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ABSTRACT 

 

Romosozumab, a humanized monoclonal antibody specific for sclerostin (SOST), has 

been approved for treatment of post-menopausal women with osteoporosis at high risk 

for fracture. In several Phase III clinical trials, romosozumab decreased the risk of 

vertebral fractures up to 73% and increased total hip area bone mineral density by 3.2%. 

Previous work in 12 to 15-week-old sclerostin global knockout (Sost-/-) mice indicated 

that changes in immune cell development occur in the bone marrow (BM), which could 

be a possible side effect to follow in romosozumab-treated patients. Our overall goal was 

to define mechanisms that guide the behavior of long-term hematopoietic stem cells (LT-

HSCs) after exposure to an irregular BM microenvironment. Sclerostin plays an 

important role in maintaining bone homeostasis, as demonstrated by the increased ratio of 

bone volume to total volume observed in Sost-/- mice. In this dissertation we assess the 

effects of short-term sclerostin depletion in the BM on hematopoiesis in young (8 week-

old) mice receiving sclerostin-antibody (Scl-Ab) treatment for 6 weeks, and the effects of 

long-term Sost-deficiency on wild-type (WT) LT-HSCs transplanted into older (16-22 

week-old) cohorts of Sost-/- mice. These analyses revealed an increased frequency of 

granulocytes and decreased frequency of lymphocytes in the BM of Scl-Ab treated mice 

and WT→ Sost-/- hematopoietic chimeras, indicating myeloid-biased differentiation in 

Sost-deficient BM microenvironments. This myeloid bias extended to extramedullary 

hematopoiesis in the spleen and was correlated with an increase in inflammatory 

cytokines tumor necrosis factor  (TNF), interleukin-1 (IL-1) and monocyte 

chemoattractant protein 1 (MCP-1) in the serum of the Sost-/- BM. Additionally, 
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alterations in erythrocyte differentiation in the BM and spleen of Sost-/- mice were 

observed. Taken together, this work indicates novel roles for Sost in the regulation of 

myelopoiesis and control of inflammation in the BM. These animal studies strongly 

recommend tracking of hematopoietic function in patients treated with romosozumab. 
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CHAPTER 1 

HEMATOPOIESIS 

Hematopoiesis is the formation of blood cells from embryonic development 

through adulthood in order to produce and replenish the blood system. Pioneering studies 

from Till, McCulloch (1) and others (2) used transplantation experiments to demonstrate 

clonality in adult hematopoiesis and proposed the idea that all blood cells come from a 

few multipotent self-renewing hematopoietic stem cells (HSCs). In 1988, Weissman and 

colleagues first described HSC-enriched cells using a combination of surface markers and 

florescence-activated cell sorting (FACS) (3). The surface markers used to define long 

term hematopoietic stem cells (LT-HSCs) and their downstream progenitors are vast and 

differ widely (4-8). This dissertation uses the surface markers Lineage -, cKit+, Sca1+ 

(LSK), CD150+, CD48-, Flk2+ to define LT-HSCs (9).  

We now know that not all hematopoietic cells originate from HSCs, instead some 

originate during embryonic development and persist into adulthood (10). Hematopoietic 

development in vertebrate embryos occur in several waves, with each sequential wave 

producing cells that are increasing in complexity of lineage potential (11). This 

dissertation, however, will focus on adult hematopoietic development. Adult 

hematopoiesis is a hierarchical system beginning with LT-HSCs at the top (Figure 1). 

LT-HSCs are defined by their capacity for self-renewal and multi-lineage differentiation 

(12, 13). This allows them to continuously replenish the hematopoietic system with cells 

that become progressively more committed as they mature and differentiate (14). LT-

HSCs are thought to differentiate into short-term hematopoietic stem cells (ST-HSCs) 

which have a smaller reconstitution ability compared to LT-HSCs. ST-HSCs are then 

thought to differentiate into multipotent progenitors (MPPs) which have no detectable 

self-renewal abilities (15). Pietras et al. showed that MPP2 and MPP3 are distinct 

myeloid-biased MPP subsets that work with the lymphoid primed MPP4 to manage blood 

production (9). All MPPs are produced in parallel by HSCs but at different kinetics and at 

variable levels dependent on hematopoietic demands (9). The next bifurcation in the 

hematopoietic tree occurs between common myeloid progenitors (CMPs) and common 

lymphoid progenitors (CLPs) (Figure 1). CMPs have myeloid, erythroid megakaryocytic 

potential and form megakaryocyte-erythrocyte progenitors (MEPs) and granulocyte-

macrophage progenitors (GMPs) (Figure 1). MEPs can become either erythrocytes or 

megakaryocytes which break into platelets. GMPs differentiate into either dendritic cells 

or monocytes, which in turn become macrophages and osteoclasts (16). Additionally, 



 
 

4 

GMPs can become granulocytes such as neutrophils, basophils and eosinophils. CLPs on 

the lymphoid side of the hematopoietic tree can become B cells, T cells and NK cells. All 

of these populations form a balanced hierarchy with key transcription factors and 

cytokines intricately controlling stepwise differentiation of each progenitor (17-20). The 

tree in Figure 1 is the classical model understood by many as a broad overview of adult 

hematopoietic development (21). However, this tree is an oversimplification that has 

been challenged over the past few years (22, 23), particularly with regards to 

megakaryopoiesis (24-26). Based on the lack of CD45 present on erythrocytes and 

platelets, Yamamoto et al. generated fluorescently labeled donor mice and identified a 

group of myeloid restricted repopulating progenitor (MyRP) cells that form a myeloid-

bypass hematopoietic pathway (25, 26). More work needs to be done to fully understand 

adult hematopoietic development and to discover additional surface markers to further 

identify and determine some of the heterogeneity found in each subset described above 

(27). 

At steady state levels, hematopoietic stem and progenitor cells (HSPCs) circulate 

the peripheral blood at detectable levels (28-30). This circulation from the bone marrow 

occurs through two main routes, one through peripheral blood circulation and the other 

though lymphatic circulation (31). The lymphatic circulation involves bone marrow 

derived HSPCs traveling from the peripheral blood into multiple peripheral tissues before 

transferring to the lymph nodes and finally back to the peripheral blood through the 

thoracic duct (32). After this, HSPCs can either repeat the peripheral blood migration 

cycle or re-enter the bone marrow (33). The work presented in this dissertation follows 

the tree in Figure 1. 

 

BONE MARROW NICHE 

 In the 1970s the bone marrow niche was labeled as a local microenvironment 

found within the bone (34, 35). Schofield in 1978 theorized that this niche controlled the 

quiescence and cell cycle entry of hematopoietic stem cells, provided information about 

tissue state, regulated stem cell daughter fate and curbed the mutation rate in stem cells 

(35). Due to the large production and development of immune cells, the bone marrow is 

highly vascularized to supply oxygen and nutrients for these processes (36). There are at 

least two anatomically distinct HSC niches in the bone marrow, the central niche, located 

closer to the inner bone marrow, and the endosteal niche, closer to the outer proximity of 

the bone surface.  



 
 

5 

Initially, studies using transplanted fluorescently labeled HSPCs suggested they 

colonized near the endosteal part of the bone marrow (37). However, subsequent studies 

instead found that endogenous HSCs were located closer to bone marrow sinusoids in the 

central niche (7). It is now thought that several types of HSCs defined by differentiation 

biases or different states (quiescent vs active) (38) are located in spatially distinct niches 

(39-41). The central niche contains a majority of the sinusoids and arterioles and is 

thought to contain approximately 85% of HSCs (42). The endosteal niche by comparison 

is much smaller at ~10% of the bone marrow volume and contains about 15% of HSCs 

(43). It also contains all transitional zone vessels (44). Active HSCs are found to migrate 

through the sinusoids, where the general bulk of daily production of blood cells occurs 

(45, 46). This migration is regulated by sympathetic nerve fibers (47). The endosteal 

niche by contrast is thought to be involved in hematopoietic quiescence (48). This is 

essential to preserve HSC self-renewal capacity. However, quiescent HSCs are also 

located near sinusoids where other niche cells might restrict proliferation (42). There is a 

large amount of heterogeneity and complexity in HSC niches alluding to the possibility 

that HSC quiescence is regulated differently in various locations to accommodate the 

requirements of either steady-state or emergency hematopoiesis. 

Increasing in complexity, in both the endosteum and the central bone marrow is 

the perivascular niche where endothelial cells and their associated perivascular 

mesenchymal stem cells (MSCs) regulate and maintain HSCs (7, 49). This has been 

shown to be true for both mice and humans (50, 51). Several cell types are closely 

associated with HSCs in the bone marrow. Among these are Nestin-GFPHi neural glial 

antigen 2 (NG2+) cells who are associated with arterioles in the bone marrow and with 

transition zone vessels near the bone surface (52). Nestin-GFPLo-CXCL12 abundant 

reticular- leptin receptor (LEPR+) cells are associated with sinusoids in the central BM 

(53, 54). 

 Hematopoietic progenitor commitment is also differentially regulated in the 

endosteal and perivascular niches. Deletion of CXCL12 in osteoblasts disturbs early 

lymphoid progenitor maintenance (39). Additionally, perivascular MSCs provide 

important signals such as CXCL12 and IL-7 for B cells (55-57). The perivascular niche 

maintains control of maturation of megakaryocytes (58). Notably, it is possible that 

environmental regulation of lineage commitment could underlie changes to 

hematopoiesis during aging (59). A reduction in endosteal niche space and expansion of 

central bone marrow niche space could be involved in facilitating age-associated myeloid 
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skewing (60). This is important as the work described in this dissertation involves 

assessing hematopoiesis in a model where the bone marrow niche may be disturbed due 

to changes in bone density and volume. 

As HSCs must be conserved and maintained throughout a lifetime, the 

mechanisms by which niche cells regulate HSCs should be diverse and complex. With 

the development of increasingly sophisticated technologies such as live imaging in the 

bone, scientists have revealed a complex and dynamic interplay of proteins, cells and 

vascular tissues. However, despite these advancements, there is still much that needs 

exploring. While complex and detailed studies have occurred, the location of endogenous 

HSCs and the exact role of perivascular cells and other niche cells remains controversial. 

Further studies to clarify details of each niche cell type will provide a greater 

understanding of the intricacies of hematopoietic development in the bone marrow. 

 

SPLENIC NICHE AND EXTRAMEDULLARY HEMATOPOIESIS 

It is known that HSPCs will migrate toward locations based on CXCL12 

presence (61), however, under some physiological stress conditions such as infection 

(62), malignancy (63), anemia (64), pregnancy (65), and metabolic stress (66, 67) HSPCs 

can be induced to leave the bone marrow into the peripheral blood and other organs. 

Hematopoiesis in organs outside of the bone marrow is defined as extramedullary 

hematopoiesis (EMH). This process of migration is defined as mobilization. The steps 

critical in mobilization are attenuation of HSPC retention in the bone marrow (68, 69), 

heightening of the permeability of the bone marrow-blood barrier in the bone marrow 

sinusoids (70), and increased recruitment to sites of EMH (71, 72). Common sites for 

pathological EMH are the spleen, liver, and lymph nodes. Additional areas not as 

common are the heart, chest, thymus, kidney, adrenal glands, prostate, pleura, skin, 

nerves and spinal canal (73, 74). It is still being investigated as to the exact reasons 

pathological EMH occurs. One common theory is that EMH is a compensatory 

mechanism for ineffective bone marrow hematopoiesis (75). EMH can cause 

complications such as swelling of the organs affected (73, 76) or even rupture or bleeding 

(77). There has been much work in the last few decades to identify and characterize the 

bone marrow niches. However, because EMH is considered a secondary disease, there 

have traditionally been fewer studies looking at triggers and consequences. This previous 

lack of research has led to a current surge in examining causes and outcomes of EMH.  



 
 

7 

The spleen is made up of spatially and functionally distinct compartments 

including the white pulp and the red pulp (78). The white pulp is surrounded by the 

marginal zone and contains primarily lymphoid cells for immune responses (78). In the 

red pulp, there are venous sinusoids and mesenchymal cells (78). During homeostasis, the 

red pulp functions primarily as a site for erythrocyte turnover (79) and a reservoir for 

macrophages and erythrocytes for emergency circulation (80-82). The red pulp is also the 

major site for EMH in the spleen with a concomitant expansion of the stromal cell 

compartment (83). 

 Pathological EMH can occur in almost any tissue, however, the spleen is the 

most common site. Therefore, the splenic niche is the most characterized niche for EMH. 

The spleen like the bone marrow has a perivascular niche, where macrophages are widely 

distributed and support stromal cell proliferation (84-86). Additionally, macrophages 

under certain conditions of stress contribute to erythropoiesis and can impact 

erythropoietic niches (87). In general in the spleen, HSPCs are maintained by endothelial 

cells primarily around the sinusoids and stromal cells of the red pulp (88). Again, much 

like the bone marrow, SCF and CXCL12 are involved in splenic hematopoiesis. Under 

physiologically stressful conditions such as pregnancy, myeloablation, or extreme blood 

loss, endothelial cells and Tcf21+ stromal cells produce SCF and CXCL12 to recruit 

circulating HSPCs from the peripheral blood to the extramedullary perivascular niche 

(88, 89). One difference from splenic stromal cells when compared to bone marrow 

stromal cells is that in the spleen stromal cells are Tcf21+ and LepR-, however in the 

bone marrow this is the opposite (90).  

Goitsuka et al. revealed that Tlx1 plays an important role in the splenic EMH 

niche (89). Generally, Tlx1 is known for its role in splenic organogenesis during 

embryonic development (91). It is selectively localized to the perifollicular region in the 

red pulp where EMH is also known to be supported. Goitsuka showed that 

overexpression of Tlx1 induces EMH through HSPC mobilization, recruitment and 

proliferation. The splenic niche although becoming increasingly more studied, has many 

parts that need further understanding. We know there are some differences between the 

splenic niche when compared to the bone marrow niche, but what about other niches? Do 

other niches mimic the splenic niche? Compositions of other extramedullary niches, 

which may include some distinctive cell types due to their different sources of 

developmental and specialized organ structures still need to be clarified. 
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SOST AND BONE 

Two rare human bone disorders, sclerosteosis and van Buchem disease are 

characterized by dramatic increases in bone mineral density (BMD) and have been 

genetically traced to mutations in the Sclerostin (SOST) gene locus, which codes for 

sclerostin (92, 93). After discovery of sclerostin and its role in sclerosteosis and van 

Buchem disease, Sost transcripts were reported in bone, cartilage, kidney, liver, lung, 

heart and pancreas (94, 95). SOST is predominantly secreted by osteocytes and functions 

as a negative regulator of bone formation (96-99). Consistent with RNA data that 

revealed Sost expression in the cartilage, Winkler et al. determined that hypertrophic 

chondrocytes were also positive for sclerostin protein expression (95). It was then 

discovered that sclerostin protein expression was found in cementum cementocytes as 

well (100). Several studies have also shown sclerostin protein expression in articular 

chondrocytes from osteoarthritic joints and altered sclerostin expression in rheumatic 

joint diseases (101-106). More recently, using conditional knockout mouse models, Yee 

et al. demonstrated that osteoblasts (OB) and mesenchymal stem cells express Sost (107). 

