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Hematopoiesis relies on complex interactions between hematopoietic stem cells (HSCs) 

and the bone marrow (BM) microenvironment. However, alterations in this regulated 

system can result in malignant transformation and hematopoietic diseases. Acute myeloid 

leukemia (AML) is associated with an uncontrolled growth of leukemic blasts in the BM 

and has been considered as the most common acute leukemia in adults. AML survival after 

cytotoxic treatment remains a major therapeutic challenge mediating disease relapse and 

impacting the overall clinical outcome for patients. Fine-tuning the cytotoxic conditioning 

regimen to discover the most effective treatment plan has the potential to significantly 

improve outcomes in AML patients, thereby reducing the risk of relapse. The mechanism 

by which conditioning achieves therapeutic outcomes is through BM ablation. 

Additionally, conditioning can impact different compartments of the BM 

microenvironment.  In this study, we investigated microenvironmental alterations to the 

BM after receiving low intensity (LI) and high intensity (HI) cytotoxic conditioning in the 

context of animal age. We later expanded our findings to investigate changes to BM niche 

around resistant tumor cells after cytotoxic conditioning in an AML model.  Hematopoietic 

recovery appeared to be both age and dose dependent with more donor cells in HI compared 

to the LI group and more in young compared to the adult mice. Furthermore, vascular 

leakage outcomes revealed long-lasting disruption in the vascular integrity despite 

hematopoietic recovery overtime. Ex vivo imaging of the BM in the long bone indicated 

faster recovery of the blood vessels as a matter of morphology in young mice compared to 

the adult mice. In addition, our analysis demonstrated delayed response to the busulfan in 

the bone remodeling characterized by a shift towards bone resorption. BM and peripheral 

blood studies demonstrated promising results in slowing down the tumor proliferation in 

the AML mouse model after application of busulfan and cyclophosphamide (BU/CY) 

combination. Residual tumor cells exhibited a preference in their localization in endosteal 

niche where more vascular disruption was observed. Besides, cell size measurement 

demonstrated enhanced size of residual tumor cells in comparison to the primary AML 

cells. By examining the impact of chemotherapy dosage and recipient age on treatment 

response as well as BM microenvironment adjacent to the residual tumor cells after therapy, 
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we sought to optimize chemotherapy regimens and establish the groundwork for tailoring 

treatment strategies to AML cancer patients. 
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CHAPTER 1 

Background and Introduction 
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1.1. Bone Marrow Microenvironment 

 

The BM microenvironment, also known as the BM niche, is a complex and specialized 

environment playing a crucial role in the regulation and maintenance of HSCs1. HSCs are 

a group of stems cells that differentiate into various types of blood cells, including red 

blood cells (RBCs; erythrocytes), white blood cells (leukocytes), and platelets 

(thrombocytes)2. Based on the anatomical locations, BM microenvironment divides into 

two distinct niches: the central niche, located within the inner BM and the endosteal niche, 

found near the bone surface. As another classification, the BM niche is spatially organized 

by the vascular system, the bone structure, and a network of perivascular cells3,4 (Fig. 1.1). 

Structural and molecular differences in the BM vascular system separate them into three 

types of sinusoids, arterioles, and transiting zone vessels. Sinusoids and arterioles are 

primarily located within the central marrow cavity while transition zone vessels as a 

connecting network between arterioles and sinusoids is concentrated in the endosteal 

niche5. The endosteal niche as another BM microenvironment component can be found in 

the diaphysis, as the central part of a long bone, with dense cortical bone and metaphysis 

or epiphysis with the trabecular meshwork bone3,6. The endosteal niche consists of 

osteoblasts (OBs) as the primary cell type, osteocytes (OTS), and osteoclasts (OCs) within 

this niche7. Unlike central BM which is highly enriched with HSCs (85%), endosteal niche 

harbors approximately 15% of the population. It is important to note that since central and 

endosteal BM are functionally different, they support different subsets of HSCs; the former 

promotes HSCs activation while the latter promotes the HSC quiescence8–10. Mesenchymal 

stem cells (MSCs) as another group of stem cells that differentiates into various cell types 

such as osteoblasts, chondrocytes, or adipocytes are essential for the maintenance and 

regulation of HSCs11,12. 

Besides anatomical components, the BM niche is regulated by a network of hematopoietic 

signaling pathways (e.g. TGF-β, HIF, Wnt, Notch), growth factors (e.g. SCF, LIF, IL-3, IL-

6), cell cycle regulators (e.g. p18 and p21 inhibitors, p53) and transcription factors (e.g. 

GFI-1, RUNX1)13. Hypoxia as another key factor in the BM contributes to hematopoietic 

regulation and supports the function of HSCs14. In the BM, regardless of location and cell 

cycle phase of HSCs, they exhibit a hypoxic characteristics15,16. Hypoxia-inducible factors 

(HIFs) serve as the primary transcriptional regulators of the hypoxic responses in BM stem 

cells and activation of a wide variety of genes such as erythropoietin, Vascular endothelial 

growth factor (VEGF), and glucose transporters17–19. 
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Figure 1.1. Main Features of Anatomically Defined Hematopoietic Stem Cells (HSCs) Niches in the BM 

Microenvironment. The BM vascular niche is categorized into three main types of sinusoids, arterioles, and transiting 

zone vessels. The endosteal niche comprises osteoblasts, osteocytes, and osteoclasts. Mesenchymal stem cells (MSCs), 

as another critical group of stem cells, play an essential role in the maintenance and regulation of HSCs within the BM 

microenvironment. 

 

1.2. Hematopoiesis 

 
Hematopoiesis is the process in the BM microenvironment by which HSCs differentiate 

into all the cellular components of the blood cells. This process is crucial to replenishing 

the blood cells that are damaged by normal cellular processes, diseases, or trauma. 

