we developed a bone-targeting nanocarrier
formulation to deliver the HIF-2a inhibitor to bone, in order to increase on-target efficacy and
reduce off-target toxicities. Nanocarrier-loaded PT2399 prevented radiation-induced bone loss

in mice while reducing drug accumulation in the kidney. Targeted inhibition of HIF-2a. may
therefore represent a therapeutic approach for protecting bone during radiation therapy.

INTRODUCTION

Approximately 50% of all patients with cancer receive radiotherapy over the course of
their treatment (1, 2), however, skeletal complications are a commonly recognized adverse
outcome in this patient population. Radiation treatment leads to increased risk of rib
fractures in breast cancer patients (1.8-19% incidence) (3, 4), pelvic insufficiency fractures
in patients suffering from gynecological cancers (4-45.2% incidence) (5-8), and late-onset
fractures in women receiving radiotherapy for lower extremity soft-tissue sarcomas (9).
As the survival rate of cancer patients continues to improve, so too does the need to
prevent secondary effects of radiotherapy as it represents a substantial disease burden in
patients (10). Clinical agents to treat radiation-induced bone loss in patients have not been
established nor have they been translated into effective treatment regimens. As such, there
is a great need to identify therapeutic targets that can ameliorate the consequences of
radiotherapy.

The biological underpinnings of radiation-induced bone loss are incompletely understood.
Bone-resident cells respond to extrinsic signals derived from the specialized niche of the
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bone microenvironment to support normal function. Radiation induces robust changes to the
bone microenvironment, including overall decreases in bone marrow cellularity, disruption
of marrow vasculature, production of free radicals, and disruption of intrinsic paracrine
signaling factors (11-14). This altered bone microenvironment may contribute in part to the
nature of bone injury in patients undergoing radiation therapy.

The bone microenvironment is characterized by steep oxygen gradients, with oxygen
tensions decreasing from the peripheral endosteal regions towards the central medullary
cavity (15). This hypoxic environment is essential for maintaining homeostasis by regulating
the function of resident cells including osteoprogenitors, endothelial cells, chondrocytes

and hematopoietic stem cells (HSCs) (15-21). Cellular responses to hypoxia are mediated
primarily through the hypoxia-inducible factor (HIF) transcription factor signaling pathway.
The contribution of hypoxia and HIF signaling in regulating skeletal progenitor cell (SPC)
function has not been deeply investigated.

SPC subsets in the bone marrow stroma express distinguishing markers, such as Nestin,
leptin receptor (Lepr), paired-related homeobox 1 (PrxZ), and collagen 1lal (ColZal),
enabling cell type-specific labeling or genetic modification (22-25). Nestin+ cells are
localized to perivascular regions where oxygen tensions range from 1.3-3% O (15). Lepr+
SPCs, the major source of osteoprogenitors in adulthood, also lie in close association with
the vasculature, suggesting SPC behavior may also be intimately tied to their hypoxic niches
(23). In addition, bone formation is enhanced when HIF-2a is conditionally ablated in PrxZ
or Collalexpressing cells demonstrating that HIF-2a serves as a negative regulator of bone
formation (26, 27). Together these data suggest that the hypoxic bone microenvironment
facilitates the properties and function of SPCs and their descendants. Thus, we hypothesized
that targeting the HIF-2a signaling pathway in a SPC population and their descendants may
serve as an effective therapy for radiation-induced bone loss.

LepR+ SPCs contribute to new bone after radiation damage (23). Therefore, we tested our
hypothesis by employing a Lepr-Cre model to conditionally knockout HIF-2a to study the
role of HIF-2a in SPC function and their descendants upon radiation injury and subsequent
recovery . In addition to genetically manipulating the HIF-2a signaling pathway, selective
pharmacological inhibition of HIF-2a can be achieved through the use of clinical inhibitors
such as PT2399 and structural analogues, which are being investigated in clinical trials for
renal cell carcinoma (28). Systemic administration of such compounds has led to adverse
events, particularly anemia, caused by the reduction of circulating EPO due to renal HIF-2a.
inhibition can contribute to dose-limiting toxicities (28, 29). Only recently, bone targeting
drug delivery systems such as nanoparticles have been proposed to treat skeletal disorders
and may offer advantages such as improved bioavailability and decreased systemic toxicity
(30-32). However, these technologies are still nascent, and more research is needed to
establish the efficacy of bone targeting nano-based therapeutics. Towards this end, by
encapsulating PT2399 within a nanocarrier conjugated to alendronate, we generated a bone
targeting delivery system to improve drug retention and release specifically at the site of
mineralized bone tissue, thereby minimizing off-target effects to kidney.
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This study explores the contributions of HIF-2a. signaling in SPC populations and their
descendants after radiation-induced microenvironment changes. HIF-2a was identified as

a regulator of bone formation in the context of radiation therapy which can be targeted

using the HIF-2a inhibitor, PT2399, to prevent radiation-induced bone loss. Finally, a
bone-targeting nanocarrier is employed to enhance site-specific drug retention and minimize
off-target toxicities.

Radiation exposure disrupts the perivascular niche and alters the hypoxia landscape.

To investigate the effects of radiation on bone, 12-16 week old wild-type (WT) mice were
subjected to single fraction 4 Gy total body irradiation (TBI). Body weights of irradiated
and non-irradiated animals were indistinguishable throughout the study, thus indicating
that a modest dose of 4 Gy TBI did not induce substantial or lethal toxicity that would
result in organ failure or weight loss (fig. S1, A and B). Microcomputed tomography
(microCT) and hematoxylin and eosin (H&E) histological analysis at 7 and 14 days post-
irradiation revealed a reduction in trabecular bone volume (Th.BV) 14 days post-irradiation
compared with non-irradiated controls (Fig. 1, A and B). Similarly, trabecular number
(Th.N) decreased with a corresponding increase in trabecular separation (Th.Sp) starting

7 days post-irradiation with further deterioration of the aforementioned bone parameters
observed 14 days post-irradiation (Fig. 1, C and D). No changes in trabecular thickness
(Th.Th) were observed at the time points investigated, suggesting that this parameter is less
sensitive to radiation damage (Fig. 1E). Overall, these findings indicate that exposure to 4
Gy TBI induces trabecular bone loss in mice.

Although it is well-accepted that radiation exposure results in bone loss, the cellular
mechanisms underlying this phenomenon remain unclear. LepR+ cells bone contain a
population of SPC that contribute to bone repair following radiation (23).

Leprc'e - Gt(ROSA)261Tomato/* (| epr-tdTm) reporter mice were generated to investigate the
effects of radiation on LepR+ cells and their supporting niche in the bone microenvironment.
Specificity of Cre recombinase expression was confirmed by confocal analysis of spleen,
kidney, liver, muscle, pancreas, and brain tissues isolated from Lepr-tdTm mice. Apart from
the liver, no discernable tdTm+ cells noted in the tissues analyzed (fig. S1C). Following

4 Gy TBI, confocal imaging revealed dynamic changes in the bone vasculature and
Lepr-tdTm+ reporter population (Fig. 1F, fig. S1D). Subsequent flow cytometry analysis
revealed an 8-fold expansion of Lepr-tdTm+ cells 3 days following radiation treatment

(p <£0.001) (Fig. 1, G and H, fig. S1E). This transient expansion of the LeprtdTm+

stromal cell population resolved to baseline by 14 days post-irradiation, suggesting that
LeprtdTm+ cells rapidly expand in the first 3 days following radiation injury (Fig. 1, F to
H). Visualization of endomucin+ vessels revealed changes in vascular morphology 3 days
post-irradiation coinciding with a 5-fold increase in endomucin+ endothelial cells when
assessed by flow cytometry (o< 0.05) (Fig. 1, F, I and J). However, this radiation-induced
vasodilation was transient and resolved to baseline numbers by 14 days post-irradiation (Fig.
1, I and J). Confocal imaging revealed that LeprtdTm+ cells remain closely associated

with the vasculature during the dynamic changes in the bone microenvironment following
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radiation (Fig. 1F, fig. S1C). These findings suggest that cellular responses of LepR+ cells
may be influenced by changes in the bone microenvironment caused by the disruption of the
bone vasculature.