Sclerostin has been shown to inhibit canonical Wnt signaling through the binding 

of low-density lipoprotein related protein 5 and 6 (LRP5 and LRP6) (108). Additionally, 

LRP4 is required for Wnt inhibition by sclerostin (109). Moreover, when Wnt is 

inhibited, osteoprotegerin (OPG) is decreased and increases bone resorption (110). In 

Sost-/- mice where Wnt signaling is upregulated, OPG is concurrently increased (110). 

This demonstrates that Sost not only regulates bone formation it also regulates bone 

resorption. The increase in BMD in Sost-/- mice and in humans with decreased SOST 

function has led to the consideration of sclerostin as a potential target for treating 

osteoporosis and other diseases associated with low bone mineral density. A humanized 

monoclonal antibody against sclerostin, termed romosozumab (brand name 

EVENITY®), has been approved in the US for women with osteoporosis after 

menopause at high risk for fracture. In several phase III clinical trials, romosozumab 

decreased the risk of vertebral fractures by up to 73% and increased total hip area BMD 

by 3.2% (111).  

 

SOST, IMMUNITY AND INFLAMMATION 

 Work in the Manilay Laboratory using global Sost-/- mice revealed sclerostin’s 

influence on regulation of immune cell development (112). Wnt signaling is enhanced in 

the absence of Sost, and Wnt signaling has been implicated in the maintenance of 
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hematopoietic stem cells and during B cell development (113). Therefore, Cain et al. 

hypothesized that hematopoiesis would be altered in Sost-/- mice. They found that the 

numbers of HSPC were unaffected in Sost-/- mice but that there was a difference in B cell 

development. Specifically, Cain et al. found bone marrow B cell numbers were 

significantly decreased and B cell apoptosis was increased (112). Through the use of 

reciprocal bone marrow transplantation experiments, it was shown that the impairment of 

B cell development was due to a bone marrow microenvironmental mechanism. Further 

analysis revealed that the cytokine CXCL12, an important B cell growth factor, had 

reduced gene expression in Sost-/- bone marrow stromal cells. Taken together this work 

revealed a novel role for sclerostin in the development of B cells in the bone marrow. As 

sclerostin is expressed primarily by osteocytes, the experiments from Cain et al. 

suggested that osteocytes were key regulators in B cell development in the bone marrow. 

However, Yee et al. was then able to demonstrate using conditional knockout mice 

(SostiCOIN/iCOIN) that B cell development was not actually affected by deletion of Sost in 

osteocytes (Dmp1-Cre) (107, 114). Interestingly, deletion of Sost in MSCs and OB (Prx-

Cre and Col1-Cre) reduced total numbers of B cells in the bone marrow. 

 SOST’s role in B cell development was highlighted even further through studies 

of mice with von-Hippel- Lindau (Vhl) knocked out in osteocytes (VhlcKO) (115). 

Under normal physiological conditions, VHL recognizes and binds to hypoxia-inducible 

factor 1 (HIF1) only when oxygen is present. Therefore, when oxygen is low or the 

Vhl gene is disrupted, VHL does not bind to HIF1 (116). There is evidence in the 

literature that supports both positive and negative effects of hypoxia and HIF1 on Sost 

expression. First, Sost expression was shown to be positively regulated by the direct 

binding of HIF1 to the SOST promoter (117). Contrasting this, Hif1α enhanced 

expression in osteocytes was shown to decrease Sost expression (118), and deletion of 

Vhl in osteoblasts results in Hif1 activation with concomitant reduction in Sost 

expressing osteocytes (119). Loots et al. revealed that deletion of Vhl in osteocytes 

(Dmp1-Cre) decreased Sost expression (115). The increased bone mass found is Sost-/- 

mice was also observed in VhlcKO mice as well as impaired B cell development, 

however, the phenotype was also more severe in VhlcKO than Sost-/- mice (Chicana et al. 

unpublished results). Analysis of B cell function in Sost-/- mice support the idea that B 

cell response to T-dependent antigens is altered, however further analysis is needed to 

assess functional responses in B cells in VhlcKO mice (120). 
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Very little is known about sclerostin and inflammation. Using an osteoarthritis 

mouse model, Chang et al. revealed that Sost expression in the bone is upregulated by 

TNF post injury (121). Specifically, they demonstrated that Sost activation in response 

to joint injury is TNF  and NF- κB dependent, and that in PTOA, SOST functions as a 

protective molecule to prevent cartilage degradation in subsequent traumatic injury by 

downregulating Wnt-dependent catabolic enzymes (121). Previous work in the Manilay 

Laboratory demonstrated that Sost-deficiency in mice affects B lymphocyte development 

in a non-cell autonomous manner, CXCL12 levels are diminished in the bones of Sost-/- 

mice, but that Wnt signaling in B lymphocytes does not appear to be affected (112). In 

this work, I extended the investigation to focus on HSC function and fate in sclerostin-

deficient BM microenvironments. Specifically, I hypothesized that removal of sclerostin 

would influence LT-HSC self-renewal, maintenance and differentiation. 
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Figure 1. Hematopoietic Hierarchy. 
Hematopoietic tree depicting how long-term hematopoietic stem cells (LT-
HSC) are  generally thought to mature. Short term hematopoietic stem cell 
(ST-HSC); Multipotent progenitor (MPP); Common myeloid progenitor 
(CMP); Lymphoid primed multipotent progenitor (LMPP); Megakaryocyte 
erythroid progenitor (MEP); granulocyte monocyte progenitor (MEP); 
Common lymphoid progenitor (CMP); Dendritic cell (DC); Red blood cell 
(RBC); Lineage -, Sca1+, cKit+ (LSK). 
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CHAPTER 2 

Sclerostin depletion induces inflammation in the bone marrow of mice 

 
Introduction 

 After birth and throughout adult life, hematopoiesis primarily occurs in the bone 

marrow (BM). It has also been shown that altered bone homeostasis can affect 

hematopoiesis (1, 2). Self-renewal, quiescence of long-term hematopoietic stem cells 

(HSCs) and hematopoietic differentiation involves many cell signaling pathways, 

including Wnt, Notch, FGF, and Hedgehog (3). Several studies regarding Wnt signaling, 

and hematopoiesis have produced contradictory results (4-7). However, there have been 

various efforts to reconcile these contradictions, including the idea that canonical Wnt 

signaling regulates hematopoiesis in a dosage-dependent fashion, Wnt signaling 

differentially affects fetal and adult HSCs, and interactions between canonical and non-

canonical Wnt pathways influence the interpretation of these results (8).  

 Under homeostatic conditions, long-term hematopoietic stem cells (LT-HSCs) 

maintain a quiescent state in the BM, providing a lifelong reservoir of multipotent cells 

that replenish hematopoietic populations as they are depleted by use or age. Since the 

discovery of HSCs in 1961 (9), a growing list of hematopoietic stem and progenitor cell 

(HSPC) populations have been described, along with a set of cell surface markers to 

define them. Unless otherwise specified, I delineate the conglomerate HSPCs as LSKs 

(Lin-, Sca1+, cKit+), and LT-HSCs as LSK, CD150+, CD48-, Flk2- (Table 2) (10-12). In 

an adult mouse, LT-HSCs give rise to all mature blood lineages. As cells progress from 

LT-HSCs to short-term hematopoietic stem cells (ST-HSCs) and then to multipotent 

progenitors 2, 3, or 4 (MPP2, MPP3, or MPP4), cells are generally thought to split into 

two different paths, the myeloid and lymphoid pathways. It has been demonstrated that 

MPP2 and MPP3 contribute largely to myeloid cells and MPP4 to lymphoid cells (13). 

Lymphopoiesis produces cell types such as mature B, T, and NK cells, whereas 

myelopoiesis produces a broader variety of mature cells, such as monocytes, 

granulocytes, and erythrocytes.  

Organismal aging is characterized by increased inflammation and decreased HSC 

functional capacity. Under homeostatic conditions, inflammation facilitates immune 

defense and is important in tissue repair. However, the inflammation caused decline in 

HSC function includes a reduction in long-term repopulating potential, homing, and 

engraftment after transplantation (14), a decrease in lymphopoiesis with an increase in 
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myelopoiesis (15, 16), as well as an increase in the total number of LT-HSCs (17). Aging 

is also associated with a chronic inflammatory phenotype that has been characterized by 

anemia, immunosenescense, thrombocytosis (18), as well as overproduction of 

inflammatory cytokines IL-1, TNF- and IL-6 (19). In addition to facilitating myeloid 

differentiation and impairing self-renewal, inflammatory cytokines can also injure HSCs 

directly through promotion of proliferation leading to DNA damage. Inflammation 

promotes myelopoiesis and newly generated myeloid cells create more inflammatory 

factors, causing an adverse and harmful positive feedback loop. 

 In 1978, the concept of a "hematopoietic stem cell niche" was introduced and is 

still being explored today (20). The spatial localization of HSC niches in the BM remains 

controversial, with early work suggesting that hematopoiesis is maintained in 

homogenously distributed niches, while more recent work proposes distinct niche 

structures (21). However, it is agreed that local BM microenvironments maintain HSCs 

and regulate their function by producing factors that act directly on HSCs such as SCF, 

CXCL12, and thrombopoietin. SCF binds to the KIT receptor on HSCs and is required 

for HSC maintenance (22). CXCL12 is involved in HSC maintenance and retention in the 

BM through activation signaling of CXCR4 on HSCs (23). CXCL12-CXCR4 signaling 

also regulates several myeloid and lymphoid progenitors' proliferation and retention in 

the BM (24, 25). Thrombopoietin activates signaling through myeloproliferative 

leukemia protein on HSCs and is required for HSC maintenance (26). Thrombopoietin is 

also essential in megakaryocyte and platelet production (27).  

Our previous work demonstrated that Sost-deficiency in mice affects B lymphocyte 

development in a non-cell-autonomous manner, CXCL12 levels are diminished in the 

bones of Sost-/- mice, and that Wnt signaling in B lymphocytes does not appear to be 

affected (28). In this chapter, we extended our investigation to focus on HSC function 

and fate in sclerostin-deficient BM microenvironments. Specifically, we hypothesized 

that removal of sclerostin would influence LT-HSC self-renewal, maintenance, and 

differentiation.  
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Materials and methods 

Study Design/Statistical Analysis. G*Power 3.1 software was used to calculate the sample 

size required per group for all experiments. Specifically, the type of power analysis used 

was a priori: compute size of the sample needed given , power and effect size, where n1 

= n2 (allocation ratio N2/N1 =1),  = 0.05, two tails, normal parent distribution, and 

effect size of d =0.5. All box and whisker plots are composed of the ends of the box 

corresponding to the upper and lower quartiles, with the median marked by the vertical 

line inside. The whiskers correspond to the highest and lowest observations. All line data 

were expressed as the mean + standard deviation. For flow cytometry results, statistical 

analysis was done using Mann-Whitney U-test or Student's t-test with a two-tailed 

distribution, with two-sample equal variance (homoscedastic test) using GraphPad Prism. 

For all tests, p < 0.05 was considered to be statistically significant.  

 

Mice. C57BL/6 mice (Stock No: 000664) and B6.SJL (CD45.1, Stock No: 002014) were 

purchased from The Jackson Laboratory. Sost-/- LacZ-knock-in mice, in which Sost is 

globally deleted, have been previously described (28). Mice of both sexes were used on 

the C57BL/6 background and housed in sterile, microisolator cages with autoclaved feed 

and water. The UC Merced or Lawrence Livermore National Laboratories IACUCs 

approved all animal work.  

 

Flow cytometric analysis of bone marrow cells. Procedures for euthanasia, dissection, 

and preparation of femurs and tibias were performed as previously described (28). 

Antibodies used are listed in Table 1 and were purchased from eBioscience, BioLegend, 

Miltenyi Biotec, and BD Biosciences. A list of cell surface markers for the cell 

populations we examined is provided in Table 2. Staining of all cells included a pre-

incubation step with unconjugated anti-CD16/32 (clone 2.4G2 or clone 93) mAb to 

prevent nonspecific binding of mAbs to Fc𝛾R, except when staining for CD16/32. For 

extracellular staining, the cells were incubated with a panel of biotinylated mAbs for 20 

minutes on ice, followed by a secondary stain with fluorochrome-conjugated streptavidin 

and additional primary directly conjugated mAbs for 20 minutes on ice and then 10 min 

at room temperature protected from light. DAPI or PI was used as a viability dye. Single 

color stains were used for setting compensations, and gates were determined by historical 

data in addition to fluorescent-minus-one control stains. Flow cytometric data was 
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acquired on the BD LSR II or BD Aria III. The data was analyzed using Flowjo, version 

10 (Tree Star, Inc.). 

 

Scl-Ab treatment. SOST antibody (Scl-Ab; Regeneron) (25 mg/kg), or vehicle (PBS) was 

administered subcutaneously to C57BL/6 mice starting at eight weeks of age, twice 

weekly, for six weeks. 

 

Transplantation. To purify LT-HSCs for transplant, enrichment of LT-HSCs from WT 

B6.SJL mice was performed using a biotinylated anti- "lineage" antibody cocktail (anti-

CD3, CD4, CD8, CD11b, CD19, Gr1, NK1.1, and Ter119) followed by magnetic 

separation using EasySep Positive Selection kit (Stem Cell Technologies). After 

enrichment, cells were stained with streptavidin-Pacific Blue and antibodies to Sca1, 

cKit, CD150, and CD48. Cells were aseptically sorted on the BD FACS Aria II cell sorter 

to a 90.3-100% purity. Equivalent numbers of LT-HSCs (minimum of 225) were injected 

retro-orbitally into sublethally-irradiated (750 rads with a 137Cs source, J.L. Shepherd, 

Inc.) control B6 or Sost-/- recipients under isoflurane anesthesia. Animals were 

supplemented with neomycin in the drinking water for 14 days post-transplant and 

analyzed for chimerism in the peripheral blood every six weeks, as described (28). 

Recipient mice were 16-22 weeks of age at the time of transplantation, and their bone 

marrow was analyzed at 16-20 weeks post-transplantation. 