Depending on the hematopoiesis stage, HSCs and their progenitors show different extents 

of the self-renewal and differentiation capacity. Before developing into different types of 

mature blood cells, HSCs undergo hierarchical maturation steps to form a series of 

intermediate progenitors. According to Fig. 1.2, HSCs can be categorized into two subsets: 

the long-term subset (LT-HSC), characterized by its potential for indefinite self-renewal, 

and the short-term subset (ST-HSC), capable of self-renewal for a limited duration before 

their differentiation into multipotent progenitors (MPPs). MPPs, while lacking self-renewal 

capabilities, still possess the potential for lineage differentiation into common myeloid 

progenitors (CMP) or common lymphoid progenitors (CLP). CMPs will then generate 

granulocyte-macrophage progenitors (GMPs) and megakaryocyte-erythrocyte progenitors 

(MEPs). MEPs, in turn, can give rise to either erythrocytes or platelets. GMPs differentiate 

into granulocytes, including neutrophils, basophils, and eosinophils, or they can develop 

into macrophage or myeloid dendritic cells (DCs). CLP on the other hand can develop into 

immune cells including T cells, B cells, and natural killer (NK) cells20–24. 

Normal hematopoiesis relies on complex interactions between HSCs and the BM 

microenvironment leading to a balance in proliferation, differentiation, and overall 

homeostasis of the stem cell compartment. Different regions of the niche can promote the 

development of specific blood cell lineages. Studies have demonstrated the loss of 

lymphoid progenitors after conditionally deleting osteoblast cells in the endosteal 
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niche25,26. In addition, it has been reported that depletion of the CXCL12, as a 

chemoattractant, from osteolineage cells results in lymphoid progenitors depletion 

highlighting the importance of the endosteal niche in providing support for 

lymphopoiesis27. The regulatory role of ECs toward hematopoiesis has been evidenced by 

deletion of Jagged-1, as a type of Notch ligand, that result in decline of HSCs self-

renewal28. MSCs as another key elements in the BM niche play an important role in 

hematopoiesis. Deletion of CXCL12 or SCF from all MSCs has been shown to affect the 

HSC population29. Taken together, the preservation of the HSC population and their 

functional properties requires BM niche homeostasis and alterations in this regulated 

system can result in malignant transformation, such as hematopoietic diseases. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Hematopoietic Differentiation Model. HSCs can be classified into two main subsets of long-term subset 

(LT-HSC) and the short-term subset (ST-HSC) generating multipotent progenitors (MPP). MPPs further differentiate into 

common myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs). CMPs commit to the myeloid lineage, 

generating granulocyte-macrophage progenitors (GMPs) and megakaryocyte-erythrocyte progenitors (MEPs). GMPs 

give rise to granulocytes, myeloid dendritic cells, and macrophages, while MEPs differentiate into platelets or 

erythrocytes. Conversely, CLPs commit to the lymphoid lineage, ultimately producing T cells, B cells, and natural killer 

(NK) cells. Arrows indicate the flow of differentiation from more primitive progenitors to more specialized cell types. 

 

1.3. Leukemogenesis 

 
Leukemia is characterized by uncontrolled expansion of white blood cells originating from 

the malignant transformation of a progenitor cell during hematopoiesis30. Depending on 

the originating cell lineage and some clinical criteria such as the speed of onset, the 

duration, and the persistence of the symptoms, leukemia classified into 4 groups: acute 

lymphoblastic leukemia, acute myeloid leukemia, chronic lymphoblastic leukemia, and 

chronic myeloid leukemia. Acute leukemia is characterized by rapidly progressive disease 
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followed by severe and short-term symptoms while chronic leukemias typically have a 

slow course of the disease with less severe but persistent symptoms. In addition, in acute 

leukemia, undifferentiated monoclonal cells are involved whereas chronic leukemia exhibit 

a clonal proliferation of pluripotent HSC. Acute myeloid leukemia (AML), and acute 

lymphoblastic leukemia (ALL) as the most frequent malignancies in adult and children, 

respectively are two main types of acute leukemia31. Chronic leukemias are subclassified 

into chronic myeloid leukemia (CML) and chronic lymphoblastic leukemia (CLL)30.  

Based on the leukemogenesis model in Fig. 1.3, the malignant transformation process 

which is common between various types of leukemia involves multiple steps, starting with 

an initial mutation in either normal HSCs or progenitor cells. Mutation in self-renewing 

HSCs leads to the generation of pre-leukemic stem cells (pre-LSCs) which develop to fully 

transformed leukemia stem cells following subsequent mutations. A progenitor cell can 

also undergo a transformation due to a mutation that keeps its ability to self-renew. This 

pre-leukemia progenitor cell can persist and, with additional mutations, eventually evolves 

into LSCs. In contrast, when a first mutation occurs in a progenitor without promoting self-

renewal, the pre-malignant cell could be eliminated if subsequent mutations don’t occur to 

develop them into an LSC13. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Leukemogenesis Model. The malignant transformation process in leukemia involves initial mutations 

occurring in either normal HSCs or progenitor cells, leading to the generation of pre-leukemic stem cells (LSCs). 

Subsequent mutations drive pre-leukemic progenitor cells into fully transformed LSCs. If the initial mutation occurs in a 

progenitor cell without promoting self-renewal, the pre-malignant cell may be eliminated unless subsequent mutations 

occur to develop them into LSCs. Green arrows indicate normal hematopoietic development and red arrows indicate 

leukemic development.  
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1.4. Leukemic Bone Marrow Niche 

 
Even though the localization of LSCs within the BM niche requires further studies, it is 

evident that the microenvironment contributes to supporting LSCs in terms of their 

formation, engraftment, or chemotherapy resistance32. LSCs can reprogram MSCs to create 

a microenvironment in their favor. This reprogramming could be through transferring 

mitochondria to provide extra energy for tumor cells, protecting tumor cells from 

chemotherapy through an increase in Notch and Wnt signaling or inhibition of 

apoptosis33,34. Alteration in the BM vascular niche in leukemia with an increase in the 

VEGF promotes angiogenesis and continued blood supply for leukemia cells35,36. Studies 

also have shown that AML progression increases vascular permeability by inducing high 

nitric oxide (NO) production37. Increased vascular permeability contributes to the 

maintenance of hypoxic conditions in leukemia-affected areas. Osteolineage cells support 

leukemia cells survival and proliferation by activation of Notch signaling pathways that 

promote NF-kB. NF-kB is an inflammatory protein complex that plays a crucial role in 

LSCs maintenance38. Adipocyte cells in the BM can be activated by leukemia cells to 

lipolyze their triglyceride and generate free fatty acids. Tumor cells uptake fatty acids to 

continue their proliferation and survival39. The sympathetic nervous system (SNS) as 

another component of the BM niche contributes to leukemic progression. B2-adrenergic is 

sympathetic signaling pathway playing role in the BM niche regulation and hematopoiesis. 