The bone vasculature serves to transport oxygen, thus damage to this network can
subsequently alter homeostatic oxygen tensions present in the bone microenvironment.

The effects of radiation on oxygen tension within the bone remains largely unknown. To
investigate the implications of radiation on hypoxic bone niches, animals were injected with
pimonidazole, a chemical probe for visualizing hypoxia, 14 days post-irradiation. Radiation
resulted in robust changes to pimonidazole staining patterns. Specifically, animals receiving
4 Gy TBI had enhanced pimonidazole staining, suggesting a conversion of the homeostatic
bone microenvironment to a more hypoxic niche (Fig. 1K). Moreover, in both irradiated and
non-irradiated animals, Lepr-tdTm+ cells were found to be highly colocalized to hypoxic
regions (Fig. 1, K and L). Supporting the findings in the imaging analysis, flow cytometry
of cells isolated from long bones of irradiated Lepr-tdTm reporter mice revealed a 2-fold
increase in pimonidazole+ cells compared with non-irradiated controls (p < 0.001) with the
majority of Lepr-tdTm+ cells co-stain for pimonidazole (Fig. 1, M and N). These findings
indicated that oxygen tension likely plays a key role in LepR+ cell function and prompted us
to further investigate the relationship between radiation-induced changes to oxygen tension
and bone repair processes facilitated by LepR+ cells.

Hypoxia and HIF-2a regulate osteoblastogenesis and mineralization of SPCs.

Hypoxia serves as an important regulator of cellular function through the activation of

HIF signaling. To determine the potential impact of hypoxia on LepR+ progenitors, bone
marrow stromal cells (BMSCs) were derived from LeprtdTm mice for in vitro assays.
Flow cytometry analysis of BMSCs and enumeration of tdTm+ colonies confirmed that
the majority of BMSCs and BMSC-derived colony-forming unit fibroblasts (CFU-Fs)
(approximately 94%) were tdTm+ demonstrating that a purified population of Lepr-tdTm+
BMSCs can be readily attained for subsequent cultures (Fig. 2, A to D). Under hypoxic
conditions (1% O,), cultured CFU-Fs exhibited an increase in colony number, suggesting
that hypoxia promotes the expansion of LepR+ progenitors /n vitro (Fig. 2, E and F, fig.
2SA). To investigate the effect of hypoxia on SPC osteogenic differentiation, BMSCs were
cultured under conditions of normoxia (21% O,) and hypoxia (2% O,). Compared with
normoxia, osteogenic differentiation of BMSCs under hypoxia was impaired, as measured
by a reduction in alkaline phosphatase (ALP) staining and reduced mRNA expression of
osteogenic genes such as Bsp and Bglap (fig. S2A, Fig. 2, G and H). Consistent with

these in vitro findings, previous studies have shown that HIF-2a negatively regulates
osteoblastogenesis (26, 27). As such, subsequent studies aimed to determine if HIF-2a
serves as a critical component for maintaining bone homeostasis in skeletal progenitors,
particularly in the context of radiation stress response. First, in WT mice, BMSC expression
of HIF-2a under 1% and 2% O, was explored to mimic extravascular physiological hypoxia
within the bone marrow (15). Western blot analysis demonstrated that HIF-2a. protein is
stabilized under both 1% and 2% O, in BMSCs (Fig. 21). Similarly, there was an oxygen
tension-dependent induction of HIF target genes including G/ut1, Pgk, and Bnip3 (Fig.
2,Jto L). To further interrogate the role of HIF-2a in BMSCs, a Lepr-specific HIF-2a
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conditional knockout (HIF-2a. cKO) mouse was generated. Polymerase chain reaction
(PCR) analysis of genomic DNA from HIF-2a cKO-derived BMSCs revealed efficient
Cre-mediated recombination as confirmed by the presence of the recombined 1-loxP allele
(fig. S2B). Moreover, both a concordant decrease in the expression of the mRNA encoding
HIF-2a (Epasl) (fig. S2C) and HIF-2a protein were observed in whole bone homogenates
of HIF-2a ¢cKO mice and BMSC derived from control versus HIF-2a cKO animals (Fig.
2M). BMSCs isolated from HIF-2a cKO also showed a modest increase in pro-osteogenic
Bglap and Bsp mRNA expression (Fig. 2, N and O). In vivo, EpasI mRNA expression
was upregulated in response to radiation-induced stress in WT cells (Fig. 2P). Collectively,
these findings indicate that HIF-2a signaling has important implications in the LepR+ SPC
population, particularly in the context of radiation injury.

Loss of HIF-2a alters the transcriptomic profile within LepR+ cells.

To begin to interrogate transcriptomic differences resulting from the conditional ablation of
HIF-2a in LepR+ cells and their descendants after radiation exposure, bulk RNA sequencing
was performed on Lepr-tdTm+ cells isolated 14 days post-irradiation from LeortdTm WT
control and mice with both Lepr-tdTm and Lepr-specific HIF-2a cKO reporter animals
(LeprtdTm-HIF-2a cKO). Analysis revealed 840 differentially expressed genes (DEG)
(p-value of 0.05). Of these genes, 496 were upregulated and 344 were downregulated

(fig. S3A). A portion of DEG (>1.5-fold difference in gene expression) were clustered

and depicted as a heatmap (Fig. 3A). As expected, a decrease in Epasi, which encodes

for HIF-2a., was noted in Lepr-tdTm+ cells of the cKO mouse, validating the murine
model (Fig. 3A). Genes associated with the heat shock response were some of the most
highly downregulated genes in the absence of HIF-2a (Hsphl, Hspa8, Dnajal, Hsp90b1,
Hspab, Hspala, Dnajb9). An upregulation of genes associated with bone mineralization
(Bglap, Bglap2), cell cycle (Cdk5rapl), and metabolic function (S/c22a4, Slc2a4) was

also observed in irradiated HIF-2a cKO derived cells (Fig. 3A). Functional gene ontology
(GO) enrichment analysis revealed downregulation of biological processes related to protein
folding and upregulation of biological processes related to metabolic function, erythrocyte
development, and homeostasis with conditional HIF-2a loss (Fig. 3, B and C). These
changes were not noted between irradiated and non-irradiated HIF-2a. cKO samples,
demonstrating irradiation alone did not account for observed changes (fig. S3, B and C).
Increases in DNA damage and repair pathways were observed between LeprtdTm+ cells
from non-irradiated and irradiated Leor~tdTm reporter mice indicating that the 4 Gy TBI
dose of irradiation likely induced DNA damage (fig. S3D). Collectively, our transcriptomic
analysis suggests that following radiation HIF-2a. positively regulates stress/protein folding
and negatively regulates cell cycle, osteogenic, and metabolic function in LepR+ cells and
their descendants in the bone microenvironment.

HIF-2a cKO prevents loss of LepR+ cells and maintains homeostatic bone
microenvironmental hypoxia.