 

Quantification of cytokines. Long bones were dissected and cleaned of muscle, and 

epiphyses were removed. The bones were then placed in a 0.5 mL tube in which a hole 

was introduced in the bottom using an 18 g needle. Bone marrow serum was harvested by 

removing epiphyses from both long bones after dissection and removal of muscle, 

placing bones in a 0.5 mL tube with 60 µL PBS with a hole in the bottom from an 18 

gauge needle. To harvest the BM serum, the 0.5mL tube containing the bone was then 

placed into a 1.5 mL microcentrifuge tube, and 60 µL PBS was added to the bone. Tubes 

were centrifuged together for 30 seconds at 10,000 x g, collecting the serum supernatant 

in the 1.5 ml tube. For peripheral blood collection, mice were heated gently under a heat 

lamp, and 7-8 drops of blood were collected from the tail veins in non-heparinized tubes. 

Blood was allowed to clot for at least 30 minutes and then was centrifuged for 10 minutes 

at 1,000 x g to separate the serum from the blood cells. Concentrations of cytokines (IL-

1α, IL-1β, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, 
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and GM-CSF) were determined from the serum of bone marrow and blood using the 

LEGENDplex™ Mouse Inflammation Panel from Biolegend, Inc. according to the 

manufacturer's instructions. 

 

Bulk RNA-Seq and data analysis. Donor-derived LT-HSCs from pooled from WT→WT 

and WT→Sost-/- bone marrow chimeras, were sorted using flow cytometry for bulk 

RNA-Sequencing analysis. Cells were sorted into Buffer RLT lysis buffer (Qiagen) 

supplemented with -mercaptoethanol followed by RNA isolation using RNeasy Micro 

kit (Qiagen) per manufacturers protocol. Sequencing library preparation was performed 

using SMART-Seq v4 Ultra Low Input RNA Kit (Takara Bio) according to 

manufacturer’s protocol then sequenced on an Illumina NextSeq 500.  Sequence reads 

were aligned to mouse genome (mm10) using TopHat2 (29) and gene-wise read counts 

were generated using ‘featureCounts’ (30). Subsequently, data was normalized using 

‘TMM’ normalization method and differentially expressed genes were identified with 

‘limma’ using ‘voom’ method (31). Enriched ‘biological processes’ associated with 

differentially expressed genes were identified using ToppGene (32). Heatmaps and dot 

plots were generated using custom R scripts. (Analysis by Sebastian Lab) 

Bulk RNA-Seq and data analysis. Donor-derived LT-HSCs from pooled from WT→WT 

and WT→Sost-/- bone marrow chimeras, were sorted using flow cytometry for bulk 

RNA-Sequencing analysis. Cells were sorted into Buffer RLT lysis buffer (Qiagen) 

supplemented with -mercaptoethanol followed by RNA isolation using RNeasy Micro 

kit (Qiagen) per manufacturers protocol. Sequencing library preparation was performed 

using SMART-Seq v4 Ultra Low Input RNA Kit (Takara Bio) according to 

manufacturer’s protocol then sequenced on an Illumina NextSeq 500.  Sequence reads 

were aligned to mouse genome (mm10) using TopHat2 (29) and gene-wise read counts 

were generated using ‘featureCounts’ (30). Subsequently, data was normalized using 

‘TMM’ normalization method and differentially expressed genes were identified with 

‘limma’ using ‘voom’ method (31). Enriched ‘biological processes’ associated with 

differentially expressed genes were identified using ToppGene (32). Heatmaps and dot 

plots were generated using custom R scripts. 

 

Single-cell RNA-seq and data analysis.  scRNA-Seq studies were performed in 

collaboration with the  Loots and Sebastian Labs, Lawrence Livermore National 
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Laboratories.  Single-cell preparation of bone derived cells were obtained from freshly 

dissected long bones (femurs and tibias) from 10-week old mice per genotype (N=2). 

Following a thorough removal of superficial tissue, bones were cut at the epiphysis and 

bone marrow flushed with 10 mL wash buffer (DMEM/F12+1%BSA) using a 29 gauge 

needle inserted into the marrow. Flushed bones were gently crushed with a pestle in 5mL 

of fresh wash buffer to yield 1-2mm in diameter bone fragments followed by an 

additional 5 mL wash in wash buffer. Bone fragments were then digested in 5 mL of 

3mg/ml Collagenase type I (Worthington) and 100 µg/mL DNase I (Roche, Basel, 

Switzerland) in wash buffer for 45 minutes at 37C with shaking (120 rpm). All 

supernatants were collected and stored on ice with supplementation of equal volume 

complete (DMEM/F12 with 10%FBS) until final processing. Next, 5 mL of 0.25% 

Trypsin-EDTA (ThermoFisher Scientific) was added to bone fragments for 10 minutes at 

37C with shaking (120 rpm) before collection of supernatant, followed by a wash and 

collection with 5 mL of wash buffer. Pooled supernatants/wash were centrifuged at 500 x 

g for 10 minutes at 4C then resuspended in complete media on ice. Collagenase/Trypsin 

digestions were performed 2 additional times with all cells pooled followed by a red 

blood cell removal using ACK lysing buffer (ThermoFisher Scientific) then final 

resuspension in PBS with 0.04% non-acetylated BSA. Single-cell library preparation was 

performed using Chromium Single Cell 3′ GEM, Library & Gel Bead Kit v3 (10x 

Genomics, Catalog no. 1000075) following the manufacturer’s protocol. Libraries were 

sequenced on Illumina NextSeq500. We then used 10x Genomics Cell Ranger pipeline 

for sample demultiplexing, barcode processing, aligning to the mouse genome (mm10) 

and quantifying gene expression. Further analysis was performed in R using the Seurat 

package (33). First, cells with fewer than 500 detected genes per cell and genes that were 

expressed by fewer than 5 cells were filtered out. Subsequently, the data was normalized 

using a global-scaling normalization method “LogNormalize”. Then, WT and Sost-/- 

datasets were anchored and integrated using the top 2000 variable features per dataset 

calculated via the “vst” method, and a new integrated matrix was generated. The 

integrated data was then scaled to a mean of 0 and variance of 1 and the dimensionality 

of the data was reduced by principal component analysis (PCA). The first principal 

components were then used for dimensionality reduction using uniform manifold 

approximation and projection (UMAP) and clustering using the Louvain algorithm. To 

further characterize immune cells, we extracted all cells with robust Ptprc (CD45) 
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expression and analyzed as described above. This analysis resulted in 10 immune 

clusters. Cluster markers were identified using the “FindAllMarkers” function in Seurat.  
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Results 

Sclerostin-depleting antibody treatment changes hematopoietic differentiation 

I hypothesized that the drastic reduction in the BM cavity volume Sost-/- mice 

(34) affected the hematopoietic stem cell niches within the BM (35) (36). Given the 

known relationship between Wnt signaling on hematopoietic stem cell (HSC) self-

renewal and function (37), and that sclerostin is a Wnt signaling antagonist (38) (39), I 

hypothesized that depletion of sclerostin through the administration of neutralizing 

antibodies would promote HSC self-renewal. To test if acute depletion of SOST changed 

hematopoiesis, I performed studies in which SOST was depleted using sclerostin-specific 

antibodies (Scl-Ab), administered subcutaneously in 8-week-old mice twice a week for 

six weeks (Figure 1A). Scl-Ab treatment resulted in the BM total cellularity was 

unchanged (Figure 1B). Scl-Ab treatment resulted in increased trabecular volume/total 

volume (BV/TV) and midshaft cortical thickness, similar to that observed in the Sost-/- 

mice (40-42). 

The frequency of the HSPC subpopulations (LT-HSC, ST-HSC, MPP2, MPP3, 

and MPP4) was unaffected in the BM of Scl-Ab treated mice, except for a slight increase 

in the frequency of MPP3 (a myeloid-biased progenitor) (Figure 1C). However, this 

change in frequency did not result in a difference in MPP3 cell numbers (Figure 1D). In 

the BM, CD3+ T lymphocytes were reduced, and CD11b+ Gr1+ granulocytes were 

increased in both frequency and absolute number after Scl-Ab treatment (Figure 1E and 

1F), consistent with the increase in MPP3 frequency. Analysis of B cell development in 

the BM of Scl-Ab treated mice showed an increase in B cell progenitors (Hardy Fractions 

B-C and D), followed by a decrease in the mature recirculating B cells (Hardy Fraction F) 

(Figure 1G and 1H), similar to the altered B cell development observed in the BM of 12-

15 week old Sost-/- mice (28).  

 

Lack of sclerostin in the bone does not alter hematopoietic progenitor distributions in the 

bone marrow 

The observation that acute Scl-Ab treatment increased MPP3 distribution in the 

BM led me to inquire whether similar alterations would also be observed longer-term in a 

chronic Sost deficient model. I elected to use a transplantation model as subtle changes in 

hematopoiesis in response to the bone microenvironment can be enhanced using 

transplantation approaches.  
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Equal numbers of purified wildtype (WT) CD45.1+ LT-HSCs (LSK, CD150+ 

CD48-) cells were transplanted into sub-lethally irradiated (750 rads) congenic CD45.2+ 

WT or Sost-/- hosts (Figure 2A). The use of the congenic CD45.1 and CD45.2 mice is an 

established approach that permits the tracking of donor-derived (CD45.1+) hematopoiesis 

separate from host-derived (CD45.2+) hematopoiesis after transplant. This model also 

allows for comparison of fully developed LT-HSCs isolated from the same source of 

adult WT mice and their engraftment and differentiation after transfer into Sost-/- or 

control microenvironments. Sixteen weeks after LT-HSC transplantation, the recipients 

were analyzed for BM cellularity, donor hematopoietic chimerism, and donor-derived 

hematopoietic progenitors' frequencies. As expected, total bone marrow cellularity was 

significantly decreased in the Sost-/- recipients (Figure 2B (28)). Donor percent 

hematopoietic chimerism within the BM was at similar levels in WT and Sost-/- recipients 

(Figure 2C), indicating no effect of the Sost-/- microenvironment on donor WT LT-HSC 

engraftment after transplantation. Additionally, the frequency of donor derived LSKs was 

unchanged in the BM (Figure 2D). We further analyzed HSPCs in the chimeras for LT-

HSCs, ST-HSCs, MPP2, MPP3, and MPP4 subpopulations (Figure 2G). Within the BM 

of WT → Sost-/- chimeras, no statistically significant changes in proportions or absolute 

numbers of any HSPC subpopulations were observed (Figure 2E and 2F).  

The reciprocal transplants where equal numbers of purified wildtype (WT) 

CD45.2+ LT-HSCs (LSK, CD150+ CD48-) or Sost-/- CD45.2+ LT-HSCs (LSK, CD150+ 

CD48-) cells were transplanted into sub-lethally irradiated (750 rads) congenic CD45.1+ 

WT hosts were also performed to confirm if the changes observed in the WT  Sost-/- 

transplants were due to environmental or intracellular changes (Figures 7 and 8). We 

found no differences in donor chimerism (Figure 7A), cellularity (Figure 7B) bone 

marrow and splenic LSKs (Figure 7C and 7D), or bone marrow and splenic HSPCs 

(Figure 7E, 7F) defined here as LSK CD150+ CD48- and LSK CD150- CD48+. 

Additionally, we found no differences in any mature lineage populations in the bone 

marrow and spleen (Figure 8A, 8B, 8C, 8D). Furthermore, no change in the expression of 

self-renewal and cell cycle genes p21Cip1 and HoxB4 were observed in Sost-/- LT-HSCs 

sorted from the BM, and no evidence of changes in LSK quiescence or enhanced cell-

cycling after 5-fluorouracil treatment was observed in Sost-/- mice (40). When we evaluate 

non-transplanted Sost-/- LSKs for apoptosis and proliferation (Figure 3A and 3B) in the 

BM, we observed a decrease in early-apoptotic LSKs, but no change in late apoptotic or 

Ki67+ proliferating LSKs. (Figure 3C, 3D).  
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Lack of sclerostin in the bone microenvironment results in an increase in myeloid cells 

I also analyzed hematopoietic differentiation broadly in the chimeras, using an 

antibody cocktail to quantify CD19+ B lymphocytes, CD3+ T lymphocytes, CD11b+ Gr1- 

monocytes, and CD11b+ Gr1+ granulocytes (Figure 4C). In the BM, the frequency and 

number of donor-derived T cells and donor-derived B cell numbers were decreased in 

WT →Sost-/- chimeras compared to WT → WT controls (Figure 4A and 4B). In addition, 

a significant increase in the frequency of donor-derived monocytes and granulocytes was 

observed in Sost-/- hosts but with decreased absolute numbers compared to controls 

(Figure 4A and 4B). MPP2, MPP3 and MPP4 HSPC progenitor frequencies and absolute 

numbers were unchanged (Figure 2F).  

The observations of increased frequency of monocytes and granulocytes in the 

BM are consistent with skewing of LT-HSC hematopoietic differentiation towards the 

myeloid lineages in the Sost-/- BM microenvironment. The observation of no changes in 

myeloid lineage frequencies or absolute numbers in reciprocal Sost-/-→WT chimeras and 

in competitive LSK transplantation studies where equal numbers of LSKs from WT 

B6.SJL and Sost-/- mice were co-transplanted into WT recipients (Figure 7 and 8) 

supports that the source of the myeloid bias is not cell-intrinsic to the hematopoietic stem 

cells or progenitors and that the microenvironment of Sost-/- mice is conducive for 

myeloid expansion. To investigate this at the molecular level, I sorted LT-HSCs from 

WT→ Sost-/- chimeras and control WT→ WT chimeras for bulk RNA-Seq analysis. With 

assistance from the Sebastian and Loots labs, gene ontology (GO) analysis of upregulated 

genes identified several enriched biological processes including myeloid activation, 

myeloid differentiation, osteoclast differentiation, and inflammatory response pathways 

in LT-HSCs in the WT→ Sost-/- chimeras (Figure 5A). 

 

Sost-/- mice express high levels of inflammatory cytokines in the bone marrow 

 The bulk RNA-Seq analysis indicated that LT-HSCs in the bone marrow of 

WT→ Sost-/- chimeras were experiencing an inflammatory microenvironment. The 

immune system is very responsive to inflammatory signaling caused by insults and 

environmental disturbances (43). Pietras et al. (44) and others have shown that 

inflammatory responses in the bone marrow are accompanied by changes in the blood 

system, including overproduction of myeloid cells and a decrease in the production of 

lymphoid cells. We hypothesized that the Sost-/- BM microenvironments might express 
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increased levels of pro-inflammatory cytokines. We assessed 13 distinct inflammatory 

cytokines in the serum of the Sost-/- BM and spleen and found TNF-, MCP-1 (gene 

name Ccl2), and IL-1 to be significantly increased in the BM (Figure 5B). This increase 

was localized to the Sost-/- BM as no difference in TNF-, MCP-1 and IL-1) observed in 

the spleen or peripheral blood (Chapter 3). No difference in IL-1β, IL-6, IL-10, IL-12p70, 

IL-17A, IL-23, IL-27, IFN-β, IFN-γ, and GM-CSF were observed in any tissue examined.  