Studies have shown that adrenergic blockade or sympathetic neuropathy leads to expansion 

of AML through a severely altered BM niche40. LSCs by releasing proinflammatory 

cytokines, such as Il-1 promote secretion of growth factors such as CXCL-12 or CSF by 

surrounding ECs and stromal cells. This results in unlimited cell growth and proliferation 

of leukemic cells41. Cytokines and adhesion receptors such as CXCR4, VLA-4, CD44, and 

E-selectin  are also critical regulatory components for localization of LSCs in the BM. High 

expression of these molecules facilitate homing and retention of leukemic cells in the niche 

as well as their resistance to the chemotherapy42(Fig. 1.4).  
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Figure 1.4. Remodeling of the Healthy Stem Cell Niche into a Leukemic Niche.  The BM niche plays a pivotal role 

in supporting LSCs through various mechanisms, including reprogramming MSCs, or altering the vascular niche to 

promote angiogenesis. Additionally, interactions with osteolineage cells, adipocytes, and the SNS contribute to LSC 

survival and proliferation. Proinflammatory cytokines released by LSCs further enhance niche remodeling, facilitating 

unlimited cell growth and resistance to chemotherapy through regulatory molecules like CXCR4, CD44, and VLA-4. 

 

 

1.5. Acute Myeloid Leukemia (AML) 

 
AML is an aggressive BM related disorder that initiates with malignant transformation of 

myeloid lineage precursors. The disease is characterized by uncontrolled proliferation, 

abnormal self-renewal, and an inability to differentiate into fully functional mature myeloid 

blood cells30,43. In general, AML is classified into two groups: De novo AML (dn- AML) 

that occurs due to the accumulation of mutation during leukemogenesis without any 

preceding hematologic conditions and Secondary leukemia (s-AML) that can be 

subdivided into two categories of myelodysplasia-related changes (AML-MRC) and 

therapy-related AML (t-AML). AML-MRC is characterized by leukemia arising from a 

previous myelodysplastic syndrome (MDS) or myeloproliferative neoplasm (MPN), 



8 
 

whereas t-AML develops as a complication of prior cytotoxic conditioning therapy44. 

Studies have shown that there is a distinct mutational signature for dn-AML versus s-AML. 

Fig. 1.5 Illustrates some representative mutational variations in dn-AML and s-AML45. 

The FLT3 receptor is commonly overexpressed on the majority of blasts in AML. 

Mutations such as FLT3 internal tandem duplications (FLT3-ITD) are linked with the high 

rate of relapse and poor overall survival outcomes in many AML patience46. 

 

Figure 1.5. Mutational Variations in dn-AML and s-AML. A HSC undergoes a sequence of mutations, initially 

affecting genes highlighted in green. Subsequent mutations, illustrated in blue, orange, and red, result in the development 

of either secondary AML (sAML) or de novo AML (dn-AML) disease. 

 

Regardless of its type, AML is the most common acute leukemia in adults and the second 

most frequent acute leukemia in children47. According to the 2022 clinical report from 

CIBMTR, AML has the highest rate of allogeneic hematopoietic stem cell transplantation 

(HCT) (about %50) in USA among other malignant and non-malignant diseases. Even 

though a majority of AML patients initially respond well to chemotherapy, long-term 

outcomes are still unfavorable due to the disease relapse causing low overall survival (OS) 

rate of 40-50% for individuals under the age of 6048,49. In older patients who are not able 

to tolerate intensive chemotherapy, survival rate remains low. In the U.S, in patients aged 

70–74 and 75–79, five-year OS is as low as 7.4% and 3.3%, respectively50. Even though 

OS in patients who are receiving preparative regimens is low, in the absence of treatment, 

acute leukemias often result in BM failure and death within a few months. This necessitates 

an immediate and aggressive but tolerable therapeutic treatment for patients suffering from 

AML disease.  

 

1.6. AML Cytotoxic Conditioning Strategies 

 
HCT represents a potentially curative treatment option for various hematopoietic diseases, 

both malignant and non-malignant. In cases of malignant conditions, HCT involves the 

administration of preparative conditioning regimens to achieve two primary goals: to 
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provide effective host immunoablation that minimizes the graft rejection, and to lower the 

tumor burden51. In general, initial regimens are based on dose intensity leading to the 

development of two main categories of conditioning regimens: Myeloablative conditioning 

(MAC) and reduced intensity conditioning (RIC). Traditionally, MAC regimen was 

regarded as the standard intensity for patients requiring HCT. However, due to the inherent 

toxicity of this cytotoxic conditioning, it was considered suitable only for younger patients. 

Consequently, a less toxic and more tolerable preparative regime known as RIC and 

nonmyeloablative conditioning (NMA) were developed for older and less physically fit 

patients52,53. In general, what distinguishes RIC regimens from MAC is that they typically 

involve a reduction in the dose of alkylating agents or total body irradiation (TBI) by 

>30%51.  

 

Myeloablative Conditioning (MAC): 

TBI-Based Regimens. Patients with hematologic malignancies who receive HCT often 

undergo high-dose TBI as a component of the conditioning regimen. The majority of these 

regimens combine fractionated TBI with doses ranging from 12 to 16 Gy, in combination 

with various chemotherapeutic agents, mainly cyclophosamide54,55. In general, while 

higher doses of TBI have the potential to decrease the risk of relapse, they have been 

associated with elevated, and sometimes life-threatening, occurrences such as 

gastrointestinal, hepatic, and pulmonary toxicities, as well as an increased risk of secondary 

malignancies51.   

High-Dose Chemotherapy-Based Regimens. In order to mitigate the short- and long-

term toxicities linked to high-dose TBI and to target the tumors that are not accessible 

through external radiation, such as those deep within the body or scattered throughout 

multiple organs, systemic chemotherapy has emerged as a preferred alternative. 