To expand upon and validate the transcriptomic analysis, we sought to determine the cellular
effects of HIF-2a loss on the Lepr-tdTm+ SPC population. The total number of Lepr-tdTm+
cells during the initial expansion period 3 days post-irradiation was unchanged between
LeprtdTm (control) and Lepr-tdTm-HIF-2a cKO mice (fig S4, A and B). The number
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of Lepr-tdTm+ cells remaining 14 days post-irradiation was increased by approximately 2.5-
fold in irradiated LeprtdTm-HIF-2a cKO mice animals compared with Lepr~tdtm control
(p<0.001) (Fig. 3, D and E). 14 days post-irradiation, bone marrow isolates were extracted
from irradiated Epas1 littermate control or HIF-2a cKO mice for progenitor cell analysis
by CFU-F assays. As expected, cells derived from WT bone marrow, fewer CFU-Fs were
produced from 4 Gy irradiated mice compared with 0 Gy TBI (fig. S4, C and D). Minimal
mineralization was also observed in irradiated vs non irradiated cells WT BMSCs, as
assessed by alizarin red (AR) staining after CFU-Fs were treated with osteogenic media (fig.
S4, C and E). In contrast, consistent with the increased numbers of tdTm+ cells seen in
LeprtdTm-HIF-2a cKO mice 14 days post-irradiation when compared to tdTm-Epas1™/f
littermate control mice (Fig. 3, D and E), HIF-2a. cKO bone marrow had a 9-fold increase
in the number of CFU-Fs compared with 4 Gy irradiated £pas1™ littermate control (Fig. 3,
F and G). To test if ablation of HIF-2a affects SPC osteogenic differentiation, CFU-Fs were
treated with osteogenic media and cultured for an additional 14 days to evaluate functional
mineralization AR staining (Fig. 3F). Indeed, HIF-2a cKO animals demonstrated a 10-fold
increase in mineralization compared with controls which had close to zero mineralized
colonies following radiation (Fig. 3, F to H). These data suggest that HIF-2a. negatively
regulates the number of Lepr-tdTm+ progenitors and their osteogenic lineage specification
following radiation injury.

Immunofluorescent images demonstrated that radiation markedly increased pimonidazole
staining for hypoxia in the bone microenvironment as early as 3 days post-irradiation and
persisted up to 14 days post-irradiation (Fig. 3, | and J). There was reduced hypoxia staining
(pimonidazole) in LeprtdTm-HIF-2a ¢cKO mice at both 3 and 14 days post-irradiation,
suggesting that loss of HIF-2a. in LeprtdTm+ progenitors protects against radiation-induced
changes in oxygen tension within the bone microenvironment (Fig. 3, I and J, fig. S4F).

A closer look into the hypoxic landscape revealed profound differences between irradiated
control and Lepr-tdTm-HIF-2a cKO animals. Following irradiation, control animals had
substantial pimonidazole staining throughout the marrow cavity and to a lesser extent along
trabecular bone surfaces (fig. S4F, Fig. 31). In contrast, bone marrow of irradiated Lepr-
tdTm-HIF-2a cKO animals was characterized by robust pimonidazole staining along bony
surfaces with substantial colocalization of LeprtdTm+ cells, with less pimonidazole staining
being observed throughout the marrow cavity (Fig. 3, | and J, fig. S4F). Collectively, these
data indicate that radiation transforms the hypoxic bone landscape, however, deletion of
HIF-2a in the LepR+ population may create a more radioresistant bone microenvironment
possibly through altered metabolic function.

HIF-2a cKO in LepR+ cells prevents radiation-induced bone loss.

Based on in vitro and in vivo observations that HIF-2a signaling mediates biological
responses to radiation exposure in LepR+ cells and their descendants, 12-16 week old
WT control and HIF-2a cKO mice were further analyzed. Next, 12-16 week old control
(Epas1™™ and HIF-2a. cKO mice were exposed to 4 Gy TBI to evaluate bone parameters
by microCT. As expected, histological examination and microCT analyses revealed that
4 Gy TBI reduced Th.BV/TV in irradiated control animals compared with non-irradiated
counterparts (Fig. 4, A to C). In contrast, microCT quantification of bone parameters
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revealed that irradiated HIF-2a cKO have increased Th.BV/TV, Th.N, and decreased Th.Sp
when compared with irradiated control mice (Fig. 4, C to E). Although no differences in
Th.Th were observed between non-irradiated and irradiated control mice, irradiated HIF-2a
cKO increased Th.Th when compared with irradiated controls (Fig. 4F). MicroCT analysis
of non-irradiated 14 week old WT mice revealed no differences in reported bone parameters
between 0 and 14 days, thus demonstrating that the observed changes in bone phenotypes
were not attributed to baseline bone formation over the measured time period (fig. S5, A

to D). No differences were observed in cortical parameters including cortical area per total
tissue area (Ct.A/TA) and cortical thickness (Ct.Th) between non-irradiated and irradiated
control mice. Nevertheless, HIF-2a cKO animals exhibited increased Ct.A/TA and Ct.Th
compared with both non-irradiated and irradiated controls (Fig. 4, A, G and H).

Stabilization and activation of HIF-1a also occurs under hypoxic conditions with HIF-1a
and HIF-2a having both distinct and overlapping functions (33). Therefore, to test HIF
isoform specificity of our bone phenotype, Lepr-specific HIF-1a cKO (HIF-1a cKO) mice
were generated and subjected to 4 Gy TBI. Western blot analysis of BMSCs cultured

at 1% O, revealed hypoxic induction of HIF-1a in BMSCs isolated from control Cre
negative (Hifla™™ mice, but not from HIF-1a cKO mice thus confirming efficient Cre-
mediated recombination in HIF-1a cKO animals (fig. S5E). Unlike HIF-2a. cKO mice,
microCT analysis revealed that conditional loss of HIF-1a in Lepr-expressing cells and their
decendants did not mitigate bone loss after radiation exposure (Fig. 4, | to M). In addition,
under homeostatic conditions, long bones derived from HIF-2a. cKOs animals appeared
overtly normal, and microCT analyses failed to identify any differences in bone parameters
between knockout and control mice (fig. S5, F to J). Collectively, these findings indicate
that conditional ablation of HIF-2a,, but not HIF-1a, in the context of radiation exposure
provides protection and in some cases enhances bone accumulation.

To begin to understand the downstream effects of loss of HIF-2a. in the LepR+ population,
static and dynamic histomorphometry was used to assess osteoclast and osteoblast activity
following radiation treatment in control and HIF-2a. cKO animals. Conditional loss of
HIF-2a did not affect bone resorption as no changes were observed in tartrate-resistant

acid phosphatase (TRAP) stained osteoclast number per bone surface (Oc.N/BS) nor active
resorption sites evidenced by the extent TRAP-labeled surface relative to bone surface
(Oc.S/BS) (Fig. 4, N to P). Although no differences were found in osteoblast number/bone
surface between irradiated control and knockout mice (fig. S5K), evaluation of osteoblastic
bone formation through calcein and alizarin red double labeling confirmed that HIF-2a. cKO
animals had increased osteoblast coverage as demonstrated by increased mineralized surface
per total bone surface (MS/BS) (Fig. 4, Q and R). Similarly, mineral apposition rate (MAR)
and bone formation rate (BFR) were increased in HIF-2a. cKO relative to controls (Fig.