 

Bone marrow monocytes in Sost-/- mice exhibit upregulated Tnf and Ccl2 gene expression 

 To identify the cellular source of TNF, MCP-1 and IL-1, we used single cell 

RNA sequencing (scRNA-Seq) of residual CD45+ (Ptprc) bone marrow cells from 

collagenase-digested WT and Sost-/- bones. scRNA-Seq revealed ten distinct immune cell 

populations found in both WT and Sost-/- mice (Figure 5C, 5D), including subsets of 

monocytes (Populations 0, 1, 2, 3 and 7) defined by expression of Itgam1 (CD11b) and 

CD14 (Figure 5E). Monocytes in Populations 3 and 7 showed ~2.25 times higher Tnf 

expression on a per cell basis in the Sost-/- bone (Figure 5F) than WT. Ccl2 (MCP-1) was 

found equivalently on a per cell basis in monocytes in Populations 0 and 7), but there 

were more Ccl2+ cells in those subpopulations in Sost-/- mice. Ccl2 was also expressed in 

CD45-negative mesenchymal stromal cells and fibroblasts at equivalent levels in WT and 

Sost-/- mice (data not shown). The expression levels of Tnf and Ccl2 on Sost-/- cells was 

higher than controls (Figure 5G). IL-1 was not detected in any CD45+ or CD45- cells in 

this analysis. 

 

Erythrocyte development is altered in Sost-/- mice 

 Chronic inflammation has been shown to induce anemia (45), and we 

hypothesized the increase in TNF-, MCP-1 and IL-1 in the BM of Sost-/- mice would 

result in a decrease of mature erythrocytes (red blood cells, RBC). To determine if mature 

RBCs and erythrocyte progenitors in the BM were reduced, we performed flow 

cytometry analysis with Ter119 and CD71 cellular markers, which allows for 

discrimination of developmentally distinct RBC progenitor populations (Stage 1: 

CD71+Ter119-, Stage 2: CD71+Ter119+, Stage 3: CD71midTer119+, and Stage 4: CD71- 

Ter119+) (46). The most immature progenitors (Stage 1) express intermediate levels of 

Ter119 and high levels of CD71 and, as they mature, begin to downregulate CD71 and 

upregulate Ter119 (Figure 6A). In Sost-/- BM, the only change we observe in a decrease 

in stage 3 but no differences in stages 1, 2, and 4. (Figure 6B). Consistent with this, the 
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frequency of 7AAD- AnnexinV- (live) Stage 3 progenitors was significantly decreased 

(Figure 6C). This is interesting as there is no other differences observed in the other 

analysis such as late/dead or early apoptosis, perhaps indicating a decrease in cellular 

proliferation (Figure 6C). 
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Figure 1. Sclerostin-depleting antibodies change hematopoietic differentiation. 
(A) Experimental scheme for Scl-Ab treatment and analysis; (B) Total bone marrow cellularity; 
(C) Bone marrow frequency of LSK progenitors; (D) Bone marrow cell number of LSK 
progenitors; (E) Bone marrow frequency of mature lineages; (F) Bone marrow cell number of 
mature lineages; (G) Bone marrow frequency of B cell populations; (H) Bone marrow cell number 
of B cell populations. Female mice, 8 weeks of age, were used for this study (n=7 for each group). 
p<0.05*, p<0.01**, p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. 
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Figure 2. Lack of sclerostin in the bone does not alter hematopoietic progenitor distribution 
in the bone marrow. 
(A) Experimental scheme of LT-HSC transplant model to study hematopoiesis long-term in Sost-
deficient BM microenvironments; (B) Total bone marrow cellularity in WT →WT (control) and 
WT →Sost-/- chimeras; (C) Percent donor chimerism; (D) Frequency of donor-derived BM LSKs; 
(E) Frequency of donor-derived BM HSPCs; (F) Cell number of donor-derived BM HSPCs; (G) 
Representative FACS plots depicting gating strategy for HSPC gating in chimeras. The ages of the 
BM donor mice ranged from 9-17 weeks. Ages of the recipients ranged from 16-22 weeks, after 
the Sost-/- BM phenotype is already established. Both male and female donors and hosts were 
used. Donor LT-HSC cell numbers ranged from 235-400 cells per mouse. Sort purities ranged 
from 90.3% - 100%. Analysis of BM was performed 19-29 weeks post-transplantation. Data 
shown are compiled from 4 independent experiments. p<0.05*, p<0.01**, p<0.001***, 
p<0.0001**** Mann-Whitney, non-parametric t-test. 
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Figure 3. BM LSKs have a decrease in early apoptosis but no change in late apoptosis or 
Ki67+ proliferation. 
(A) Representative FACS analysis of LSKs stained with Annexin V and PI, showing live cells and 
cells in early and late apoptosis; (B) FACS analysis of LSKs stained with Ki67; (C) Summary of 
apoptosis staining results in the LSKs of the BM; (D) Frequencies of Ki67+ BM LSKs, and Ki67- 
BM LSKs.  Data on apoptosis was compiled from 2 independent experiments, using male mice 
with ages ranging from 6-63 weeks with age-matched controls in the same experiment. Data on 
proliferation was compiled from 3 independent experiments, using male and female mice with 
ages ranging from 23-54 weeks. p<0.05*, p<0.01**, p<0.001***, p<0.0001**** Mann-Whitney, 
non-parametric t-test. 
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Figure 4. Lack of sclerostin in the bone microenvironment results in a myeloid bias. 
(A) Frequencies of donor-derived BM lineage populations in chimeras; (B) Cellularity of donor-
derived BM lineage populations; (C) Representative FACS plots depicting gating strategy for 
mature lineages in chimeras. Data shown are from a WT Sost-/- chimera. Data are from the same 
experiments described in Figure 2. p<0.05*, p<0.01**, p<0.001***, p<0.0001**** Mann-
Whitney, non-parametric t-test. 
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Figure 5. Elevated levels of inflammatory cytokines in Sost-/- bone marrow.  
(A) Dot plot showing enriched gene ontology categories in bulk RNA-Seq analysis of LT-HSCs 
sorted from WT→Sost-/- bone marrow chimeras compared to WT→WT chimeras; (B) TNF, 
MCP-1 and IL-1 concentrations in WT and Sost-/- bone marrow (top) and spleen (bottom). Open 
circles represent male mice and filled circles represent female mice. Male (4 WT and 4 Sost-/-) and 
female (4 WT and 4 Sost-/-) mice ranging in ages 25-36 weeks were used. All samples were 
analyzed using a single LEGENDPLEX kit; (C) UMAP plots showing immune cell clusters in 
scRNA-Seq analysis of residual bone marrow cells remaining after depletion of CD45+ cells 
and collagenase digestion of WT and Sost-/- bones. Cell clusters are colored based on cluster 
identity; (D) UMAP plots with cells colored based on genotype; (E) Feature plot showing the 
expression of Itgam (CD11b) and Cd14 in various immune clusters; (F) Feature plot showing 
the expression of Tnf and Ccl2 in immune cells from WT (left) and Sost-/- bones (right); (G) 
Violin plots of expression levels on all cells expressing Tnf and Ccl2. ScRNA-Seq data is 
from one experiment, with two 10-week old mice per genotype. p<0.05*, p<0.01**, 
p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. (Fig A, C-G generated by 
Sebastian Lab) 
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Figure 6. RBC development in the Sost-/- BM is altered. 
(A) Representative FACS plots depicting stages of RBC development (B) Normalized frequencies 
of Stages 1-4 bone marrow RBC progenitor populations (C) Cell death frequencies of stages 1-4 
bone marrow RBC progenitor populations. Data on RBC development in the BM was compiled 
from 3 independent experiments, and male and female mice of 9-60 weeks of age were used. Data 
on RBC cell death was compiled from 2 independent experiments, and was taken from mice 78-82 
weeks of age, male and female. 
p<0.05*, p<0.01**, p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. 



 
 

39 

  

 
Figure 7. Lack of sclerostin does not alter hematopoietic progenitor distribution in the bone 
marrow or spleen after transplantation into a WT environment. 
(A) Percent donor chimerism; (B) Total bone marrow cellularity in WT → WT (control) and Sost-/-  
→  WT chimeras; (C) Frequency of donor-derived BM LSKs; (D) Frequency of donor-derived 
splenic LSKs; (E) Frequency of donor-derived BM HSPCs; (F) Frequency of donor-derived 
splenic HSPCs. The ages of the WT donor mice ranged from 12-15 weeks, ages of Sost-/- donor 
mice ranged from 12-17 weeks. Ages of the recipients ranged from 13-15 weeks. Both male and 
female donors and hosts were used. Donor LT-HSC cell numbers ranged from 813-1000 cells per 
mouse. Sort purities ranged from 90.3% - 100%. Analysis of BM was performed 19-20 weeks 
post-transplantation. Data shown are compiled from 3 independent experiments. p<0.05*, 
p<0.01**, p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. 
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Figure 8. Lack of sclerostin does not alter mature lineage populations in the bone marrow or 
spleen after transplantation into a WT environment. 
(A) Frequencies of donor-derived BM lineage populations in chimeras; (B) Frequencies of donor-
derived splenic lineage populations in chimeras; (C) Cellularity of donor-derived BM lineage 
populations; (D) Cellularity of donor-derived Splenic lineage populations.The ages of the WT 
donor mice ranged from 12-15 weeks, ages of Sost-/- donor mice ranged from 12-17 weeks. Ages 
of the recipients ranged from 13-15 weeks. Both male and female donors and hosts were used. 
Donor LT-HSC cell numbers ranged from 813-1000 cells per mouse. Sort purities ranged from 
90.3% - 100%. Analysis of BM was performed 19-20 weeks post-transplantation. Data shown are 
compiled from 3 independent experiments. p<0.05*, p<0.01**, p<0.001***, p<0.0001**** 
Mann-Whitney, non-parametric t-test. 
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Figure 9. Working models of the mechanisms driving inflammation in the Sost-/- bone 
marrow.  
(Left) Inflammation in the Sost-depleted bone marrow results in skewed myeloid 
differentiation at the LT-HSC level, resulting in an increase on monocytes and granulocytes 
in the bone marrow. The monocytes and granulocytes produce additional inflammatory 
cytokines. My results do not support this model; (Right) An alternative model: 
Inflammation in the Sost-/- bone marrow results the production of MCP-1 by monocytes in 
the microenvironment, which in turn induces the recruitment of monocytes from the 
periphery. Monocytes in the bone marrow produce TNF, further contributing to the 
inflammation. The source of IL-1 remains unknown. In parallel, the high levels of TNF 
in the Sost-/- bone marrow may independently promote osteoclastogenesis. 

Figure 
7
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Discussion 

The sclerostin monoclonal antibody romosozumab is now approved for the 

treatment of osteoporosis in the US, Japan, Canada, Australia, and S. Korea) (47, 48). 

This treatment is effective at treating osteoporosis; however, our previous studies and our 

current study in Scl-Ab treated mice and studies in hematopoietic differentiation in older 

Sost-/- mice and long-term studies in WT →Sost-/- chimeras suggest that this treatment 

may have unintended effects on immune development of patients, many of whom are 

older and have less plastic immune systems (49). 

Given that SOST is a known Wnt antagonist and Wnt signaling has been shown 

to be involved in the regulation of hematopoietic stem cell quiescence and self-renewal 

(37), we hypothesized that enhanced Wnt signaling in the bone microenvironment would 

result in an enhancement in HSC self-renewal (proliferation) and numbers. However, the 

results did not support this hypothesis. Instead, my analyses demonstrated an increase in 

myeloid cells and evidence of elevated inflammatory cytokines TNF, MCP-1 and IL-1 

in the bone marrow of Sost-depleted mice. I posited several possible mechanisms, the 

first being that Sost-deficiency influenced a skewing of myeloid differentiation at the 

HSC level, resulting in an increased production of inflammatory cytokine levels due to 

increased monocyte and granulocyte numbers (as illustrated in Figure 9, left). Pietras et 

al. (44) have observed myeloid skewing at the HSC level in experimental models that 

utilize injection of lipopolysaccharide (LPS) into mice, which induces the production of 

IFN- and IL-1 in the bone marrow. This in turn, influences differentiation of HSCs into 

the myeloid lineages at the expense of lymphoid lineages. Since I did not observe any 

changes in IFN- or IL-1 in the bone marrow of Sost-/- mice, I reasoned that the increase 

in myeloid cell populations in the bone marrow was not due to myeloid-skewed 

differentiation at the HSC level described by Pietras et al. Instead, my data are consistent 

with a negative regulatory role for microenvironmental SOST in the control of TNF 

expression and MCP-1 expression in monocytes, that then recruit monocytes and 

granulocytes to the bone marrow (illustrated in Figure 9, right, bottom). The high levels 

of MCP-1 may explain the increase in monocytes observed in the Sost-/- mice, as MCP-1 

and its receptor CCR2 play critical roles in monocyte recruitment during inflammation 

and bone remodeling (50, 51). It has also been suggested that MCP-1 plays a critical role 

in the recruitment of monocytes to the bone, as it is induced during osseous inflammation 

(52). As the Sost-/- microenvironment has been shown to increase myelopoiesis, 



 
 

43 

specifically monocytes, there may be a positive feedback between an increase in 

monocytes and pro-inflammatory gene expression. Given that LT-HSCs in WT→Sost-/- 

chimeras upregulate several osteoclast differentiation genes, it is also possible that the 

high levels of TNF in the bone marrow induce osteoclast differentiation that is further 

enhanced in an attempt to restore bone homeostasis in response to the overt osteoblast 

differentiation occurring in the Sost-/- bones (Figure 9, right, top). 

The mechanism by which monocytes in the Sost-/- mice produce higher levels of 

TNF and MCP-1 is still unclear. The relationship between SOST and TNF is 

somewhat controversial. In rheumatoid arthritis (RA), an inflammatory disease of the 

joints in which bone loss is observed, SOST inhibition promotes TNF-mediated tissue 

damage demonstrating a possible protective role of SOST in TNF-mediated chronic 

inflammation (53). The timing of Sost upregulation in another RA model suggests that 

bone loss markers and an increase in Sost expression is concomitant with expression of 

TNF, preceding arthritis onset (54). Scl-Ab treatment improves bone loss in RA, further 

linking SOST and TNF-mediated inflammation. TNF induced by inflammation during 

obesity upregulates Sost and contributes to obesity induced bone loss in mice and in 

osteocyte cell lines (55). However, how these studies apply to our results in Sost-/- mice, 

where Sost is not expressed globally, in unclear. Since Sost is not expressed in Sost-/- 

mice, it cannot initiate the inflammation observed in the bone marrow. In addition, in the 

RA model (53), Sost was produced by synovial tissues, and not co-localized with 

macrophages or neutrophils. Scl-Ab improves bone loss in RA but does not affect the 

inflammation in the joints (56). Therefore, local inflammation may not be an indicator of 

effects at other sites. In future studies, it may be informative to explore other tissues in 

the Sost-/- mice (the spleen is discussed in Chapter 3), as it was observed in a rat model of 

inflammatory bowel disease, which causes systemic inflammation, that osteocytes that 

co-express SOST and TNF are increased (57). 