Chemotherapy-based regimens primarily rely on alkylating agents due to their favorable 

toxicity profile, and their effectiveness against non-dividing tumor cells51. Busulfan is an 

alkylating agent with myeloablative properties that functions by inhibiting DNA replication 

through DNA crosslinking56. Busulfan exhibits particular sensitivity towards cells in the 

G0 resting phase of the cell cycle57. This drug is employed as a preparative agent before 

HCT due to its cytotoxic effects on the recipient's HSCs. In addition, it demonstrates 

efficacy in a range of malignancies such as CML, AML, ALL, lymphomas, and multiple 

myeloma51. However, busulfan cannot be used as a sole conditioning agent for HCT due 

to some associated limitations such as low toxicity towards mature lymphocytes and its 

variation in plasma levels when it is administered orally in patients. Therefore, regimens 

comprising high dose busulfan and other chemotherapy agents mainly cyclophosphamide 

and fludarabine were established and became a common choice for patients in need of 

HCT54,58. Cyclophosphamide is another alkylating agent, chemically related to nitrogen 

mustard, promotes cell death by binding to DNA and inhibiting DNA replication59. While 

high doses of cyclophosphamide have direct tumoricidal effects and induce 

immunosuppression, low dose of this compound has been found to promote the immune 
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stimulation by decreasing the number of T regulatory cells (Treg cells)60. To reduce the 

occurrence of regimen-related toxicity and transplant-related mortality (TRM), 

fludarabine, an effective immunosuppressive purine analog, could be used instead of 

cyclophosphamide in both myeloablative and non-myeloablative conditioning 

regimens61,62. 

 

Reduced Intensity Conditioning (RIC)/ Nonmyeloablative Conditioning (NMA): 

RIC was developed when some clinical observations revealed that patients who experience 

graft-versus-host disease (GVHD) following allogeneic HCT benefit from improved 

relapse-free survival. This recognition highlighted that HCT not only can rescue patients 

from the hematologic toxicity of high-dose conditioning, but also can contribute to the cure 

of malignant diseases through immunologic graft-versus-tumor (GVT) effects63. These 

findings prompted the development of RIC and NMA regimens, making allogeneic HCT a 

treatment option for older and medically weak patients who previously had not received 

high-dose conditioning. RIC primarily relies on the GVT effect more than cytotoxic effect 

for its effectiveness64. Studies that have compared MAC and RIC in patients with AML or 

MDS have indicated that RIC is linked to a higher risk of relapse but a reduced rate of 

TRM. As a result, this leads to comparable OS, even though patients are typically older 

and less physically fit on average65,66. Therefore, considering the patient's condition, an 

effective treatment involves a protocol that results in the least toxicity and most optimal 

therapeutic results. 

Regardless of the regimen’s intensity, there are two treatment phases for AML: Remission 

induction therapy and post remission therapy. During the remission induction therapy, a 

combination of cytotoxic regimens is applied to eliminate leukemia cells from the blood 

and BM. Due to the high rate of relapse in AML, post remission therapy, as the second 

phase of treatment, is essential to target the resistant leukemia cells causing MRD. MRD 

refers to the persistence of leukemic cells post-treatment at levels below morphologic 

detection.  In clinical trials, MRD serves as a crucial biomarker in AML for prognostic, 

monitoring, and efficacy-response to the therapy plan67,68. The 7+3 treatment plan is a 

common intensive induction chemotherapy regimen used for AML since the first time that 

was proposed in 197369. In 7+3 protocol, "7" refers to a continuous infusion of cytarabine 

(Ara-C) for seven days, and the "3" refers to a three-day injection of an anthracycline drug 

usually daunorubicin or idarubicin. However, over the past few years, progressive 

understanding of the AML has been leading to the protocol modification and introducing 

several novel agents such as Venetoclax or FLT3 inhibitors, that result in a better response 

in patients70,71. 

 

1.7. Impact of Cytotoxic Conditioning on the BM Niche 
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Conditioning of the BM before HCT is crucial for primarily two purposes: eliminating the 

tumor cells and promoting the successful engraftment of donor cells. While standard 

conditioning regimens, usually involving chemotherapy and/or radiotherapy, have 

demonstrated efficacy in depleting the BM, they are also linked to significant stress 

induction to the BM niche and a high incidence of treatment-related mortality. Given that 

both host and donor HSCs require support of the BM microenvironment to regulate their 

function, alteration to the stem cell niche could impact the clinical outcomes after therapy 

in cancer patients72.  

 

BM Niche Cells and their Alterations after Cytotoxic Conditioning 

Endothelial Cells (ECs). ECs are a group of cells lining the inner layer of the blood vessels 

and promoting smooth blood flow or facilitating exchange of nutrients and waste products. 

Depending on their specific location and differential gene expression, ECs can be 

categorized as arteriolar endothelial cells (AECs) or sinusoid endothelial cells (SECs)73. 

ECs play an important role in regulating HSCs in the normal niche and hematopoietic 

recovery after HCT. Studies have shown that in mice, irradiation or chemotherapy induce 

alteration to vascular system such as damage to the SECs and therefore plasma leakage, 

disruption of columnar capillaries in the metaphysis, and dilation of sinusoidal capillaries 

in the diaphysis74–76. Reciprocal relation between ECs and HSCs promotes recovery of ECs 

after HCT overtime and efficient engraftment of transplanted Hematopoietic stem and 

progenitor cells (HSPCs) following SECs recovery.  ECs contribute to the transplanted 

HSC engraftment by activation of signaling factors such as VEGFR2, Tie2, Jagged-1, and 

Jagged-228,74,75,77 

Mesenchymal Stromal Cells (MSCs). MSCs as another key component of the BM 

regulate homeostasis, mainly HSC maintenance, by secreting crucial factors such as 

CXCL12, angiopoietin, and SCF. In the majority of cytotoxic conditioning studies, MSCs 

have been found resistant to the stress suggesting that this cell type is not entirely eradicated 

by myeloablative conditioning78. While MSCs may endure to some extent conditioning, 

they do accumulate damage. In this regard, in vitro irradiation of human MSCs has been 

shown to accumulate DNA double-strand breaks, change their gene expression, or skew 

their differentiation towards mainly adipocytes79,80. 

Osteolineage Cells. Osteolineage cells are a group of bone-forming cells that release 

various crucial factors for the HSCs maintenance including CXCL12, SCF, angiopoietin, 

and osteopontin (OPN)73,81. Even though the number of osteoblasts has been reported to be 

closely correlated with the number of HSCs, more recently, there is an ongoing debate 

about the extent of osteolineage cells role in the regulation of HSCs29,82 . This could be due 

to the fact that minority of HSCs are in direct contact with BM osteoblasts and most of 

them are localized in proximate to BM blood vessels83. In general, osteolineage cells have 

demonstrated the regulation of more committed hematopoietic progenitor cells in mice27,73. 