4, S and T). Diminished bone volume during aging and in certain obesity models is often
associated with a concomitant increase in marrow adiposity, due in part, to skewed lineage
potential of skeletal progenitors (34). As such, we assessed marrow adiposity by performing
osmium tetroxide staining and microCT analysis on long bones isolated from irradiated
control and HIF-2a. cKO mice. As expected, there was an increase in adipocyte volume/total
volume (AV/TV) in Cre negative (Epasi™ control irradiated mice when compared with
non-irradiated controls; however, no changes were noted in marrow adipose tissue between
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control and HIF-2a. cKO mice after radiation exposure (Fig. 4U). Overall, these findings
suggest that HIF-2a is not a major contributor to osteoclast activity, nor aberrant adipocyte
lineage commitment in the context of 4 Gy TBI, but rather HIF-2a contributes to the
mineralization and bone-forming activities of osteoblasts in HIF-2a. cKO animals which
may partially account for the increase in bone volume seen in HIF-2a. cKO animals.

Pharmacological inhibition of HIF-2a ameliorates radiation-induced bone loss.

Currently available HIF-2a. inhibitors such as PT2399, target the HIF-2a Per-ARNT-Sim
(PAS)-B domain, thereby preventing the formation of the heterodimer complex necessary
for downstream activity (Fig. 5A) (35). PT2399 and similar analogues are actively used in
clinical trials for renal cell carcinoma and recurrent glioblastoma demonstrating favorable
safety profiles (28, 29). As such, PT2399 serves as a promising tool to interrogate the effect
of HIF-2a inhibition on bone following radiation treatment with high clinical translatability.
Administration of PT2399 was hypothesized to offer therapeutic benefits to radiation-injured
bone. In cultured BMSCs, PT2399 inhibited the expression of HIF-2a. protein (Fig. 5B, fig.
S6A). A focal radiation model, similar to the delivery of image-guided radiation therapy,
was established at a dose of 8 Gy (anterior-posterior/posterior-anterior) AP/PA, applied

to the right hindlimb (Fig. 5C, fig. S6B). Shortly following the first dose, 12 week old

WT C57/B6 mice were administered 50 mg/kg of PT2399 or vehicle twice daily by oral
gavage with the exception of two washout periods at days 5, 6, and 12-14 (Fig. 5D).

The effects of PT2399-mediated HIF-2a inhibition on bone parameters were evaluated 14
days post-radiation. Similar to the genetic HIF-2a cKO model, 3D microCT reconstruction
imaging revealed that PT2399 treatment in the absence of radiation does not change bone
volume (Fig. 5E). However, in the presence of radiation, microCT and H&E histological
analysis revealed treatment with PT2399 ameliorated radiation-induced bone loss (Fig. 5, E
to G).

Mice treated with PT2399 were grossly normal with no signs of morbidity across all
treatment conditions. All treatment groups exhibited similar overall percent body weight
across all measured time points indicating that a modest dose of focal 8 Gy radiation

and PT2399 treatment do not induce excessive systemic toxicities (Fig. 5H). However, as
reported in previous studies, twice daily oral administration of PT2399 resulted in reduced
red blood cell (RBC) counts and hemoglobin (HGB) amounts compared with vehicle treated
animals (Fig. 5, I and J). Kidney homogenates had reduced £po mRNA transcripts with oral
PT2399 treatment following 8 Gy local radiation (Fig. 5K). In response to diminished RBC
counts and HBG concentration, an increase in serum EPO concentration is often observed.
Functionally, this is a compensation mechanism to increase erythropoiesis, elevate RBCs,
and overcome anemia. Mice treated with PT2399 following focal irradiation had elevated
serum EPO concentration compared with irradiated vehicle control (Fig. 5L). Collectively,
these data highlight that although PT2399 can potentially serve as a powerful clinical
therapeutic to prevent radiation-induced bone loss, there is a need for alternative treatment
strategies that can produce the desirable effects of bone radioprotection while minimizing
off-target kidney toxicities.
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HIF-2a nanocarriers enable bone-targeting.

To enhance bone-targeting of the therapeutic and minimize systemic impact on homeostatic
renal EPO production, a targeted nanocarrier approach was developed. To confer bone-
binding affinity, alendronate (Aln), a second-generation bisphosphonate, was conjugated

to methacrylated hyaluronic acid (HA-MA) to form HA-MA-AIn (Fig. 6A, fig. S7).
Nanocarriers (NC) were generated by copolymerizing HA-MA-AIn, poly(ethylene glycol)
diacrylate (PEGDA), and methacrylated-PT2399 by an inverse emulsion suspension
polymerization method (fig. S7) to produce NCs that localize to sites of mineralized

tissue (AIn-PT-NC) (Fig. 6A). A control nanocarrier devoid of bone-targeting Aln was
synthesized similarly using HA-MA and methacrylated-PT2399 (Ctrl-PT-NC). Nanocarriers
were characterized using a combination of FTIR, THNMR spectroscopy, and UV-Visible
spectrophotometry to confirm successful synthesis and incorporation of PT2399 without
structural changes (fig. S8 to S11).

To test bone-binding affinity of Aln nanocarriers, HA-MA and HA-MA-AIn were
conjugated with cyanine 7 (Cy7) fluorophore through amide coupling to produce
fluorescently tagged, Ctrl-PT-NC and AIn-PT-NC (fig. S8). For in vivo biodistribution
analyses, 12 week old animals received a single tail vein injection of either Ctrl-PT-NC or
Aln-PT-NC, and subsequent visualization of fluorescently tagged nanocarrier was carried
out with an in vivo imaging system (IVIS) (30). After 4 days, fluorescent signal was highly
localized at mineralized tissue sites in Aln-PT-NC treated animals, particularly the ribcage
and spinal column (Fig. 6B). Furthermore, broad signal was visualized in the forelimbs
and hindlimbs of animals receiving AIn-PT-NC, however, no such signal was present in
Ctrl-PT-NC treated animals (Fig. 6B). Fluorescence signal from both nanocarriers was still
detectable 20 days post-injection (Fig. 6C). Similar to early time points, ventral view images
showed robust signal from forelimbs and hindlimbs in animals treated with Aln-PT-NC
compared with nanocarriers without Aln moieties, suggesting that Aln nanocarriers stay
bound to bone tissue long-term (Fig. 6C). Collectively, these findings demonstrate that
Aln-PT-NCs can rapidly bind bone tissue and remain detectable in tissues for at least 20
days.

Further evaluation of nanocarrier biodistribution 48 hours post-injection was performed

by post-mortem analysis of tissue. For Ctrl-PT-NCs, fluorescence intensity was highest

in the kidney followed by the liver and spleen (fig. S12, A and B). Conversely, for Aln-
PT-NCs, signal accumulation was highest in the liver followed by spleen and vertebrae
(fig. S12, C and D). AIn-PT-NC nanocarrier accumulation was increased 2-3-fold in the
lumbar vertebrae (Fig. 6, D and E), femurs (Fig. 6, F and G), and tibiae (Fig. 6, H and

I) of treated animals compared with Ctrl-PT-NC treatment (p < 0.01). Aln-PT-NC treated
animals demonstrated a nearly 4-fold decrease (p < 0.001) in fluorescence intensity in the
kidney compared with animals treated with Ctrl-PT-NC, suggesting a substantial decrease
in off-target renal drug accumulation (Fig. 6, J and K). Instead, Aln-PT-NC treatment led to
higher fluorescence signal in the liver, suggesting that Aln-PT-NC clearance favors hepatic
metabolism compared with Ctrl-PT-NC which appeared biased towards renal clearance
(Fig. 6, Jand K, fig. S12, E and F). Animals treated with AIn-PT-NC also had increased
spleen fluorescence compared with Ctrl-PT-NC (fig. S12, G and H). Minimal nanocarrier
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accumulation was observed in the lung (fig. S12, | and J), heart (fig. S12, K and L), brain
(fig. S12, M and N), and muscle (fig. S12, O and P) in both treatment groups, although
Ctrl-PT-NCs were modestly increased in the brain over Aln-PT-NCs. Taken together, these
findings implicate AIn-PT-NC as a potential therapeutic with favorable pharmacokinetic
properties that potentially reduces tissue toxicity to the kidney.