IL-1 is a dual-function cytokine that can act as a transcription factor as well as a 

signal transducer (58). IL-1a is a classical damage-associated molecular pattern (DAMP) 

protein produced by damaged or dying cells and induce inflammation. IL-1 is 

constitutively expressed in epithelial cells, mesenchymal cell types and endothelial cells 

in apoptotic body vesicles. When released into the extracellular space, it can stimulate the 

attraction of neutrophils (59), and also attraction of monocytes (60). Membrane IL-1 is 

commonly found on the surface of monocytes and B cells and is critical for IFN- 
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activities. Although IL-1 protein levels are clearly elevated in the Sost-/- mice, I was 

unable to determine the cellular source of the elevated IL-1. Previous work by Cain et 

al. noted a higher frequency of apoptotic B cells in the bone marrow of Sost-/- mice (28) 

and it is possible that these apoptotic B cells express high levels of IL-1. An increase in 

Sost-/- BM LSKs in early apoptosis was also observed which could be another source of 

IL-1. ScRNA-Seq studies of the bone marrow in WT mice show upregulation of IL-1 in 

VE-Cadherin+ cells (vessels) and Lepr+ MSCs after hematopoietic stress induced by 5-

fluorouracil (61). The scRNA-Seq studies discussed here focused on residual CD45+ cells 

in collagenase-digested bones, and IL-1 was found to be below the level of detection in 

both control and Sost-/- mice, in both CD45- and CD45+ cells. The absence of IL-1 

expression was surprising since it is an expressed by a wide variety of cells. It is not 

possible at this time to conclude if this is a technical issue specific to IL-1 detection 

using scRNA-seq. Therefore, it is possible that IL-1 in the Sost-/- mice is produced by 

both non-hematopoietic stromal cells as well as hematopoietic cells, but further studies 

are necessary to resolve this in detail. It would be interesting to utilize IL-1-antagonists in 

vivo in Sost-/- mice and Scl-Ab treated animals to explore if the bone marrow 

inflammation is reduced or prevented. 

 It is important to note that the inflammatory cytokine changes were not observed 

in younger Sost-/- mice. Therefore, it is also possible that a Sost deficiency may also 

contribute to “inflammaging”, defined as chronic, sterile, low-grade inflammation that 

contributes to the pathogenesis of age related diseases (62). “Inflammaging” is 

characterized by immunosenescense, thrombocytosis (63) as well as overproduction of 

systemic inflammatory cytokines IL-1, TNF, IL-6 and C-reactive protein (CRP) (64). 

One of the driving forces of inflammaging is believed to be chronic stimulation of the 

immune system. It is now widely accepted myeloid-biased differentiation of HSCs is 

associated with aging and chronic inflammation (65). Increased inflammation during 

aging can result in concurrent decline in HSC function. The decline of HSC functionality 

includes a reduction in long-term repopulating potential, homing and engraftment after 

transplant (14), a decrease in lymphopoiesis and increase in myelopoiesis (15, 16) as well 

as an increase in total number of LT-HSCs (17). Chronic inflammation has also been 

associated with aging, characterized by anemia, immunosenescense, thrombocytosis (18) 

as well as overproduction of inflammatory cytokines IL-1, TNF and IL-6 (19). The Sost-

/- mice are particularly interesting as they have chronic low-grade local inflammation but 

no changes in immunosenescense or thrombocytosis.  
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 It is known that inflammation also induces adipogenesis (66). Additionally, it has 

been shown that Sost-/- mice display reduced BM adipose tissue (BMAT) at 6 weeks of 

age (67). As we do not see an increase in inflammation in young Sost-/- mice, it would be 

interesting to assess BMAT at later ages in Sost-/- mice. If the trend of decreased BMAT 

in Sost-/- mice stays the same, this would directly contradict the known mechanisms of 

inflammation and adipogenesis. Sost-/- mice also display a decrease in B cell 

development, however, decreased B cell development is correlated with an increase in 

adiposity in the bone marrow (68, 69). Osteocytes and bone marrow adipocytes play 

direct roles in the maintenance of B cell development and SOST is an important regulator 

of these cellular interactions in the bone. Since MSCs are a common progenitor of both 

adipocytes and osteocytes, it is also possible that SOST acts directly at the level of the 

MSC (70). It is tempting to speculate that deletion of Sost could affect MSC maintenance 

and function, which, in turn, could affect HSCs and B cells within the bone marrow 

niches (71), independently of the status of the BM adiposity and bone mass. Further work 

is necessary to ascertain the effects of constitutive marrow adipose tissue (cMAT) and 

regulated marrow adipose tissue (rMAT) on cellular metabolism during hematopoiesis 

(72), and if cMAT and rMAT are regulated by SOST. 

 This work reveals important similarities and differences between the 

hematopoietic development in the acute SOST depletion (Scl-Ab) model, the chronic 

SOST depletion (LT-HSC transplantation) model, and the global Sost knockout mouse 

model (28). Granulocytes were markedly increased in all three models, but monocyte 

frequency was increased only in the chronically depleted, WT→Sost-/-chimeras. One 

possible explanation for this is that the kinetics of monocyte responses may take longer to 

emerge than the time I observed in the acute Scl-Ab model of sclerostin depletion. It is 

also possible the LT-HSC transplants had altered bone marrow microenvironments 

compared to the other two models due to irradiation impacts. To reconcile these 

differences, future studies could include use of an inducible Sost-/- model to knock out 

Sost in adult mice for a specified amount of time, instead of from ontogeny. This would 

allow similar timing for sclerostin depletion in both the genetic knockout and Scl-Ab 

treatment. Additional studies are also required to examine if the changes in hematopoiesis 

are reversed after Scl-Ab treatment is terminated, similar to the loss of bone mass 

reported post-Scl-Ab treatment observed in mice and monkeys (73, 74). 

 In summary, this work extends previous studies and reveals novel information 

on the effects of sclerostin-deficiency in bone and sclerostin-depleting treatments on 
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hematopoietic stem cells. My data indicates that SOST depletion and Sost-deficiency not 

only affects B cell development in the BM relatively early, but also creates an 

inflammatory bone marrow microenvironment, that may become more severe over time. 

Investigation of the changes in the bone marrow architecture, including alterations in 

vasculature function and quality, proportions of arterioles and sinusoidal vessels, and 

local oxygen tension (61, 75-77) may provide evidence for the specific cell-extrinsic 

mechanisms that drive the promotion of myelopoiesis in the Sost-/- mice and Scl-Ab 

treated mice. In future studies, it would be interesting to investigate the localization of 

HSC in the Sost-/- bone marrow endosteal and sinusoidal niches and quantify if 

specialized niches that promote myeloid differentiation or recruitment are increased (78). 

Studies to test possible combinational therapy of Scl-Ab with IL-1 antagonists or TNF 

blockade to control myeloid cell production are another potential area of further 

investigation. The information provided by my work may be useful in monitoring 

humans treated with romosozumab for changes in immune cell frequencies, chronic 

inflammation, and signs of anemia, such that treatments for osteoporosis can be modified 

to address these hematopoietic changes. 
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Tables 
 
Table 1. Antibodies used For Flow Cytometry 

Specificity Clone Fluorochrome 
Annexin V   APC  
Annexin V  FITC 
7AAD   
CD11b M1/70  Biotin 
CD127 (Il7rα) A7R34 Biotin 
CD150 mShad  FITC 
CD19 6D5  Biotin 
CD19 6D5  PE 
CD3 2C11 Biotin 
CD3 2C11 APC 
CD4 Gk1.5  Biotin 
CD45 30-F11 APC-Cy7 
CD45 30-F11 PerCP Cy5.5 
CD45.1 A20 FITC 
CD45.1 A20 PE 
CD45.1 A20 PerCP-Cy5.5 
CD45.2 104 APC-Cy7 
CD45R (B220) RA3-6B2 Biotin 
CD48 HM48  PE-Cy7 
CD48 HM48  APC 
CD5 53-7.3 Biotin 
CD8 53.6.7  Biotin 
cKit 2B8  APC 
F4/80 BM8 Biotin 
Flk2 A2F10 PE 
Gr1 RB6-8C3  Biotin 
Gr1 RB6-8C3  PE-Cy7 
Ki67 SolA15 APC 
NK1.1 PK136  Biotin 
Sca1 D7 BV510 
Sca1 D7 FITC 
Streptavidin   PerCP Cy5.5 
Streptavidin   PacBlue 
Streptavidin  PE 
Ter119 TER119  Biotin 
Ter119 TER119 BV421 
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Table 2. List of Cell Surface Markers used for Flow Cytometry 
Cell Type Markers 

Transplanted LT-
HSCs 

Lin- Sca1+ cKit+ (LSK) CD150+ CD48-     

All other LT-HSC Lin- Sca1+ cKit+ (LSK) CD150+ CD48- Flk2-   
ST-HSCs Lin- Sca1+ cKit+ (LSK) CD150- CD48- Flk2-   
MPP2 Lin- Sca1+ cKit+ (LSK) CD150+ CD48+ Flk2-   
MPP3 Lin- Sca1+ cKit+ (LSK) CD150- CD48+ Flk2-   
MPP4 Lin- Sca1+ cKit+ (LSK) CD150- CD48+ Flk2+   
T Cells Gr1- CD3+ CD19-     
B Cells Gr1- CD3- CD19+     
Monocytes CD3- CD11b+ Gr1-     
Granulocytes CD3- CD11b+ Gr1+     
B Cell, Fraction A 
(BM) 

B220+ CD43+ cKit- CD19-     

B Cell, Fraction 
B-C (BM) 

B220+ CD43+ cKit- CD19+     

B Cell, Fraction D 
(BM) 

B220+ CD43- cKit- CD19+ IgM- IgD- 

B Cell, Fraction E 
(BM) 

B220+ CD43- cKit- CD19+ IgM+ IgD- 

B Cell, Fraction F 
(BM) 

B220+ CD43- cKit- CD19+ IgD+   

B Cell (Spleen) B220+ CD19+       
B Cell (Spleen) B220+ IgM+       
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CHAPTER 3 

Sclerostin depletion induces extramedullary hematopoiesis  

 
Introduction 

 In Chapter 2, I present important similarities and differences between the 

hematopoietic development in the acute Sost depletion (Scl-Ab) model, the chronic Sost 

depletion (LT-HSC transplantation) model, and the global Sost knockout mouse model 

(1) in the bone marrow. Granulocytes were markedly increased in all three models, but 

monocyte frequency was increased only in the chronically depleted, WT→Sost-/-

chimeras. Sclerostin expression occurs in many organs outside of the bone (Chapter 1), 

however, it has not been found in the spleen of mice or humans (2). Our work is the first 

to propose a relationship between sclerostin and hematopoiesis in the spleen. 

Specifically, I propose, that lack of sclerostin in the bone ultimately causes 

extramedullary hematopoiesis. As inflammation in the bone marrow can cause systemic 

changes, it is reasonable to hypothesize that the inflammation observed in the Sost-/- bone 

marrow may have an influence on the spleen of Sost-/- mice. Therefore, in this chapter I 

present how changes in the bone and bone marrow affect the spleen and hematopoiesis in 

the spleen.  

 The spleen as described by Hippocrates (460-380 BCE) was once believed to be 

the site of removal of black bile, one of the four humors (3). In the 1600s, doctors 

identified what is now known as the white pulp, and in the 1820s erythrophagocytosis 

was first described in the spleen (4). Today it is known that the spleen is found in most 

vertebrates, plays an integral part in erythrocyte filtration, and is composed of two main 

parts, the red pulp (RP) and white pulp (WP) (5). 

The red pulp's venous system provides a unique capacity to filter blood and 

remove old erythrocytes (6). In the RP, arterial blood reaches cords consisting of 

fibroblasts and reticular fibers to form an open blood system without endothelial lining 

(7). The arrangement of stress fibers connected to the parallel organization of endothelial 

cells in the sinuses of the RP forces the blood through slits (8). The passage becomes 

difficult for aging erythrocytes due to their development of less flexible membranes, and 

they begin to adhere to the cords and become phagocytosed by red pulp macrophages 

(RPMs) (9). After leaving through the RP cords, blood is then recollected in sinuses to 

form a venous sinusoidal system. As part of their role in hemolysis, RPMs break the 

hemoglobin found in senescent erythrocytes into heme and globin. The globin protein is 
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recycled or broken down into amino acids and then recycled, whereas the heme-

containing iron is conserved and reused. Despite the initiation of adaptive immune 

responses in the spleen occurring in the WP, effector function takes place in the RP. For 

example, neutrophils, monocytes, dendritic cells, gamma delta T cells, and macrophages 

all reside in the RP (10). The myeloid population can change rapidly in location and 

number during inflammation to respond quickly and shape the adaptive immune 

response. 

In the spleen, adaptive immune responses are induced in the highly structured 

WP. The WP consists of the compartmental separation of B cells and T cells into distinct 

zones, surrounded by the marginal zone (MZ) (11). The concentration of T cells requires 

CCR7 and its ligands CCL19 and CCL21 (12). The B cell zones contain a mixture of 

cells important in the activation and survival of B cells. Follicular dendritic cells present 

antigen to follicular B cells and produce the CXCR5 ligand CXCL13 to organize the B 

cell follicle (13). In order for T and B cells to enter the WP, integrins L2 and 41 are 

required (14). 

 Extramedullary hematopoiesis (EMH) is hematopoiesis that occurs outside of the 

bone marrow (BM) (15). Postnatally, EMH acts as a compensation mechanism for 

disrupted hematopoiesis in the BM and is found in the spleen, liver, and lymph nodes. 

More uncommon locations include the heart, chest, thymus, kidney, adrenal gland, 

prostate, pleura, skin, nerves, and spinal canal (16). EMH can be triggered by a variety of 

hematopoietic disruptions, including hematopoietic disorders (17-19), deficient 

hematopoietic production (20, 21), myocardial infarctions (22), infection (23), anemia 

(24), pregnancy (25) and metabolic stress (26, 27). As EMH supporting cells, splenic 

macrophages are widely distributed in the spleen and contribute to many splenic 

processes such as stromal cell proliferation (28) and retention of HSCs through VCAM-1 

(29). Additionally, HSCs are generally located around the sinusoids and stromal cells in 

the red pulp (30). Similar to the BM, SCF and CXCL12 are also involved in attracting 

and maintaining HSCs in the spleen (30) (31). In addition to its role in splenic 

organogenesis, it was discovered that Tlx1 plays a critical role in the development of 

splenic EMH in response to LPS infection (31). 