Damage induced by osteolineage cells due to conditioning results in bone-related 
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complications including bone loss, osteopenia, osteoporosis, and avascular necrosis of 

bone84. In vitro chemotherapeutic treatment of both murine and human osteoblasts has been 

shown to result in reduced production of CXCL12 and a diminished capacity to support 

immature B progenitor cells85,86. Similarly, irradiation induces various functional defects 

in osteoblasts, such as reduced production of extracellular matrix components or impaired 

proliferation87.  

Nerve Fibers. BM nerves play a crucial role in regulating the proliferation, differentiation, 

and HSPCs migration between BM and extramedullary sites72. The interaction between the 

SNS and HSCs is partially mediated through niche cells such as stromal cells88. Neurotoxic 

chemotherapy and irradiation conditionings lead to transient or persistent sympathetic 

neuropathy and therefore hematopoietic dysfunction89. In humans, many cancer survivors 

experience radiation-induced neuropathy90. 

Understanding the cytotoxic therapy effect on BM niche is crucial since conditioning 

regimens have revealed contributions to the survival and chemoresistance of tumor cells 

leading to leukemia relapse. As mentioned before, t-AML is a late complication of 

cytotoxic therapy leading to secondary AML disease in patients who have received 

chemotherapy or irradiation.  

To optimize therapeutic outcomes while minimizing the risk of adverse effects following 

conditioning regimens, considering a patient-centered approach is essential in designing 

cancer treatment plans. Individualized treatment plans are particularly crucial in age-

related cancers, such as AML. As previously discussed, AML is more prevalent in 

individuals older than 65 who are often less fit for standard MAC regimens, necessitating 

adjustments to the conditioning intensity based on their tolerance. 

In this regard in my project, the primary goal is to investigate the impact of recipient age 

and chemotherapy dosage intensity on changes within the BM following conditioning 

(Chapter 2). Subsequently, we aim to create an AML mouse model to explore how or 

whether alterations in the BM niche following cytotoxic therapy or AML progression 

contribute to AML relapse after treatment (Chapter 3). 
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CHAPTER 2 

Age and Dose Dependent Changes to the Bone and Bone Marrow Microenvironment 

after Cytotoxic Conditioning with Busulfan. 
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Brief Summary 

In this chapter, employing 2-photon (2P) intravital microscopy, I explored the changes 

occurring within the bone and BM microenvironment following cytotoxic conditioning, 

focusing on hematopoietic recovery. Specifically, I investigated the impact of 

chemotherapy dosage (high intensity and low intensity) and recipient animal age (young 

and adult) on these dynamics. 

 

 

Key Findings: 

• Hematopoietic Recovery: The recovery of hematopoiesis was found to be dependent on 

both dosage and recipient age. Young mice exhibited a higher accumulation of donor cells 

compared to adult mice, and HI chemotherapy resulted in greater donor cell engraftment 

compared to LI chemotherapy. 

• Vascular Functionality: Despite hematopoietic recovery, alterations in the integrity of 

calvaria BM blood vessels persisted in both young and adult mice even at day 42 post HCT. 

This suggests a sustained impact of cytotoxic conditioning on the vascular 

microenvironment. 

• Vascular Morphology: Assessment of vascular remodeling parameters, including blood 

vessel diameter, frequency, and density, revealed a partial recovery in young mice by day 

42 post-HCT. However, these changes remained abnormal in older mice, indicating an age-

dependent impairment in vascular recovery following cytotoxic treatment. 

• Bone Remodeling: Both young and adult mice exhibited significant bone remodeling by 

day 42 post-HCT, compared to earlier time points. Additionally, young mice demonstrated 

a faster bone turnover response compared to adult mice, indicating age-related differences 

in bone recovery dynamics. 
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ABSTRACT 

Preparative regimens before HCT damage the BM microenvironment, potentially leading 

to secondary morbidity and even mortality. The precise effects of cytotoxic preconditioning 

on bone and BM remodeling, regeneration, and subsequent hematopoietic recovery over 

time remain unclear. Moreover, the influence of recipient age and cytotoxic dose have not 

been fully described. In this study, we longitudinally investigated bone and BM remodeling 

after busulfan treatment with low intensity (LI) and high intensity (HI) regimens as a 

function of animal age. As expected, higher donor chimerism was observed in young mice 

in both LI and HI regimens compared to adult mice. Noticeably in adult mice, significant 

engraftment was only observed in the HI group. The integrity of the blood-BM barrier in 

calvaria BM blood vessels was lost after busulfan treatment in the young mice and 

remained altered even 6 weeks after HCT. In adult mice, the severity of vascular leakage 

appeared to be dose-dependent, being more pronounced in HI compared to LI recipients. 

Interestingly, no noticeable change in blood flow velocity was observed following busulfan 

treatment. Ex vivo imaging of the long bones revealed a reduction in the frequency and an 

increase in the diameter and density of the blood vessels shortly after treatment, a 

phenomenon that largely recovered in young mice but persisted in older mice after 6 weeks. 

Furthermore, analysis of bone remodeling indicated a significant alteration in bone 

turnover at 6 weeks compared to earlier timepoints in both young and adult mice. Overall, 

our results reveal new aspects of bone and BM remodeling, as well as hematopoietic 

recovery, that is dependent on the cytotoxic dose and recipient age. 
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INTRODUCTION 

HCT is a common therapeutic approach for hematologic malignancies such as leukemia, 

multiple myeloma, lymphoma and non-malignant diseases91–95. Successful donor cell 

engraftment after HCT necessitates cytotoxic preconditioning93,96. Historically, MAC has 

been considered a standard preconditioning regimen for patients in need of HCT97. The 

inherent toxicity and non-relapse mortality associated with MAC, however, limits its use 

to a select group of patients97,98. To address these limitations, a more tolerable preparative 

regimen, known as RIC, was developed for less fit patients97,99,100. Clinical studies indicate 

that RIC has a lower cumulative incidence of chronic GVHD but similar OS compared to 

MAC, positioning it as a potential alternative treatment94. Insufficient conditioning, 

however, can lead to early disease relapse after transplantation due to the lack of graft vs. 

malignancy effect from mixed chimerism101,102. Therefore, it is important to fine tune the 

intensity of RIC to provide the most effective clinical outcomes after HCT. 