AIn-PT-NC rescues radiation-induced bone loss.

To investigate the therapeutic efficacy of bone-targeted inhibition of HIF-2a with Aln-PT-
NCs, 12 week old mice were irradiated with a single fraction of 4 Gy TBI and dosed
systemically, intravenously by tail vain injections twice weekly intervals with Aln-PT-NC at
a PT2399 dosage of 50 mg/kg (Fig. 7A). Control animals were treated with similar mg/kg
body weight of Aln nanocarrier devoid of PT2399 (AIn-NC) (Fig. 7A). No differences in
weight were observed between non-irradiated, irradiated Aln-NC, and irradiated Aln-PT-NC
animals by 14 days post-irradiation (Fig. 7B).

After 14 days, microCT and H&E analyses showed that the irradiated Aln-NC treated

group had a reduction in Th.BV/TV, Th.N, Tb.Th, and increased Th.Sp compared with the
non-irradiated vehicle controls (0 Gy) (Fig. 7, C to G). Irradiated AIn-PT-NC treated animals
were protected from trabecular bone loss as demonstrated by a nearly 2-fold increase (p
<0.01) in Th.BV/TV ratio, increased Th.N, Tb.Th, and decreased Th.Sp compared with
Aln-NC treated animals (Fig. 7, C to G). AIn-PT-NC treatment produced bone parameters
comparable to those of non-irradiated animals (Fig. 7, D to G). Quantification of TRAP+
cells revealed no differences between osteoclast number/bone surface nor osteoclast surface/
bone surface, thus confirming increases in bone parameters measured between Aln-NC

and Aln-PT-NC treated mice were unlikely due to differences in osteoclast activity (Fig.

7, Hand I). New bone formation was assessed by double fluorescent labeling of mineral
deposition using calcein and alizarin red which were systemically administered over a
7-day interval (Fig. 7J). Histomorphometric analyses revealed increased MS/BS, MAR, and
BFR in AIn-PT-NC treated animals compared with AIn-NC, suggesting that drug treatment
stimulates downstream osteoblast activity similar to findings in HIF-2a. cKO genetic model
(Fig. 7, J to M). Importantly, Aln was dosed at a concentration of 1.8-2.2 mg/kg, twenty-five
times below the therapeutic dose used in murine models of osteoporosis (36, 37). Together,
these results demonstrate that AIn-PT-NC treatment has specific and strong radioprotective
effects in a preclinical mouse model of radiotherapy by enhancing bone formation, thereby
suggesting that administration of AIn-PT-NC could serve as a potential therapeutic strategy
to treat radiation-induced bone loss.

We further examined whether administration of Aln-PT-NC minimizes off-target effects to
the kidney that may decrease the development of anemia. In contrast to oral administration
of PT2399, administration of Aln-PT-NC did not decrease RBC and HBG amounts when
compared with Aln-NC treated animals (Fig. 7, N and O). There was no difference in
kidney £po mRNA transcripts or serum EPO concentration with bone-targeted Aln-PT-NC
compared with unloaded AIn-NC treatment (Fig. 7, P and Q). These findings suggest that
at the time points and dose tested, administration of Aln-PT-NC prevents radiation-induced
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bone loss but does not lead to off-target kidney toxicity indicative of anemia that was
observed in non-targeted therapy.

DISCUSSION

In the present study, we characterized the effect of radiation on the hypoxic bone
microenvironment and identified a critical role for HIF-2a signaling in mediating radiation-
induced bone loss. These data are reveal the following insights: 1) hypoxia in the bone
microenvironment changes in response to radiation injury, 2) HIF-2a signaling in Lepr-
expressing skeletal progenitors and their descendants is a negative regulator of bone mass
in the context of radiation, and 3) a bone-targeting HIF-2a. inhibitor-loaded nanocarrier
alleviates radiation-induced bone loss in a preclinical murine model.

In vivo characterization of the hypoxic bone microenvironment revealed that radiation
induces increased hypoxia which may be attributed to either, 1) impaired oxygen delivery
due to a compromised vascular network, or 2) an increase in oxygen consumption in the
cellular constituents of the bone microenvironment or both. Supporting these concepts,

after radiation exposure, VEGF-mediated angiogenesis is required for recovery of the bone
microenvironment and to replenish the hematopoietic compartment, robust energy demands
are necessary for the differentiation of HSCs and the proliferation of their downstream
progenitors (14). Although confocal and flow cytometry analysis of endomucin stained cells
in the bone microenvironment 14 days post-irradiation demonstrate that both the number
and structure of endomucin™ vessels are comparable to non-irradiated controls; these assays
did not assess the functionality of the vasculature, suggesting impaired oxygen delivery
may still occur in this context. RNA sequencing studies on Lepr-tdTm+ cells isolated

from irradiated versus non-irradiated mice suggest pathways associated with metabolic
function are dysregulated in this cell population; however, altered cellular energetics within
the hematopoietic compartment also likely contribute to increased oxygen consumption.
Increases in hypoxia within the medullary cavity after radiation exposure coincided with
increases in £pasI mRNA transcripts. Highlighting the importance of these observations,
genetic ablation of HIF-2a. in Lepr-expressing cells prevented bone loss after radiation
exposure. On a cellular level, radiation-dependent HIF-2a-mediated bone loss in Lepr-
tdTm-labeled cells can be attributed to multiple factors: (1) a reduction in the overall number
of Lepr-tdTm+ SPC, (2) a decrease in the mineralization potential of skeletal progenitors,
or (3) a decrease in downstream osteoblast activity following radiation injury. Collectively,
these data provide evidence loss of HIF-2a,, mediates bone formation in a skeletal progenitor
population and their progeny following radiation injury with functional consequences for
bone health. Elucidating the cellular and molecular mechanisms that contribute to the
enhanced hypoxic landscape observed after radiation exposure as well as the direct and
indirect role that HIF-2a signaling in Leor-expressing cells plays in maintaining hypoxic
homeostasis are exciting areas of future investigation.

We found that loss of HIF-2a. induced bone formation in the presence of radiation but did
not affect bone mass at homeostatic conditions. This finding is contrasted by recent studies
using PrxI-Creand Colla1-Cre mouse models whereby loss of HIF-2a in PrxI-expressing
and Colla1-expressing populations resulted in increased bone mass independent of an
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external stressor (26, 27). These discordant results are likely due to differences in the genetic
models utilized. Colla1is primary expressed by osteoblastic cells, indicating that HIF-2a
signaling differentially mediates the function of the Lepr-expressing progenitor population
from that of Col/la 1+ osteoblasts (38). In contrast, PrxZ is more broadly expressed by early
mesenchymal progenitors and their descendants with expression present in limb buds as
early as 10.5 days post-conception (39). Loss of HIF-2a. in early mesenchymal progenitors
and their descendants results in developmental effects with PrxZ-HIF-2a cKO demonstrating
a transient delay of endochondral ossification, and overexpression of HIF-2a resulted in
shorter limbs (18, 27). In contrast, the present study employs the Lepr-Cre model which
marks a population of skeletal progenitors that appear perinatally and minimally contribute
to bone prior to 2 months of age (23, 40). Thus, using this model, we can better delineate
developmental phenotypes from that of postnatal, homeostatic phenotypes that contribute to
adult osteogenesis. Indeed, skeletal progenitor populations, including LeprtdTm+ cells, are
largely quiescent at homeostasis but mobilize in response to injury (41-43). These findings
suggest a model in which radiation injury leads to the mobilization of Lepr-tdTm+ skeletal
progenitors whose functions are critically influenced by HIF-2a signaling to mediate repair
processes.