 During periods of stress, EMH can occur in various organs. However, it is 

unclear if different sites of hematopoiesis serve distinct purposes or are simply a response 

to a particular insult in an attempt to supplement the BM hematopoiesis. The varying 

nature of EMH in different locations in response to different disturbances results in a 
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complex system that is not fully understood. We hypothesize that by changing the BM 

microenvironment through sclerostin depletion, splenic hematopoiesis will be altered. 

Studying changes in hematopoiesis in different organs allows for better treatment of 

diseases with EMH and disorders where EMH may be helpful but is nonexistent. It can 

also shed light on potential issues for patients treated with the sclerostin monoclonal 

antibody romosozumab.  
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Materials and Methods 

 

Hematoxylin and eosin (H&E). Spleen samples were placed in 10% buffered formalin for 

24 hours. Samples were then dehydrated with increasing concentrations of ethanol, 

cleared with xylene, then placed in wax and embedded in a mold. Samples were then 

sliced via microtomy, placed on slides, and de-paraffinized before staining with 

hematoxylin followed by eosin. 

 

Complete blood counts. Peripheral blood was collected either by femoral vein blood 

collection immediately following cervical dislocation or tail vein blood collection 

following heating under a heat lamp. In both cases, blood was collected in heparinized 

tubes. Complete blood counts were evaluated within 6 hours after collection on a 

Hemavet 950 Veterinary Hematology System. 

 

Annexin V 7AAD staining. Five million cells per sample were stained with Fc block, 

CD71 and Ter119 for 20 min on ice and 10 min at RT in the dark. Cells were then 

washed and stained with Annexin V 1:500 and 7AAD in Annexin binding buffer and 

incubated for 30 min at RT in the dark. Cells were washed with Annexin binding buffer. 

A positive control was used by incubating 5 million wild type cells in 5% DMSO for 75 

minutes at 37C. 

 

All other materials and methods are described in Chapter 2.  
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Results 

 

Evidence of extramedullary hematopoiesis in Sost-/- spleens 

Insults to the BM environment, such as inflammation (Chapter 2) (31-34), can 

result in extramedullary hematopoiesis (EMH) in the spleen. Assessment of the spleens 

of Sost-/- mice revealed the size of the spleens was visibly enlarged compared to controls 

(Figure 1A), with a trend toward an increase in the splenic red pulp area where LT-HSCs 

and red blood cells are found in EMH (31) (Figure 1B, 1C). Splenomegaly is often 

accompanied by EMH (35). To determine the kinetics of the onset of EMH, we analyzed 

the LT-HSC frequency in the spleens of unmanipulated Sost-/- mice as a function of age 

and observed that LT-HSCs in Sost-/- spleens were significantly increased by 34 weeks of 

age. In contrast, the increase in ST-HSCs began as early as 15 weeks (Figure 1D, 1E).  

 

Acute treatment with sclerostin-depleting antibody causes extramedullary hematopoiesis 

in Sost-/- spleens 

 As discussed in Chapter 2, it is known that sclerostin depleting antibodies 

produce similar results to the Sost-/- mice in terms of bone mass and BM cellular 

populations (Chapter 2, Figures 1 and 2). We hypothesized that we might also observe 

EMH in the spleens of WT mice treated with Scl-Ab. To test if acute depletion of SOST 

neutralizing antibodies would promote an increase in LT-HSCs in the spleen, we again 

performed studies in which SOST was depleted using sclerostin-specific antibodies. 

Antibodies were administered subcutaneously in 8-week old mice in multiple doses for 

six weeks (Chapter 2, Figure 1A). 

 Within the LSK compartment, we observed an increase in LT-HSC, ST-HSC, 

and MPP4 frequencies (Figure 2A) as well as an increase in LT-HSC, ST-HSC, MPP3, 

and MPP4 cell numbers (Figure 2B). This increase in the HSPCs did not carry over to 

more mature lineages as only granulocytes were increased in frequency and cellularity 

with no changes in total B cells, T cells, or monocytes (Figure 2C and 2D). This is 

particularly interesting as the MPP2 and MPP3 contribute in large part to monocytes and 

granulocytes, and MPP4 contributes significantly to T cells and B cells. Therefore, an 

increase in any MPP compartment would lead one to expect a subsequent expansion in its 

downstream lineage. Even more of note was the decrease in mature B cell frequencies 

(Figure 2E) with no change in cellularity (Figure 2F). 
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Lack of sclerostin in the microenvironment causes healthy WT LT-HSCs to increase in 

the spleen 

 Reciprocal bone marrow transplantation experiments, as discussed in Chapter 2, 

were used to assess if healthy WT LT-HSCs that developed in a normal 

microenvironment would be altered functionally when placed into a Sost-/- 

microenvironment (Chapter 2, Figure 2). In addition to confirming that HSPCs in Sost-/- 

mice do mature differently in the BM, we assessed the splenic HSPC and mature lineage 

compartments. The splenic chimerism and donor LSKs were similar to controls in WT to 

Sost-/- mice (Figure 3A, 3B). Additionally, as in the Sost-/- mice and the Scl-Ab treated 

mice, we observed a significant increase in LT-HSC and ST-HSC in frequency and cell 

number (Figure 3C and 3D). The granulocytes were also increased in frequency and 

cellularity, along with the monocytes in frequency (Figure 3E, 3F). 

 

Proliferation and apoptosis are dysregulated in the spleen 

 To further assess cellular proliferation and cell death, we stained splenic LSKs with 

Annexin and PI (Figure 4A) or Ki67 (Figure 4B). In the spleen of Sost-/- mice, we observed 

an increase in early apoptotic cells with a decrease in late apoptotic cells (Figure 4C). Early 

apoptosis is defined as having intact cellular membranes, whereas during late-apoptosis, the 

membrane is actively deteriorating. The increase in frequency of live cells (Figure 4C) 

correlates with Ki67 staining showing increased proliferation of Sost-/- splenic LSKs (Figure 

4D). 

 

Extramedullary hematopoietic stem cells differentiate and engraft normally in Sost-/- mice 

To test the hematopoietic function of stem cells in the spleens, we purified LSKs 

from Sost-/- mice and transplanted them into sublethally irradiated WT hosts (Figure 5A). 

There was no difference in hematopoietic engraftment or differentiation amongst HSPCs 

or mature lineages isolated from WT BM, Sost-/- BM, or Sost-/- spleens (Figure 5B, 5C, 

5D, 5E, 5F, 5G). Taken together, these data indicate EMH is elevated in the Sost-/- mice 

but that the microenvironment of the Sost-/- spleen does not appear to harm the 

engraftment or differentiation capability of HSPCs permanently. 

 

Decreased inflammation in the spleens of male mice 

 The BM of Sost-/- mice shows an increase in the inflammatory cytokines MCP-1, 

TNF-, and IL-1 (Chapter 2, Figure 5A). To gain a better understanding of what was 
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happening in the spleens of Sost-/- mice, we also assessed the same panel of cytokines (IL-

1α, IL-1β, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, 

and GM-CSF) in the spleen of Sost-/- mice. Interestingly, we only observed a decrease in 

TNF-, and IL-1, and only in the male mice (Figure 6A, 6B, 6C).  

 

Splenic red blood cell development is altered at every stage 

 To again determine if mature RBCs and erythrocyte progenitors in the spleen 

were altered, we performed flow cytometry analysis with Ter119 and CD71 cellular 

markers, which allows for discrimination of developmentally distinct RBC progenitor 

populations (Stage 1: CD71+Ter119-, Stage 2: CD71+Ter119+, Stage 3: CD71midTer119+, 

and Stage 4: CD71- Ter119+) (36). The most immature progenitors (Stage 1) express 

intermediate levels of Ter119 and high levels of CD71 and, as they mature, begin to 

downregulate CD71 and upregulate Ter119 (Figure 7A). In the Sost-/- spleen, we 

observed an increase in erythrocyte progenitor Stages 1-3 with a significant decrease in 

the most mature red blood cell Stage 4 (Figure 7B). It is of note however, that all stages 

showed no difference in cell death as determined by 7AAD and Annexin V (Figure 7C). 

We utilized a Hemavet for complete blood cell analysis to further examine RBC 

differences in the Sost-/- mice. This analysis revealed an increase in red blood cell 

distribution width (RDW) in Sost-/- mice (Figure 7E). A rise in RDW values indicates a 

more significant variation in RBC size and shape and is known as anisocytosis, which 

can be caused by anemia (37). We also examined megakaryocytes, which give rise to 

both RBCs and platelets, and observed no differences in platelet frequency in the BM of 

Sost-/- mice by flow cytometry (Figure 7D). However, we observed an increase in mean 

platelet volume (MPV) in the peripheral blood of Sost-/- mice (Figure 7E). An increase in 

MPV is usually observed when there is destruction of platelets, commonly seen in 

myeloproliferative diseases. Interestingly, despite the increase in granulocytes in the BM 

in Scl-Ab treated mice and WT→Sost-/- chimeras, complete blood cell analysis of 

peripheral blood revealed a significant decrease in neutrophils (the primary type of 

granulocyte) number and frequency, indicating a reduction in mobility of neutrophils out 

of the BM (Chapter 2, Figure 4A, and Chapter 3, Figure 7E). A comprehensive list of the 

CBC data is shown in Table 1.  



 
 

61 

 
  

 
Figure 1. Evidence of extramedullary hematopoiesis in Sost-/- spleens. 
(A) Spleen weight in WT and Sost-/- mice. Values represent total spleen weight divided 
by total mouse weight (B) Splenic pulp area, as calculated by area of indicated pulp type 
(white or red) divided by total pulp area stained. (C) H&E staining of spleens. Size 
reference is 500 µm. Dark purple round spots are white pulp, and pink area is red pulp. 
(D-E) Data is representative of 4 mice per time point for WT and Sost-/- mice. (D) LT-
HSC frequency analyzed over time in the spleen (E) ST-HSC frequency analyzed over 
time in the spleen 
p<0.05*, p<0.01**, p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. 
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Figure 2. Acute treatment with sclerostin-depleting antibody causes extramedullary 
hematopoiesis in Sost-/- spleens. 
(A) Splenic frequency of LSK progenitors (B) Splenic cellularity of LSK progenitors (C) Splenic 
frequency of mature lineages (D) Splenic cellularity of mature lineages (E) Splenic frequency of 
B cell populations (F) Splenic cellularity of B cell populations. 
Female mice of 8 weeks of age were used for this study (n=7 for each group). p<0.05*, p<0.01**, 
p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. 
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Figure 3. Lack of sclerostin in the microenvironment causes healthy WT LT-
HSCs to increase in the spleen. 
(A) Percent donor chimerism (B) Frequency of donor derived splenic LSKs (C) 
Frequency of donor-derived splenic HSPCs (D) Cellularity of donor derived splenic 
HSPCs (E) Frequency of donor derived splenic mature lineages (F) Cellularity of donor 
derived splenic mature lineages. Ages of the BM donor mice ages ranged from 9-17 
weeks. Ages of the recipients ranged from 16-22 weeks when the phenotype of the Sost-/- 
BM is already established. Both male and female donors and hosts were used. Donor LT-
HSC cell numbers ranged from 235-400 cells per mouse. Sort purities ranged from 90.3% 
- 100%. Analysis of BM and spleens was performed 19-29 weeks post-transplantation. 
Data shown are compiled from 4 independent experiments. p<0.05*, p<0.01**, 
p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. 
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Figure 4. Proliferation and apoptosis are dysregulated in the spleen.  
(A) Representative FACS analysis of LSKs stained with Annexin V and PI, showing live cells and 
cells in early and late apoptosis; (B) FACS analysis of LSKs stained with Ki67; (C) Summary of 
apoptosis staining results in the LSKs of the spleen; (D) Frequencies of Ki67+ splenic LSKs. Data 
on apoptosis was compiled from 2 independent experiments, using male mice with ages ranging 
from 6-63 weeks with age-matched controls in the same experiment. Data on proliferation was 
compiled from 3 independent experiments, using male and female mice with ages ranging from 
23-54 weeks. p<0.05*, p<0.01**, p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-
test. 
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Figure 5. LT-HSCs from the spleen show no functional differences compared to the 
bone marrow. 
(A) Experimental schematic of splenic LT-HSCs transplants (B) Bone marrow and splenic 
cellularity of host transplants (C) Bone marrow and splenic donor chimerism from 
transplants (D) Bone marrow cellularity of HSPCs from donor (E) Splenic cellularity of 
HSPCs from donor (F) Bone marrow cellularity of mature lineages from donor (G) Splenic 
cellularity of mature lineages from donor. Transplants consisted of 2 separate experiments. 
Donor ages ranged from 37-49 weeks male or female. Host ages ranged from 11-15 weeks, 
male and female. Transplant time was 19 weeks. Donor LT-HSC cell numbers ranged from 
1,000-3,000 LT-HSCs cells per mouse. p<0.05*, p<0.01**, p<0.001***, p<0.0001**** 
Mann-Whitney, non-parametric ttest. 
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Figure 6. Decreased levels of inflammatory cytokines in male Sost-/- spleens. 
(A) MCP-1 concentrations in WT and Sost-/- spleens (B) TNF- concentrations in WT 
and Sost-/- spleens (C) IL-1 concentrations in WT and Sost-/- spleens. Male (4 WT and 4 
Sost-/-) and female (4 WT and 4 Sost-/-) mice ranging in ages 25-36 weeks were used. All 
samples were analyzed using a single LEGENDPLEX kit. p<0.05*, p<0.01**, 
p<0.001***, p<0.0001**** Mann-Whitney, non-parametric t-test. 
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Figure 7. Splenic red blood cell development is altered at every stage. 
(A) Representative FACS plots depicting stages of RBC development (B) Normalized 
frequencies of Stages 1-4 splenic RBC progenitor populations (C) Cell death frequencies 
of stages 1-4 splenic RBC progenitor populations (D) Spleen platelet frequency 
measured by flow cytometry (E) CBC analysis depicting neutrophil concentration and 
cellularity, red blood cell distribution width (RDW), mean platelet volume (MPV). Data 
on RBC development in mice were compiled from 3 independent experiments, and male 
and female mice of 9-60 weeks of age were used. Data on RBC cell death was compiled 
from 2 independent experiments, and was taken from mice 78-82 weeks of age, male and 
female. Platelet analysis in the spleen was compiled from 2 independent experiments, 
using mice of both sexes ranging in age from 6-60 weeks. Peripheral blood data were 
compiled from 2 independent experiments, using mice of both sexes ranging in age from 
25-48 weeks. p<0.05*, p<0.01**, p<0.001***, p<0.0001**** Mann-Whitney, non-
parametric t-test. 