Cytotoxic preconditioning is known to disrupt the hematopoietic and non-hematopoietic 

compartments of the bone and BM microenvironments regardless of the preparative 

regimen used76,103–105. After treatment, BM vasculature can undergo significant changes 

such as the dilation and fusion of sinusoidal vessels and a temporary decrease in vessel 

frequency106–108. Disruption in both osteoblast and osteoclast activities result in increased 

rates of bone resorption103,109. Furthermore, MSCs after exposure to low irradiation have 

been found to exhibit a shift in their differentiation capacity towards less adipocytes and 

more osteogenic cells79.  

In addition to conditioning regimens, the aging process is also known to disrupt the 

functionality of the BM niche. Age-related changes such as a notable decrease in 

osteoprogenitors, a decline in the number of the metaphyseal blood vessels, and alterations 

in the differentiation and proliferation of mesenchymal stromal cells, negatively impact 

hematopoiesis110–114. Furthermore, elevated levels of intracellular reactive oxygen species 

(ROS), accumulation of the DNA damage, upregulation of pro-inflammatory cytokines 

such as IL-6, NF-κB, C-reactive protein or dysregulated DNA methylation patterns at the 

genes contributing to the lymphoid and myeloid balancing are the other alterations that 

HSCs experience during aging115–120. Consequently, the host response to the preparative 

regimen is contingent on both the intensity of cytotoxic treatment and age of the recipient.  

In this study, we used two doses of 1,4-Butanediol dimethanesulfonate (busulfan) called 

Low Intensity (LI) and High Intensity (HI) to condition the BM niche in both young and 

adult mice before HCT. Busulfan, a DNA alkylating drug, is commonly used in 

combination with cyclophosphamide to treat leukemia121–123. Various doses of busulfan 

have been previously used in myeloablative or non-myeloablative preconditioning124–126. 

Our research reveals significant alterations to the BM microenvironment after busulfan 

treatment that are dependent on both age and dose.   
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MATERIAL AND METHOD  

Animals 

Male C57BL/6J, C57BL/6 CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) and C57BL/6-Tg(UBC-

GFP)30Scha/J (UBC-GFP) transgenic mice were purchased from Jackson laboratory. Mice 

were bred and housed in the DARS at UC Merced. The animal study received approval 

from the Institutional Animal Care and Use Committee (IACUC) at the University of 

California, Merced.  

Busulfan Treatment and Whole BM Cell Transplantation 

We used 4-6 week (young) and 16-20 week (adult) old male C57BL/6 CD45.1 and 

C57BL/6J mice as recipients. To investigate the effect of variable RIC dosage, mice 

received either 40 mg/kg (LI) or 80 mg/kg (HI) dose of busulfan (Cayman Chemicals 

Company; 14843) via intraperitoneal injection (IP). Busulfan solution was prepared 

immediately before injection as previously described127. Briefly, busulfan crystals were 

dissolved in Dimethyl sulfoxide (DMSO) (Sigma Aldrich; 472301) and Ca+/Mg+ free 

Phosphate buffer solution (PBS) (gibco; 2003901) was added to the solution to make a 

final drug concentration of 1mg/ml in 10% DMSO. The working solution was filtered 

through a 0.22 µm syringe filter (Fisherbrand; R7PA99681) and was administered to mice 

in separate doses of 20 mg/kg per day on two (LI) and four (HI) consecutive days.  

One day following busulfan conditioning, 8-12 week UBC-GFP transgenic donor mice 

were euthanized by CO2 inhalation and cervical dislocation. Long bones were collected, 

cleaned, and crushed in Fluorescence-Activated Cell Sorting (FACS) buffer. The cell 

mixture was filtered through a 40 μm filter into a 50 ml falcon tube and spun at 1500 rpm 

for 5 minutes at 4°C. The supernatant was aspirated, and the pellet was resuspended in 

Ammonium-Chloride-Potassium (ACK) lysis buffer to remove erythrocytes. The reaction 

was stopped after 1 minute incubation by adding FACS buffer and cells were washed by 

centrifuging at 2000 rpm for 3 minutes at 4°C. Cells were resuspended in PBS and a cell 

count was performed using a hemocytometer and Trypan Blue (gibco, 15250-061) staining. 

Finally, a suspension of 1 × 106 cells/ml was administered by retroorbital injection. 

Sample Collection: BM and Peripheral Blood (PB) 

To collect PB, mice were kept under a heat lamp for a few minutes to increase blood 

circulation. The mice were transferred to a restrainer and a small incision was made over 

the ventral tail vein using a scalpel blade. Blood was collected (no more than 10 drops) and 

stored in blood collection tubes spray coated with Dipotassium ethylenediaminetetraacetic 

acid (K2EDTA) (BD Microtainer; 365974). Heparinized blood was added to 9 ml diH2O 

for RBC lysis and immediately after resuspension, 1 ml 10x PBS was added to the solution 

to prevent white blood cells lysis. Cells were spun at 2000 rpm for 5 minutes at 4°C. The 

supernatant was removed, and the pellet was resuspended in 9 ml diH2O and 1 ml 10x PBS 

to remove the remaining RBC. Cells were spun at 2000 rpm for 3 minutes at 4°C and 100 

µl of the sample was aliquoted into 96 V-bottom wells for FACS staining. Cells were 

washed with 100 µl of FACS buffer and centrifuged at 2000 rpm for 3 minutes at 4°C. The 

supernatant was removed and cells were stained with 50 µl of staining cocktail containing 
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APC/Cy7 CD45.2 (1:100, Biolegend;109824) and PerCP/Cy5 CD45.1 (1:100, 

Biolegend;110728) in the dark on ice. After 15 minutes incubation, cells were washed with 

FACS buffer, spun, and resuspended in 200 µl FACS buffer for flow cytometry chimerism.  

To collect the BM, mice were euthanized on day 42 post-transplantation and the same 

procedure as the whole BM transplantation described previously was performed to collect 

cells. Cells were then resuspended in PBS and a suspension of 1 × 106 cells/ml was 

collected for staining. After 15 minutes incubation with APC/Cy7 CD45.2 (1:100) and 

PerCP/Cy5 CD45.1 (1:100) cells were washed with FACS buffer, spun and resuspended in 

200 µl FACS for flow cytometry chimerism128. 