Systemic administration of PT-2399 elevated serum EPO concentrations in irradiated mice
relative to mice treated with vehicle control. Several studies have demonstrated that EPO can
regulate both osteoclast and osteoblast activity (44, 45). Hence, it is possible that increases
in systemic EPO amounts may account, in part, for the enhanced bone formation observed
after systemic administration of PT-2399. Importantly, no differences in the concentration

of serum EPO were detected in mice treated with bone-targeted PT-2399, Aln-PT-NC,
suggesting that alleviation of bone loss after radiation exposure is not solely dependent on
the elevation of systemic EPO concentration.

The conditional genetic knockout models used here have limitations that must be considered.
Recent single-cell transcriptomic analyses revealed that Lepr-expressing cells within the
bone are highly heterogenous (46, 47). LeprtdTm+ cells consisted not only of perivascular
and stromal progenitors, but also osteoblasts and adipocytes. Thus, we cannot fully
delineate the contribution between the skeletal progenitor population and that of their
descendants. Importantly, cell types may be differentially affected by radiation as the

stage of differentiation has been shown to confer differences in radiosensitivity and the
subsequent cellular responses to radiation therapy (48). Thus, the radiation response of
skeletal progenitors may differ from the response of mature osteoblasts and adipocytes
descendants. Likewise, skeletal progenitors and lineage descendants play an integral role in
the maintenance of bone homeostasis through the secretion of bone niche supporting factors
including SCF and CXCL12, thus HIF-2a. loss may also impact such systemic mechanisms
to play a role in pathology of radiation-induced bone loss (47). Nevertheless, this study
identifies a role of HIF-2a signaling in the regulation of LepR+ skeletal progenitor number
and downstream osteoblast function.

Belzutifan, a structural analogue to PT2399, was the first HIF-2a. inhibitor to receive FDA
approval in 2021, thereby bolstering the clinical translatability of this class of compounds
(28). However, one key limitation of HIF-2a inhibitor treatment is the development of
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chronic side effects in patients with approximately 90% of patients developing anemia due
to the loss of HIF-2a activation of renal EPO production (28). To address this limitation,
we employed a unique nanocarrier delivery system to target drug payload at mineralized
tissue sites. Aln-NCs potentially resolve issues of kidney toxicity and systemic delivery

of AIn-PT-NCs resulted in therapeutic efficacy. In addition, nanocarrier-based delivery

may confer additional advantages including increased drug stability, specificity, favorable
release kinetics and reduced side effects compared with conventional drug delivery methods
(49). These results support the continued development of HIF-2a. inhibitors, particularly

in formulations that will allow for reduced off-target toxicity, to protect against radiation-
induced bone loss.

In summary, HIF-2a signaling negatively regulates bone formation in the LepR+ SPC
population following radiation injury. This study expands our limited understanding

and emphasizes the multifactorial nature of radiation-induced bone loss on bone
microenvironment radiosensitivity and the resulting effects on skeletal lineage cells and their
descendants. Currently, there are no clinically established treatments for radiation-induced
bone loss. Furthermore, bone loss, osteoporosis development, and resulting insufficiency
fractures may not present until years following radiation treatment, thereby emphasizing

the need for both acute and long-term treatment (50). The data presented in this study
support further development and characterization of selective nanocarriers to target HIF-2a
to prevent adverse bone outcomes associated with radiotherapy.

MATERIALS AND METHODS

Study design

This study was designed to test the hypothesis that HIF-2a. is a potential therapeutic target
for radiation-induced bone loss and to assess the therapeutic benefit of HIF-2a inhibition
using a pharmacological inhibitor and bone-targeted nanocarrier technology. This hypothesis
was addressed through the following methods: 1) characterizing the hypoxic bone landscape
following radiation, 2) examining bone phenotypes of HIF-2a. cKO mice, 3) determining
the efficacy of pharmacological HIF-2a inhibition, and 4) fabricating and testing efficacy

of AIn-PT-NCs in ameliorating radiation-induced bone loss. Drug studies were carried out
using the HIF-2a inhibitor, PT2399. Age-matched animals were randomly assigned to
different treatment groups and received the same drug dose or equivalent vehicle. A single
outlier was excluded from the 8 Gy vehicle-treated group as this animal failed to respond

to radiation treatment exhibiting the highest bone mass amongst all animals tested including
non-irradiated animals (approximately 1.7-fold greater bone mass compared with average
of 8 animals within experimental group and approximately 1.3-fold greater bone mass
compared with average of 10 animals in non-irradiated, no treatment group). Pilot studies
were conducted to identify appropriate endpoints by which all subsequent experimental
endpoints were prospectively defined. All datasets include at least three biological replicates
and three technical replicates as appropriate, with the exception of Western blot analysis
(n=2). Sample numbers () used in each experiment are indicated in the respective

figure legends. Sample size was based on prior and early observation of experimental
standard deviations of sample means, such that more animals were included in groups
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that were observed to have greater variation in baseline values. Investigators were not
blinded to sample allocation, data acquisition, or data analysis (with the exception of image
quantification). Mice were housed in cages of 5 and cages were randomly assigned to
either control (non-irradiated or vehicle control for pharmacological studies) or treatment
(irradiated or drug for pharmacological studies) groups.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee at Duke University (A139-22-07). Mice were group-housed in animal care
facilities under a 12hr:12hr light:dark cycle at 23+2°C with water and standard diet
(LabDiet #5053) ad libitum. Mice were euthanized by CO, asphyxiation. Experiments were
performed on 12 to 16 week old male and female mice with a C57BI/6J background.
C57BI/6J (JAX:000664), Gt(ROSA)26Tomato/+ (3AX:007909), LeprCe (JAX:008320),
EpasI™IAX:008407), Hif-1a" (JAX:007561), mouse strains were obtained from The
Jackson Laboratory. To generate Lepr-tdTm mice for lineage tracking, Leor“’€ mice were
crossed with G{(ROSA)26'Tomato/tdTomato mice, HIF-2a cKO were generated by crossing
Leprce with Epas1™f to make Leprc'¢;Epas1™* mice. These were then crossed to Epas17
mice to generate Lepr W7 Epas1™ (control/Cre negative) or Lepre Epasi™f (HIF-2a
cKO) mice. The same strategy was used to generate HIF-1a. cKO with Lepr"€ and Hif1a™"
mice. Lepr-tdTm-HIF-2a cKO (cKO expressing tdTm under Lepr) were created by crossing
Leprc'e Epas1™ mice with Gt(ROSA)26Tomato/tdTomato mice. [ eprre td Tm;Epasi™* mice
were then crossed to £pas1™ mice to generate Leprc' tdTm;Epas1™f mice ( Lepr-tdTm-
HIF-2a cKO ). Genotyping was performed as previously described for Cre, Epasi™# and
Hif-1a" (51).