 
 

68 

 
Discussion 

 

The bone marrow and spleen are often linked as hematopoietic organs. Sclerostin 

is not expressed in the spleens of mice, and therefore the disruption in the splenic 

microenvironment could be due in part to environmental differences and not intracellular 

changes. This work with sclerostin knockout mice originally began in the bone and bone 

marrow, but as enlarged spleens became noticeable as mice aged, we started assessing 

hematopoiesis in the spleen. Sost-/- mice develop EMH as young as 14 weeks of age, with 

increased significance as they age. In addition to increased LT-HSCs, the ST-HSCs are 

increased even more from 14 weeks of age. This can be explained by the fact that LT-

HSCs distinctively preserve their self-renewal and differentiation capacities having ST-

HSCs perform self-renewal and differentiation.  

 In our models of acute and chronic Sost depletion, we observe significant 

increases in LT-HSCs and ST-HSCs. The early onset of EMH in Sost-/- mice led us to 

look for an increase in LT-HSCs in the spleens of WT mice acutely treated with Scl-Ab 

for six weeks. Even after this short period of Scl depletion, we observed significant 

increases in frequency and cellularity of LT-HSCs and ST-HSCs. This shows that along 

with rapid bone density increases discussed in Chapter 2, the spleen is undergoing shifts 

in cellular repopulation. Following this acute treatment, we assessed a chronic depletion 

model where WT LT-HSCs from the BM were transplanted into Sost-/- mice. Assessment 

of the hematopoietic compartment in the spleen of these chimeric mice revealed again, 

significant increases in both frequency and cellularity of both LT-HSCs and ST-HSCs. It 

is interesting that in addition to EMH, the ST-HSC population is increased, possibly as a 

way to contribute to further downstream progenitors and mature lineages. As we see an 

increase in both monocytes and granulocytes in the transplants and increased 

granulocytes in the Scl-Ab treated mice, it is plausible that the ST-HSCs are increased in 

order to produce more myeloid lineages.  

We know the increase in myelopoiesis in the spleen is not due to increased 

splenic microenvironmental inflammation as described in the bone marrow in Chapter 2. 

We instead observed no change in the inflammation in females and a decrease in the 

males in IL-1 and TNF-. There is a sex-dependent effect of sclerostin deficiency on 

bone formation, where bone formation is higher in females (38). This may be due to 

hormonal regulation. We know that serum sclerostin levels negatively correlate with free 

estrogen in postmenopausal women. Therefore, in sclerostin deficient female mice, it 
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may be that estrogen is increased (39). Although there are few reports on the direct effect 

of sex hormones on HSC regulation, one study demonstrated that estrogen could induce 

more frequent HSC division in females through its interaction with estrogen receptor-

alpha on HSCs (40, 41). Estrogen, testosterone, and inflammation are well studied. In 

some cases, estrogen can exert an anti-inflammatory effect on vasculature through the 

generation of nitric oxide, prevention of apoptosis, and suppression of cytokines. It has 

also been shown to elicit proinflammatory changes by upregulating inflammatory 

cytokines such as IL-1 (42, 43). Additionally, low testosterone levels are associated 

with increased systemic inflammation (44). It is therefore particularly noteworthy that the 

male mice have decreased inflammatory cytokines in their spleens. 

Following the increase of HSCs in Sost-/- spleens, we wanted to assess any 

proliferation or cell death changes. It was interesting to observe an increase in early 

apoptosis in Sost-/- LSKs in the spleen, indicating that the cell membrane's integrity was 

intact with a concurrent decrease in late apoptotic LSKs, which lack intact cell 

membranes. Given that we have an increase in LSKs in the spleen, it was not unexpected 

to see an increase in live LSKs. The observation of increased frequency of proliferative, 

live LSKs and decrease in LSKs in late apoptosis stages in the spleen is consistent with 

the EMH observed in the Sost-/- mice. Paradoxically, the splenic LSKs also displayed an 

increase in early apoptosis. It is possible that the rates of proliferation and exceed the 

rates of apoptosis in the LSKs in the Sost-/- mice, resulting in a net increase in LSKs. Our 

current analyses only reflect a snapshot of the proliferation and apoptosis status of the 

cell at a single timepoint. Further investigation is required to reconcile this, perhaps by 

direct measurements of LSK output using BrdU labeling long-term, and analysis of 

apoptosis as a function of time, over the lifespan of the Sost-/- mice. Given that the LSKs 

in the Sost-/- spleens are increasing in proliferation and that there is a significant increase 

in LT-HSCs in the spleen, it is logical that the LT-HSCs are one of the cell types within 

the LSK compartment that are proliferating. LT-HSCs despite their increase in cellularity 

and frequency are still a rare population and it was not possible to acquire enough data to 

properly assess Ki67 expression on LT-HSCs. Further work with larger cell numbers 

would allow for the assessment of LT-HSC proliferation through Ki67 analysis. 

We wanted to assess if the HSCs in the Sost-/- spleen engraft or differentiate in a 

dissimilar manner than the WT mice. We observed no differences in donor chimerism, 

engraftment, differentiation or maturation of Sost-/- LT-HSCs after transplant into a WT 

host. This indicates that the splenic microenvironment is sufficient for key aspects of 
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hematopoiesis without creating developmental problems. This is important for several 

reasons. Fist, patients receiving sclerostin antibody treatment who find they have EMH 

will not have foreseeable issues post antibody treatment. This work indicates that the 

splenic increase in hematopoiesis is not permanent as we did not observe any increase in 

spleen size or LT-HSCs when compared to the WT  WT transplants. The second 

reason this work is important is that by inducing an increase of hematopoiesis in the 

spleen, it might be possible to explore this as a therapeutic option for increasing LT-

HSCs. There is a need for additional therapies to increase individual patients’ LT-HSC 

populations and the spleen might be a promising area of further investigation.  

Our analysis of erythrocyte development in the Sost-/- mice revealed a significant 

increase in RDW, known as anisocytosis (45). RDW is elevated in folate deficiencies, 

characteristic of macrocytic anemia (46). Although folate levels in Sost-/- mice remain 

untested, decreased folate levels have been associated with poor bone health in humans 

(47). Anisocytosis can be split into two groups, anisocytosis with microcytosis, 

characterized by low iron (e.g., sickle cell anemia), and anisocytosis with macrocytosis, 

characterized by folate deficiency (e.g., myelodysplastic syndrome). We know that Sost-/- 

mice have normal hemoglobin levels (Table 1), indicating no issues with iron; however, 

iron levels in Sost-/- mice have not been directly quantified to date. The increase in mean 

platelet volume (MPV) in the blood is usually associated with an increase in platelet 

production or destruction of platelets as seen in myeloproliferative diseases (48-50) such 

as chronic myeloid leukemia (CML), myelofibrosis, and myelodysplastic syndrome 

(MDS) (51-53). Sost-/- mice displayed no changes in the blood platelet levels (Table 1). 

Future studies are needed to investigate if increased MPV is related to the increased 

myelopoiesis observed in Sost-/- mice. 

The significant decrease in mature splenic RBCs in Sost-/- mice may represent a 

direct consequence of inflammation in the bone marrow. Prior studies have shown that 

TNF- inhibits erythropoiesis directly through activation of GATA-2, whose over-

expression is known to prevent erythropoiesis in favor of megakaryopoiesis (54) (55). 

Reduced capacity for erythropoiesis or platelet production is often compensated by 

extramedullary hematopoiesis in the spleen (56). Indeed, we observed a significant 

increase in immature RBC production in the spleen of Sost-/- mice. The induction of EMH 

in the spleens of Sost-/- mice with age suggests an attempt at compensation for the 

decrease in RBC production in the spleen. As Sost is not expressed in the spleen, the 

physiological mechanisms that drive extramedullary hematopoiesis in the spleens of the 
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Sost-/- mice are of particular interest. Indeed, the biology of splenic hematopoietic niches 

is not well understood.  

Future studies could determine if LT-HSCs in Sost-/- mice are actively migrating 

from the BM into the spleen or if LT-HSCs are expanding in the spleen de novo. There is 

always a small number of LT-HSCs in the spleen, therefore, it is possible they are simply 

induced to proliferate. With the data collected in this study, it is not possible to tease 

apart whether the LT-HSCs are migrating, proliferating or both. To begin to answer the 

question of how EMH is occurring, it would be helpful to use a model with fluorescent 

HSCs. Using a fluorescently label LT-HSC would allow potential tracking of 

hematopoietic movement. Therefore, we could inject a Sost-/- mouse with a fluorescently 

labeled WT LT-HSC directly into the bone marrow, mimicking the WT  Sost-/- 

transplants, and track their movement. If we find in WT  WT transplants that the LT-

HSCs stay in the bone marrow and that the LT-HSCs in the WT  Sost-/- transplants have 

fluorescently labeled LT-HSCs in the spleen, this would indicate migration of WT LT-

HSCs from the BM injection site to Sost-/- spleens. The proposed timeline for analysis of 

migration would be a few hours, 1 week, and then every four weeks for up to 16 weeks. 

This could allow for a rough time estimation of migration and then we could repeat and 

focus more specifically on a precise time. Additionally, proliferation could be assessed by 

looking at Ki67 expression on the GFP cells found in the spleen. Ki67 positive GFP LT-

HSCs would be considered proliferating LT-HSCs. In addition, future studies to 

understand the identity and test the function of stromal cells in the spleen that drive 

extramedullary hematopoiesis in Sost-/- mice. 

Taken together, the work presented in this chapter expands the knowledge of the 

effects of sclerostin depletion. Chapter 2 introduced inflammation found in the bone 

marrow in Sost-/- mice along with changes in myeloid and lymphoid populations. Here in 

Chapter 3 the spleen was investigated. The spleen as a hematopoietic organ in adults is 

not as well studied as the bone marrow, therefore, this work highlights the importance for 

further exploration of the splenic microenvironment. Additionally, the information 

provided here could be useful for clinicians observing patients being treated with 

romosozumab to monitor them for signs of splenomegaly or changes in hematopoiesis. 
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Tables 

Table 1. Complete blood count values 

 
*Highlighted means show where WT and Sost-/- are statistically different, compared by sex, using 
students ttest p<0.05 

  

Genotype 
& Sex

WBC 
K/uL

Ne# 
K/uL

Ly# 
K/uL

Mo# 
K/uL

Eo# 
K/uL

Ba# 
K/uL

Ne% 
%

Ly% 
%

Mo% 
%

Eo% 
%

Ba% 
%

RBC 
M/uL

HB 
g/dL

HCT 
%

MCV 
fL

MCH 
Pg

MCHC 
g/dL

RDW 
%

PLT 
K/uL

MPV 
fL

control 17.32 9.83 6.15 0.39 0.16 0.79 56.73 36 2.26 0.95 4.55 9.09 16.3 52.6 57.9 17.9 31 26.1 967 7.6
1 7.16 1.34 5.54 0.22 0.04 0.01 18.72 77.4 3.12 0.57 0.16 9.97 13.8 53.3 53.5 13.8 25.9 16.5 802 4.2
2 9.02 1.21 7.12 0.58 0.09 0.02 13.44 78.9 6.38 1.04 0.22 10.18 14.4 53.1 52.2 14.1 27.1 17.4 739 4.4
3 9.16 0.76 7.64 0.74 0.02 0.01 8.29 83.4 8.07 0.19 0.07 10.5 14.8 56.5 53.8 14.1 26.2 16.5 695 4.3
4 10 1.17 8.27 0.51 0.03 0.01 11.73 82.7 5.09 0.32 0.13 10.8 14.7 55.6 51.5 13.6 26.4 17.2 614 4.4
5 10.14 1.1 8.46 0.45 0.1 0.03 10.86 83.4 4.42 0.99 0.29 9.78 14.5 51.9 53.1 14.8 27.9 17.1 642 4.3

Mean 9.096 1.12 7.406 0.5 0.06 0.02 12.61 81.2 5.42 0.62 0.17 10.25 14.4 54.1 52.8 14.1 26.7 16.9 698 4.32
SD 1.19 0.22 1.17 0.19 0.04 0.01 3.89 2.81 1.89 0.38 0.08 0.409 0.39 1.9 0.95 0.45 0.803 0.42 75.3 0.08
11 7.28 1.66 5.09 0.46 0.06 0.01 22.76 69.9 6.34 0.81 0.17 9.44 13.4 53.1 56.2 14.2 25.2 16.5 659 4.7
12 5 0.27 4.34 0.32 0.04 0.02 5.47 86.9 6.35 0.79 0.5 8.72 13.3 47.4 54.4 15.3 28.1 18 549 4.7
13 7.68 0.93 6.27 0.38 0.07 0.02 12.15 81.7 4.92 0.94 0.3 9.21 13.9 50.5 54.8 15.1 27.5 17.8 607 4.7
14 4.26 0.49 3.26 0.46 0.03 0.01 11.6 76.5 10.9 0.82 0.23 8.77 14.2 47.8 54.5 16.2 29.7 18.8 606 5
15 6.42 0.77 5.03 0.52 0.08 0.02 12.02 78.3 8.09 1.3 0.3 10.25 14.1 58.2 56.8 13.8 24.2 16.8 570 4.6

Mean 6.128 0.82 4.798 0.43 0.06 0.02 12.8 78.6 7.32 0.93 0.3 9.278 13.8 51.4 55.3 14.9 26.94 17.6 598 4.74
SD 1.465 0.53 1.105 0.08 0.02 0.01 6.233 6.29 2.3 0.21 0.12 0.622 0.41 4.44 1.09 0.95 2.226 0.93 42 0.15
6 18.04 4.2 13.33 0.39 0.08 0.04 23.29 73.9 2.16 0.45 0.2 10.27 14.2 52.8 51.4 13.8 26.9 18.1 927 4.3
7 16.38 2.57 13.15 0.57 0.07 0.01 15.72 80.3 3.5 0.42 0.09 10.14 13.7 52.5 51.8 13.5 26.1 17.5 887 4.3
8 16.86 2.27 13.72 0.74 0.1 0.03 13.44 81.4 4.4 0.6 0.15 10.12 13.7 51.5 50.9 13.5 26.6 16.9 817 4.2
9 17.98 2.09 14.9 0.91 0.07 0.01 11.61 82.9 5.05 0.4 0.07 10.86 14.9 57.2 52.7 13.7 26 17.3 746 4.1
10 11.02 0.41 10.04 0.51 0.04 0.02 3.76 91.1 4.61 0.34 0.17 5.65 7.6 29 51.3 13.5 26.2 16.3 503 4.2