Two Photon In Vivo and Ex Vivo Imaging 

In vivo calvaria and ex vivo femur imaging was performed with a custom-built two-photon 

intravital microscope (BLIQ Photonics). A 25x fluid immersion objective (Olympus; 

XLPLN25XWMP2, NA = 1.05) was used for all images, with an approximate field of view 

(FOV) of 317 µm by 159 µm. During live imaging, two tunable femtosecond lasers, MaiTai 

(Spectra Physics; MaiTai eHP DS) and Insight (Spectra Physics; Insight X3), were tuned 

to 800 nm and 950 nm to observe 70 kDa Rhodamine-B Dextran (ThermoFisher, D1841) 

and Green fluorescent protein (GFP) cells signals, respectively. For ex vivo imaging, the 

MaiTai and Insight lasers were initially tuned to 950/1220 nm to excite GFP, Alexafluor 

647 conjugated vascular antibodies, and Second Harmonic Generation (SHG), 

respectively. The long bones were imaged a second time at 800 nm to excite Calcein and 

Alizarin. Videos were recorded at 30 frames per second and images were generated by 

averaging 30 frames. 

For in vivo visualization of the calvaria BM, anesthesia was induced via initial inhalation 

of 3-4% isoflurane with 100% O2 at 1 L/min that was reduced to 1.5% as maintenance. The 

skull was secured in a custom head mount that was equipped with a heating pad to maintain 

the animal body temperature during the procedure. After shaving top of the head, a small 

incision was made along the sagittal and lambda suture of the skull to expose the calvarium 

as described before129.  

For ex vivo imaging of the long bone, mice were injected retro-orbitally with Alexafluor 

647 conjugated vascular antibodies (CD31; 102516, Biolegend, Sca-1; 108118, Biolegend, 

VE-Cadherin; 138006, Biolegend) 30 minutes before intracardiac perfusion. To study bone 

remodeling, Calcein (30 mg/kg, Sigma; SLCF7304) and Alizarin (20mg/kg, Sigma; 

SHBL6801) were administered 48 hour and 30 minutes before imaging to track bone 

turnover based on the ratio of dye 1 (Calcein; marks the old bone front) to dye 2 (Alizarin; 

marks the new bone front). Mice were perfused with 1x PBS to wash out the blood followed 

by 4% paraformaldehyde (PFA, Fischer Chemical; 1638384) to internally fix the tissue. 

Subsequently, femurs were harvested and fixed in 4% PFA for 30 minutes, at 4°C. The 

bones were then washed with 1X PBS, immersed in 30% sucrose (Sigma; SLCC8492) for 

1 hour, frozen in optimal cutting temperature (OCT, Fisher Scientific; 4585) compound 

and kept at – 80°C. Samples were shaved using a cryostat (LEICA CM1860) equipped with 

a high-profile blade (Leica; 3802121) to expose the BM region.  
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Image Quantification 

We used Fiji (ImageJ 1.53t) for image processing including quantification of vessel 

permeability, leakage, morphological changes to the blood vessel, evaluating bone turnover 

rate, and quantifying GFP+ donor cells engraftment in the recipient BM. Custom scripts in 

MATLAB (2020a) were used to calculate BM blood flow velocity130 . In order to study 

changes to the vascular system in the calvaria BM, 70 kDa Rhodamine-B Dextran was 

injected retro-orbitally during in vivo imaging. The blood vessel permeability was 

measured during the first 30 seconds post dye injection and was quantified based on the 

change in fluorescence intensity outside of blood vessels as a function of time as described 

before128,131,132. Vascular leakage was measured through z stack images (2 µm z step) taken 

10 minutes after dye administration as described before and was calculated based on the 

ratio between the fluorescent intensity in the perivascular space to the fluorescent intensity 

in the adjacent vascular lumen128. Note that vessel permeability reflects the rate at which 

small molecules exit blood vessels and fill the surrounding perivascular space, whereas 

leakage is the ratio of fluorescent dye in the perivascular space and vascular lumen after 

reaching equilibrium.  Blood flow velocity was calculated by recording 30 second videos 

of blood flow in the BM calvaria and then utilizing Line Scanning Particle Image 

Velocimetry (LSPIV) implemented in a custom MATLAB script to calculate blood flow 

velocity as previously described130,133. 

To measure vascular density, blood vessel images were color thresholder in Fiji (ImageJ 

1.53t). The resulting binary image was despeckled, the binary fill hole function was 

applied, and a Python (3.7.6) script was used to calculate the ratio of the total blood vessel 

volume to total BM volume. We defined vessel density as the total space of the BM 

occupied by blood vessels. To study bone remodeling, the double-staining approach was 

performed by using Calcein (dye1) and Alizarin (dye2). The ratio of dye1 / dye2 was 

calculated by measuring the total Calcein pixel area to the total Alizarin pixel area in each 

FOV.  Based  on the dye ratio, fractions of the cavity type (D-type; > 0.75, M-type; 0.25-

0.75, R-type; < 0.25) were quantified as described previously15. Max intensity projections 

(MIP) of the long bone were taken and the number of GFP+ cells in the BM on day 2 post-

transplantation was manually counted. Representative samples of BM leakage and long 

bone images were generated by taking MIP of BM regions and contrast/enhancement 

adjustment was applied for display purposes. 

Statistical Analysis 

In our study, at least n = 3 mice per group was used for imaging and flow cytometry 

chimerism analysis using G*Power. Graphs and statistical analyses were generated using 

GraphPad Prism 9.0. ordinary one-way ANOVA to test differences between study groups. 

A normality test was performed to assess the normal distribution of the data. A p-value less 

than 0.05 was considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001; 

****p < 0.0001).  
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RESULTS 

 

Dose and Age Dependent Hematopoietic Recovery Following Busulfan Conditioning 

and HCT. To longitudinally investigate changes to the BM microenvironment as a function 

of animal age and chemotherapy dose, we created a HCT model incorporating busulfan 

preconditioning with low and high intensity in young (4-6 weeks old) and adult (16-20 

weeks old) mice (Fig. 2.1a). After preconditioning, we transplanted whole BM cells from 

GFP+ donor mice (Ubiquitin-GFP mice) and evaluated bone and BM microenvironment 

as well as hematopoietic recovery on days 2, 5, and 42 post-transplantations (Fig. 2.1b). 