Radiation treatment

TBI was performed using an X-RAD 320 biological irradiator (Precision X-ray Inc.) with
a 2.5 mm aluminum, 0.1 mm copper filter and a field of view of 20 cm x 20 cm at a dose
of 4 Gy. Dosimetry was measured with an ion chamber by the Duke University Radiation
Safety Division. For TBI, unanesthetized mice were placed in a ventilated cast acrylic pie
cage (Braintree Scientific) without restraints or shielding. The pie cage was centered on an
acyclic slab to provide sufficient back scatter. All mice were placed 50 cm from the source
and irradiated with 320 kVp, 12.5 mA X-rays. Single-limb irradiation was delivered using
a small animal irradiator, X-RAD 225Cx (Precision X-Ray Inc.) or Small Animal Radiation
Research Platform (SARRP, Xstrahl). Prior to treatment, animals were anesthetized with
nebulized isoflurane/O, and positioned prone on the treatment stage. The irradiated limb
received a single fraction of 8 Gy delivered anterior-posterior/posterior-anterior (AP/PA)
using a motorized collimator creating a 40 mm x 30-40 mm field at the treatment isocenter
covering the entire right hindlimb, including the femur, tibia, and foot.

In vivo PT2399 treatment

PT2399 (MedChemExpress, HY-108697) was prepared with 10% ethanol, 30% PEG400,
60% water containing 0.5% methylcellulose and 0.5% Tween 80 (aqueous). Mice were
treated with 50 mg/kg of PT2399 or vehicle following radiation treatment twice daily

by oral gavage 8-10 hours apart for 5 consecutive days followed by a 2 day wash out
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period over the course of 14 days. Mice received a total of 20 doses over 14 days. Body
weights were generally taken daily and treatment doses were adjusted weekly. Animals were
euthanized and tissues were harvested at 14-days post-irradiation. For nanocarrier treatment,
nanocarriers were suspended in sterile saline (0.9% NaCl) and administered to mice by

tail vein injection at a PT2399 dosage of 50 mg/kg. The first dose was given 3 days prior

to irradiation and subsequent doses were given 3-4 days apart for a total of 5 doses. For
untreated animals, a similar dosage of nanocarrier devoid of PT2399 was given. Animals
were euthanized and tissues were harvested at 14-days post-irradiation.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9, version 9.2.0. All reported
p-values were obtained from 1) unpaired, two-tailed tests (when comparing two groups) with
a confidence level of 95%, and a p-value < 0.05 considered to be statistically significant, or
2) analysis of variance (ANOVA) testing followed by Tukey’s post hoc (when comparing
more than two groups) at the 0.05 significance level. Shapiro-Wilk test was used to test for
normality of data. Statistical tests for each experiment are indicated in figure legends, Data
are presented as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
All experiments were performed on =3 individual biological samples, sample numbers are
provided in figure legends.
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Fig. 1. Radiation exposure disruptsthe hypoxic bone microenvironment and is associated with a
transient expansion of LepR+ stromal cells.

(A) Representative microCT and hematoxylin and eosin (H&E) images from 12-16 week old
wild type (WT) mice that were untreated (sham 0 Gy) (n= 17) or treated with 4 Gy total
body irradiation (TBI) (n7= 3); scale bar 200 um. (B to E) MicroCT analyses of trabecular
bone parameters, (sham, 7= 17; irradiated, 7=3). (B) Trabecular bone volume/tissue volume
(Th.BVITV), (C) trabecular number (Th.N, 1/mm), (D) trabecular separation (Th.Sp, mm),
and (E) trabecular thickness (Th.Th, mm) values are shown. (F) Fluorescent images of
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LeprtdTm mouse femoral bone. tdTomato+ cells (tdTm, red) and endomucin+ cells (endo,
green), 3 and 14 days post-irradiation (4 Gy TBI). (G) Representative flow cytometry plots
and (H) quantification of percent tdTm+ cells. (I) Representative flow cytometry plots and
(J) quantification of percent endo+ cells from bone marrow aspirates of Lepr~tdTm animals
at 3 and 14 days post-irradiation (4 Gy TBI); (sham, n=5; irradiated day 3, n= 4; irradiated
day 14, n=7). SSC-A, side scatter area. (K and L) Fluorescent pimonidazole (PIMO)
staining (green) in femoral bone of Lepr-tdTm mice 3 days post-irradiation (4 Gy TBI).
Growth plate (GP), metaphysis (MP), pimonidazole and Lepr-tdTm+ cells (white arrows) (7
= 3). (M) Percentage of PIMO+ cells per total cells and (N) percent tdTm+ cells per PIMO+
cells 3 days post-irradiation (4 Gy TBI). Scale bars: 10x: 100 um, 40x: 50 um. (n = 3). Data
are presented as means + SEM. Statistical analysis was performed using either (M and N)
Student’s t-test or (B, C, D, E, H, and J) one-way ANOVA with Tukey’s post hoc test. *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 2. BMSCsand LepR+ cellsrespond to hypoxia by decreasing mineralization and stabilizing
HIF-2a.
(A) Representative phase and fluorescent images of a tdTm+ colony and (B) quantification

of percent of tdTm+ colonies per total colonies isolated from LeprtdTm mice (1= 4).

(C) Representative flow cytometry scatter plots and (D) quantification of tdTm+ cells

per total number of cells in BMSCs isolated from control and Lepr-tdTm animals (n7=

3). (E) Representative images and (F) quantification of crystal violet (CV) stained colony-
forming unit-fibroblast (CFU-F) assays from BMSCs isolated from WT control mice under
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normoxic 21% O, and hypoxic 1% O, conditions (7= 3). (G and H) Quantitative reverse
transcription-PCR (qRT-PCR) of osteogenic BMSC cultures incubated in 21% O, and 1%
O, for (G) Bspand (H) Bglap (n=3). (1) Representative western blot of HIF-2a protein

in BMSCs under 21%, 2%, or 1% O, conditions. (J to L) gRT-PCR of BMSC cultures
incubated under 21%, 2% or 1% O, conditions measuring mRNA expression of HIF target
genes including (J) Glut1, (K) Pgk, and (L) Bnip3. (n= 3). (M) Representative western blot
analysis of HIF-2a from BMSCs isolated from £pas™ control (CNL) and HIF-2a cKO
knockout mice (cKO) under 21% O, and 1% O conditions (7= 2). (N and O) gRT-PCR
of osteogenic BMSC cultures isolated from control and HIF-2a. ¢cKO for (N) Bg/ap and
(O) Bsp (n=3). (P) gRT-PCR of Epasi from whole bone homogenates isolated from
non-irradiated and 4 Gy TBI animals (7= 3). Scale bar 100 um. Statistical analysis was
performed using (F, G, H, N, O, and P) Student’s t-test or (J, K, and L) one-way ANOVA
with Tukey’s post hoc test as appropriate. Data are presented as means = SEM. *p < 0.05,
**p<0.01, ***p<0.001, and ****p < 0.0001.
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Fig. 3. HIF-2a cKO altersthetranscriptome of L epR+ cells and maintains a homeostatic hypoxic
microenvironment following radiation injury.

(A) Transcriptomic analysis displayed as a heatmap showing a portion of differentially
expressed genes (DEG) center-scaled by row (= 1.5 expression change, p < 0.05). (B

and C) GO functional enrichment analysis of DEGs highlighting (B) downregulated and
(C) upregulated putative processes when comparing tdTm™* cells isolated from irradiated
LeprtdTm control to irradiated Lepr-tdTm-HIF-2a cKO animals; all cells were collected 14
days post-irradiation (7= 3 per group). FDR = 0.05. (D) Representative flow cytometry
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plots and (E) analysis of percentage of tdTm+ cells from bone marrow aspirates of

irradiated Lepr-tdTm (control, 7=7) and Lepr-tdTm-HIF-2a ¢cKO (n7= 3) animals at 14
days post-irradiation. (F) Representative images and quantification of CFU-F assays from
irradiated £pas-17 control and HIF-2a. cKO mice stained with (G) crystal violet (CV)

and (H) alizarin red (AR), (7= 3 per group). (1) Representative fluorescent images and (J)
quantification of images of femoral bones isolated from Lepr-tdTm control and Lepr-tdTm-
HIF-2a cKO mice, stained with pimonidazole staining (PIMO, green) 3 days following 4 Gy
TBI (= 3). Scale bar 10x - 100 um. Statistical analysis was performed using (E, G and H)
Student’s t-test or (J) one-way ANOVA with Tukey’s post hoc test. Data are presented as
means = SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 4. HIF-2a deletion in Lepr-expressing cells prevents radiation-induced bone loss and
promotes downstream osteoblast activity.