Mean 16.06 2.31 13.03 0.62 0.07 0.02 13.56 81.9 3.94 0.44 0.14 9.408 12.8 48.6 51.6 13.6 26.36 17.2 776 4.22
SD 2.905 1.35 1.804 0.2 0.02 0.01 7.057 6.18 1.15 0.1 0.05 2.122 2.96 11.2 0.68 0.14 0.378 0.67 168 0.08
16 11 1.06 9.2 0.65 0.07 0.02 9.61 83.6 5.93 0.65 0.2 9.47 13.2 51.7 54.6 13.9 25.5 17.8 774 4.7
17 11.62 1.02 9.78 0.72 0.08 0.02 8.76 84.1 6.23 0.69 0.18 9.8 13.8 53.7 54.8 14.1 25.7 17.3 640 4.3
18 11.96 1.38 9.58 0.86 0.09 0.04 11.56 80.1 7.2 0.78 0.35 9.09 13.9 47.6 52.4 15.3 29.2 18.1 782 4.5
19 10.44 0.57 9.15 0.68 0.02 0.02 5.5 87.7 6.52 0.16 0.15 9.14 13.4 49.6 54.3 14.7 27 19.5 643 4.4
20 12.24 0.81 10.62 0.79 0.02 0 6.62 86.8 6.42 0.18 0.04 9.28 13.4 49.3 53.1 14.4 27.2 18.6 627 4.5

Mean 11.45 0.97 9.666 0.74 0.06 0.02 8.41 84.5 6.46 0.49 0.18 9.356 13.5 50.4 53.8 14.5 26.92 18.3 693 4.48
SD 0.731 0.3 0.595 0.09 0.03 0.01 2.406 2.97 0.47 0.3 0.11 0.289 0.3 2.36 1.04 0.55 1.482 0.84 77.7 0.15

WT Male

WT 
Female

Sost -/- 

Female

Sost -/- 

Male
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CHAPTER 4 

Conclusions and Future Directions 

 

Contributions to the field: 
 
Implications for sclerostin antibody treatment of osteoporosis patients 

 The sclerostin antibody romosozumab is currently prescribed to patients at risk 

for postmenopausal osteoporosis-related fractures, and this work sheds light on 

unintended effects on their immune development. After their first fracture, a woman is 

five times more likely to have another fracture within a year (1). As humans begin to live 

longer, more health complications arise, including fractures, representing a barrier to 

healthy aging and an impact on personal independence and quality of life (2). Anti-

sclerostin works by simultaneously increasing bone formation and decreasing bone 

resorption (3). As bones increase in size and density, this can change the bone marrow 

microenvironment, which is the primary location for immune system development in 

adults. Despite a large amount of research prior to FDA approval, very little has been 

done to look at the changes within the bone marrow of sclerostin antibody-treated 

individuals. Previous work from Cain et al. showed that B cells were decreased after 

removal of sclerostin (4), which we have confirmed in older Sost-/- mice. In humans, after 

the age of 50, bone resorption begins to outpace bone formation, and it is estimated that 

over 10 million Americans over the age of 50 have osteoporosis (5). These older adults 

are the patients receiving romosozumab. It is also known that as organisms age, their 

immune system begins to senesce (6) leading to a functional decrease of the immune 

system (7). Taken together, this means, as age increases, the susceptibility to disease 

increases, highlighting the importance of monitoring immune system changes in 

romosozumab-treated patients. These treatments may have unintended effects on patients' 

immune development, many of whom are older and have less plastic immune systems 

(7). It is important for patients to be aware of the increased risks while taking 

romosozumab and the research in this body of work demonstrates the critical importance 

of patient monitoring during romosozumab treatment.  

 

Inflammation  

The critical role that the blood system plays in immunity and tissue repair makes it very 

sensitive to environmental disruptions such as inflammation, infection, and injury (8). An 

increase in inflammation and hematopoietic stress in the bone marrow can cause dramatic 
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changes in immune development (9). Long-term hematopoietic stem cells (LT-HSCs) 

remain largely quiescent in steady-state conditions, but under situations of acute stress 

such as infection or blood loss can be induced to divide and differentiate to provide 

needed myeloid and erythroid cells (10). An increase in myelopoiesis is a hallmark of 

inflammation (11). Acute inflammation can be contrasted with chronic stress conditions, 

including serial bone marrow (BM) transplants, chronic inflammation, and aging, where 

LT-HSCs are being pushed to continuously proliferate and eventually reach exhaustion 

(12, 13). Specifically, signaling from TNF and IL-1 negatively influences the long-term 

potential of HSCs by activating apoptotic mechanisms and induction of myeloid 

differentiation (9).  

 This dissertation research provides a unique set of data regarding inflammation and its 

effects on adult hematopoietic development. We show an apparent increase in 

inflammatory cytokines TNF-, IL-1, and MCP-1 in the BM that leads to a rise in 

myelopoiesis. This increase in myelopoiesis in the BM and spleen is shown after 

sclerostin antibody treatment (Scl-Ab) and when LT-HSCs are placed into a Sost-/- 

environment through transplantation. The Scl-Ab treatment was for 6 weeks and is 

considered an acute treatment, where the transplants were for 16 weeks and considered 

chronic exposure to Sost-depleted microenvironments. We then observed an increase in 

early apoptosis and a decrease in late apoptosis in the spleen. We do not, however, 

observe any increase in apoptosis in LSKs in the BM. This research, therefore, provides a 

distinctive and unique view of inflammatory changes. The BM in Sost-/- mice is inflamed 

with increased myelopoiesis and no changes in LSK apoptosis. In contrast, the spleen has 

no inflammation, increased myelopoiesis, an increase in LSKs undergoing early 

apoptosis, and a decrease in late apoptosis. 

 

 

Extramedullary hematopoiesis 

 Extramedullary hematopoiesis (EMH) is associated with atypical trafficking 

patterns of hematopoietic cells to areas other than the bone marrow. This cellular 

movement can lead to an increased downstream proliferation of different blood types and 

lead to increased spleen size, termed splenomegaly. EMH is caused by many triggers, 

including chronic hematological disorders such as anemia, thalassemia, myelofibrosis 

(14). Despite an increasing interest in EMH, it has historically been ignored in most 

studies with a simple note of splenomegaly. This leads to EMH not being well 
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understood. In general, my discoveries add to the growing body of literature to provide 

additional details about LT-HSC development in the spleen. The splenic HSC niche is of 

particular interest, and our work assessed the development of LT-HSCs in a dysregulated 

splenic environment through splenic LT-HSC transplantation. EMH has never been 

described in young or old Sost-/- mice prior to this work. We established EMH in Sost-/- 

mice as young as 14 weeks of age. Additionally, we assessed sclerostin depletion in 

chronic and acute models by determining hematopoietic changes in WT LT-HSC to Sost-

/- chimeric transplants for 16 weeks and sclerostin antibody treatment for 6 weeks. In both 

chronic and acute sclerostin depletion models, EMH was observed. This occurrence of 

EMH in all three experimental models highlights how critical it is to understand this work 

because the older patients taking romosozumab already may have compromised immune 

systems due to age.  

 

 

Conclusions and future directions: 

 

Assessing changes in the bone marrow and splenic microenvironments 

 The culmination of this dissertation provides a unique view of how alterations in 

the bone can change the bone marrow. However, despite a large amount of work 

completed, there are still unanswered questions. First and foremost, despite the finding of 

increased inflammation in Sost-/- mice, we were unable to assess inflammation in the Scl-

Ab treated mice due to limited resources. Much of the work discussed here compares 

three models, the Scl-Ab treated mice, the Sost-/- mice alone, and the WT  Sost-/- 

transplants. However, for assessment of inflammation, we were only able to evaluate one 

of the three models. Consequently, it is critical to measure inflammatory cytokine profile 

within the Scl-Ab treated mice and compare the findings. Despite this lack of breadth of 

knowledge into sclerostin depletion and inflammation, the work presented here provides 

a pivotal starting point for further inquiry into how inflammation and sclerostin influence 

each other.  

Following an assessment of inflammation in Scl-Ab treated mice, the next logical 

question is "what is producing these cytokines?". Preliminary single-cell RNA 

sequencing from the Loots and Sebastian laboratories of residual CD45+ (Ptprc) bone 

marrow cells from collagenase-digested WT and Sost-/- bones suggests that the increase in 

TNF- and MCP-1 are from monocytes defined by expression of Itgam1 (CD11b) and 



 
 

80 

CD14. However, IL-1  was not detected in any CD45+ or CD45- cells in this analysis. It 

is possible that digestion in collagenase could have destroyed any cell types expressing 

IL-1. Given that LT-HSCs in WT→Sost-/- chimeras upregulate several osteoclast 

differentiation genes, I hypothesize that the high levels of TNF  in the bone marrow 

induce osteoclast differentiation that is further enhanced in an attempt to restore bone 

homeostasis in response to the overt osteoblast differentiation occurring in the Sost-/- 

bones (Chapter 2, Figure 9). The observation of no differences in TNF, IL-1  or MCP-

1 in the spleen strongly suggests that the inflammation in Sost-/- mice is localized to the 

bone marrow. In future studies, it may be informative to explore other tissues in the Sost-/- 

mice, as in a rat model of inflammatory bowel disease, which causes systemic 

inflammation, osteocytes that co-express SOST and TNF are increased (15). 

It would also be of great interest to dive deeper into the Sost-/- splenic niche changes. We 

established a difference in the red pulp and white pulp and changes in HSPC and lineage 

development. Following this, several recent studies have demonstrated changes in splenic 

niches during EMH to determine how LT-HSC development is supported. For example, it 

would be significant to determine if the Sost-/- splenic niche has mesenchymal progenitor-

like cells expressing Tlx1, a substantial source of HSPC niche factors in the spleen of 

mice with EMH. The splenic HSPC niche has been established to be involved in chronic 

myeloid leukemia (CML) and myeloproliferative neoplasms (16, 17). Consequently, the 

Sost-/- splenic niche changes and the changes in BM myeloid differentiation might be 

applied to support studies explaining myeloid malignancies. 

 

Inflammatory cytokine production in the spleen does not follow the same pattern as the 

bone marrow 

 TNF-, IL-1, and MCP-1 are increased in the bone marrow of Sost-/- mice. 

Following this, it would be of interest to explore the levels of cytokines systemically. 

Inflammation produces different effects depending on its location; therefore, assessing 

the levels of inflammation in the blood would provide valuable information. We were 

able to preliminarily test the levels of cytokines within the spleen of male and female 

mice. The initial results showed a decrease in male TNF- and IL-1 and no changes in 

the female. This directly contrasts with the bone marrow showing increased TNF-, IL-

1 and MCP-1 levels) in male and female mice. These differences between the spleen 

and bone marrow highlight the value in measuring systemic levels of inflammation. 
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Mechanistic insight 

 An important area to continue for this work is to determine how the 

microenvironment is affecting hematopoietic development. This research establishes 

several critical pieces of information regarding sclerostin depletion: 1) increased 

inflammation within the BM increases myeloid cell populations, 2) the spleens in Sost-/- 

mice develop EMH, and 3) these changes are not intrinsic to HSPCs, environmental 

changes cause them.  

To answer how inflammation is induced in Sost-/- mice, it is essential to understand what 

cells secrete sclerostin. Establishing which cells specifically produce SOST will 

determine whether the lack of SOST directly changes immune cells to mediate 

inflammation. In mice, sclerostin expression is primarily made by osteocytes; however, 

other cells can produce sclerostin, such as osteoclasts, osteoblasts, cementocytes, and 

mineralized hypertrophic chondrocytes (18-20). Preliminary data from single-cell 

sequencing from the Loots and Sebastian laboratories did not show any sclerostin 

expression in the immune cell populations assessed within the bone marrow. This is 

consistent with literature where sclerostin has not been shown to be expressed. As 

sclerostin is a secreted protein, a coculture of macrophages from the bone marrow with 

and without sclerostin and then assessing the cytokine profile would provide insight into 

the direct influence of the protein sclerostin on macrophage cytokine secretion. 

 

Potential translational treatment impacts and modifications 

 Sclerostin’s expression in the aortic vascular smooth muscle (AVSM), along with 

an increased incidence of positively adjudicated serious cardiovascular adverse events 

driven by an increase in myocardial infarction and stroke in clinical trials, led to several 

inquiries into myocardial infarctions in patients being treated with romosozumab. These 

non-clinical studies did not however, identify any evidence to provide association 

between sclerostin inhibition and adverse cardiovascular function, increased 

cardiovascular calcification, or atheroprogression (21). Nonetheless, atherosclerosis is a 

uniquely human diseases and the lack of a fully translational in vivo model of 

atherosclerosis is a limitation to these studies. According to the American Heart 

Association (AHA), inflammation is often linked to heart disease and stroke. Therefore, it 

is important to assess the inflammation systemically in patients being treated with 

romosozumab to provide more insight into these potential side effects. 
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It is known that mouse models provide valuable insight into many biological studies of 

disease. Humans and mice share highly conserved genomes and serve as excellent 

models allowing insight into complex processes not observable in more simple systems. 

However, I think it was best said by Judah Folkman, "If you [have a disease and you] are 

a mouse, we can take good care of you" (22). Ultimately the goal of research is to 

develop treatment for humans. Mouse models can only go so far, as shown by numerous 

studies (23, 24). To further the work discussed in this dissertation, human data is the next 

step. As it is challenging to attain BM and splenic data from human subjects, the most 

straightforward action is to compare peripheral blood data from humans to Sost-/- mouse 

blood. If a systemic cytokine profile from the blood of Sost-/- mice or patients using 

romosozumab can be established, it would be then possible to determine changes in 

inflammation in patients from a simple blood draw. Additionally, as EMH is generally 

accompanied by splenomegaly, it would be simple to assess spleen size through physical 

exams, computerized tomography (CT) scans, or magnetic resonance imaging (MRIs). 

Splenomegaly can cause crowding of organs and disturbances in red blood cell 

development and is essential to monitor in patients. 

 

Summary: 

This work presents novel insight into immunological development and inflammation in 

sclerostin depleted mice. We use two different experimental models, sclerostin antibody 

treatment and chimeric transplants of WT LT-HSCs into the global knockout of 

sclerostin.  

We demonstrate that depletion of sclerostin through antibody treatment and WT to Sost-/- 

chimeric mice causes dramatic increases in myeloid frequency and cellularity and 

decreases in lymphoid frequency and cellularity within the bone marrow. We also 

establish an increase in inflammatory cytokines within the bone marrow. In addition to 

the bone marrow changes, we show dramatic changes within the spleen's hematopoietic 

compartment. Depletion of sclerostin through antibody treatment, chimeric 

transplantation, and genetic knockout results in significant extramedullary hematopoiesis 

in the spleen. Taken together, this work contributes to the field by extending previous 

studies to reveal novel information on the effects of sclerostin deficiency in the bone 

marrow and spleen. This work supports the further assessment of romosozumab patients 

for potential side effects such as inflammation and dysregulated immune cell 

development.  
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