(A) Representative microCT of trabecular bone (upper panel), and cortical bone (lower
panel). (B) H&E histological images from 12-16 week old non-irradiated and irradiated
control and HIF-2a cKO animals. Scale bar 200 um. (C to H) MicroCT analyses of

bone parameters: (C) Th.BV/TV, (D) Th.N (/mm), (E) Tb.Sp (mm), (F) Th.Th (mm). (G)
cortical area/tissue area (Ct.A/TA), and (H) cortical thickness (Ct.Th) (mm). non-irradiated
(n=6) and irradiated control (7= 7) and HIF-2a cKO animals (n=4). (I) Representative
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microCT images from 12-16 week old Hif-1a"" (control) and Lepr-specific HIF-1a cKO
(HIF-1a cKO) animals. (J to M) MicroCT analyses of trabecular bone parameters of control
animals treated with 0 Gy (n= 10) or 4Gy control (r7=15), as well as HIF-1a cKO animals
treated with 4Gy (n=15). (J) Tb.BV/TV, (K) Tb.N (1/mm), (L) Th.Sp, (mm), and (M) Th.Th
(mm) are shown. (N) Representative TRAP-stained tissue sections (/7= 3) and quantification
of (O) osteoclast number/bone surface (Oc.N/BS) (n = 3) and (P) osteoclast surface/bone
surface (Oc.S/BS) (n= 3). Scale bar 100 um. (Q) Representative calcein (green) and alizarin
red (red) double labeled sections of the distal femur. Scale bar 500 um (upper panel) and
50um (lower panel). (R to T) Analysis of dynamic histomorphometric parameters including
(R) mineralizing surface/bone (MS/BS) (%) surface, (S) mineral apposition rate (MAR)
(um?2/day), and (T) bone formation rate (BFR) (um3/um?2/day). (7= 3) . (U) Quantification
of osmium tetroxide staining presented as adipose volume/total volume (AV/TV); 0 Gy
Control (n=4), 4 Gy Control (n=7), 4 Gy HIF-2a cKO (5= 4). All analysis were
performed on mice 14 days post-4 Gy TBI. Statistical analysis was performed using (R, S,
and T) Student’s t-test or one-way (C, D, E,F, G, H, J,K, L, M, O, P,and U) ANOVA
with Tukey’s post hoc test as appropriate. Data are presented as means + SEM. *p < 0.05,
**p<0.01, and ***p < 0.001.
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(A) Schematic of PT2399-mediated inhibition of HIF-2a. (B) Western blot analysis of
HIF-2a in BMSCs treated with PT2399 (7= 2). (C) Schematic of single limb radiation
treatment protocol. Green boxes showing the region of right hindlimb receiving 100% of

8 Gy, anterior-posterior/posterior-anterior (AP/PA) beams. (D) Schematic of oral PT2399
treatment regimen. (E) Representative microCT and (F) histological images of 12 week old
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pum (G) microCT analyses of Th.BV/TV from non-irradiated mice treated with vehicle (n
=10) or PT2399 (= 4) and irradiated WT mice treated with vehicle (7= 8) or PT2399
(n=9). (H) Percentage body weight of animals across experimental time course. (1) Red
blood cell (RBC) counts and (J) hemoglobin (HGB) of irradiated vehicle and PT2399
treated animals analyzed from whole blood CBC analysis. 7= 4 per group. (K) gRT-PCR
analyses of Epo from kidney homogenates of irradiated vehicle and PT2399 treated animals,
Tata box binding protein ( 75p) was used as a housekeeping gene. (L) Analysis of EPO in
serum determined by ELISA in vehicle or PT2399 treated mice (7= 5). All analysis were
performed on mice 14 days post-irradiation. Statistical analysis was performed using (I, J,
K, and L) Student’s t-test or (G and H) one-way ANOVA with Tukey’s post hoc test as
appropriate. Data are presented as means + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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(A) Zybbreviated schematic of Aln-PT-NC synthesis and drug loading. (B) In vivo
fluorescence images of fluorescently-labeled non-targeted PT2399-loaded (Ctrl-PT-NC) and
Alendronate (Aln)-conjugated PT2399 loaded (Aln-PT-NC) nanocarrier distribution 4 days
and (C) 20 days post-treatment. (r7=3). Nanocarriers were conjugated with similar amounts
of Cy7 dye for visualization by IVIS imaging. White arrows indicate Cy7-conjugated
Aln-PT-NC colocalized to bone. (D) Representative 1VIS images and (E) quantification
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of average radiant efficiency represented per gram of the tissue of non-targeted (Ctrl) and
bone-targeted (Aln) nanocarrier in the vertebra, (F and G) femur, (H and 1) tibia, and (J
and K) kidney. 7= 4 per group. Statistical analysis was performed using Student’s t-test.
Data are presented as means £ SEM. *p< 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001.
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Fig. 7. AIn-PT-NC treatment protects against bone loss associated with 4 Gy total body
irradiation and attenuates anemic phenotype.

(A) Schematic of nanocarrier treatment regimen. (B) Percentage body weight of
experimental animals across 14 days of treatment with unloaded Aln-conjugated nanocarrier
(AIn-NC) and PT2399-loaded Aln-conjugated nanocarrier (Aln-PT-NC). (C) MicroCT and
H&E images of Aln-NC and Aln-PT-NC treated animals (7= 5 per group). Scale bar 200
um. (D to G) Quantification of trabecular bone parameters of AIn-NC and Aln-PT-NC
treated animals at 14 days post-irradiation (7= 5 per group). Shown are (D) Th.BV/TV,
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(E) Tb.N (1/mm), (F) Th.N (mm), and (G) Tb.Sp (mm). Quantification of (H) Oc.N/BS

and (1) Oc.S/BS. (J) Representative calcein (green) and alizarin red (red) double labeled
sections of the distal femur from irradiated Aln-NC and Aln-PT-NC treated mice (7= 4)
Scale bar 500 pm (upper panel) and 50um (middle and lower panels). (K to M) Analysis

of dynamic histomorphometric parameters using double labeling, reporting (K) MS/BS (%)
(L) MAR (um?2/day), and (M) BFR (um3/um?2/day) n = 3 per group. (N) RBC counts and
(O) HGB analyzed from whole blood CBC analysis. (P) RT-gPCR analyses of £po from
kidney homogenates of Aln-NC and Aln-PT-NC treated mice. (Q) Analysis of EPO in serum
determined by ELISA in Aln-NC and Aln-PT-NC treated mice. All analysis were performed
on mice 14 days post-irradiation, 7= 5 per group, unless otherwise noted. Statistical analysis
was performed using (N, O, P, and Q) Student’s t-test or (B, D, E, F, G, H, I, K, L, and M)
one-way ANOVA with Tukey’s post hoc test as appropriate. Data are presented as means +
SEM. *p< 0.05, **p< 0.01, and ***p < 0.001.
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