Consistent with previous literature, BM images on day 42 post-transplantation revealed a 

higher accumulation of GFP+ donor cells in busulfan conditioned young mice, particularly 

in the HI group, compared to controls (Fig. 2.1c, d)134,135. In the adult group, only mice 

that received HI conditioning revealed effective hematopoietic engraftment 42 days after 

transplantation (Fig. 2.1e, f). Comparison of flow cytometry donor chimerism on day 42 

in BM and PB was consistent with the BM imaging (Fig. 2.1g, h). In addition to dosage, 

hematopoietic recovery was dependent on the recipient's age, particularly in HI mice (Fig. 

2.1g, h). Early homing of hematopoietic donor cells was evaluated by manual counting of 

GFP+ cells in both the long bones and calvaria on day 2 post-transplantation. No 

statistically significant difference was observed between young and adult mice suggesting 

that hematopoietic engraftment is more age dependent than early homing (Fig. 2.1i, j). 
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Figure 2.1. LI and HI Regimens Induce Dose-Dependent Hematopoietic Recovery in Young and Adult Mice. A) 

Schematic of the experiment. Low and high doses of busulfan were administered to young (4-6 weeks) and adult (16-20 

weeks) mice on two (LI) and four (HI) consecutive days. Whole BM cells from UBC-GFP transgenic mice were injected 

into recipients 1 day after busulfan conditioning. Imaging was performed on days 2, 5, and 42 post-transplantation; B) 

Representative long bone image after transplantation; Red: blood vessel, Blue: Bone (SHG), Green: GFP+ cells, Purple 

(Alizarin), White (Calcein); C, D) Representative longitudinal images of the HSC recovery in long bone (C) and 

calvarium (D) of control and LI/HI conditioned young mice; E, F) Representative longitudinal images of the HSC 

recovery in long bone (E) and calvarium (F) of control and LI/HI conditioned adult mice; G, H) Quantification of donor 

(GFP+) cells in control, and LI/HI conditioned mice 42 days post-transplantation in BM (G) and PB (H); I, J) Donor cell 

homing 2 days post-transplantation in the long bone (I) and calvaria (J) BM of young and adult mice. long bones scale 

bar: 500 µm; calvarium scale bar: 100 µm. *p < 0.05, **p < 0.01,***p < 0.001; ****p < 0.0001. 

 

 

Dose and Age Dependent Alteration in the Vascular Morphology and Functionality 

Following Busulfan Conditioning and HCT. To evaluate the morphology of the BM 

vascular system after busulfan conditioning and HCT, we quantified the blood vessels 

diameter, frequency, and density. In young mice at early timepoints (days 2 and 5) after 

treatment, blood vessel diameter was markedly increased while the vessel frequency was 

decreased compared to the controls (p < 0.0001), but they largely rescued by 42 after 

transplantation (Fig. 2.2a-c). Furthermore, at early days post-treatment, the vessel density 

was substantially enhanced in LI (p < 0.0001 on days 2 and 5) and HI (p < 0.0001 on day 

2 and p < 0.01 on day 5) but was comparable to controls by day 42 (Fig. 2.2a, d). Unlike 

young mice, vascular diameter (LI; p < 0.0001 and HI; p < 0.001; Fig. 2.2e, f) and 

frequency (p < 0.001; Fig. 2.2e, g) remained abnormal after 42 days in busulfan treated 

adult mice, suggesting an age-dependent delay in BM regeneration. Additionally, vessel 

density remained consistent across all study groups at all timepoints (Fig. 2.2e, h) due to a 

compensatory effect involving increased vascular diameter and reduced frequency. 
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Figure 2.2. LI and HI Regimens Induce Morphological Alterations in BM Blood Vessels in Young and Adult Mice. 

(A) Representative images of the long bone BM blood vessel in control and LI/HI conditioned young mice over time; 

Red: blood vessel; B-D) Quantification of the vascular Diameter (B) Frequency (C) and Density (D) in control and LI/HI 

conditioned young mice over time. E) Representative images of the long bone BM blood vessel in control and LI/HI 

conditioned adult mice over time; F-H) Quantification of the vascular Diameter (F) Frequency (G) and Density (H) in 

control and LI/HI conditioned adult mice over time. scale bar: 50 µm; **p < 0.01, ***p < 0.001; ****p < 0.0001. 

 

Furthermore, we evaluated the functionality of the BM vascular system through the blood 

vessel permeability, leakage, and blood flow velocity in calvaria BM after intravenous 

injection of Rhodamines-B Dextran (70kDa). In young mice, there was a significant 

increase in vascular leakage which remained until day 42 post HCT in LI and HI 

conditioned groups (p < 0.0001) compared to the control (Fig. 2.3a, b). In adult mice, long-

lasting leakage caused by ECs disruption appeared to be dose-dependent and more 

significant in HI compared to the control and LI (p < 0.0001; Fig. 2.3c, d). The effect of 

busulfan dosage in vascular permeability of the young mice emerged at early timepoint 

(day2) where HI showed more permeability compared to LI (p < 0.01) and control (p < 

0.0001). On day 5 post-transplantation, however, both LI and HI groups exhibited equal 

level of permeability compared to the control (p < 0.0001; Fig. 2.3e). In the adult group, 

busulfan conditioning caused high permeability only in HI group on day 2 post-

transplantation (p < 0.001; Fig. 2.3f). Regardless of the animal age, permeability rebounded 

to the normal levels by day 42 (Fig. 2.3e, f). Blood flow velocity in busulfan conditioned 

mice remained consistent with control irrespective of the busulfan dose or age of the 

recipient (Fig. 2.3g, h). 
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Figure 2.3. LI and HI Regimens Induce Disruption in BM Blood Vessel Barrier in Young and Adult Mice. A-B) 

Representative images (A) and Quantification of calvaria BM blood vessel leakage (B)  in control and LI/HI conditioned 

young mice; White: blood vessel (Rhodamine B Dextran, 70 kDa); C-D) Representative images (C) and Quantification 

of calvaria BM blood vessel leakage (D) in control and LI/HI conditioned adult mice; E-F) Quantification of calvaria 

BM blood vessel permeability in Young (E) and Adult (F) mice; G-H) Quantification of calvaria BM blood flow in Young 

(G) and Adult (H) mice. scale bar: 50 µm; *p < 0.05, **p < 0.01,***p < 0.001; ****p < 0.0001.  

 

Dose and Age Dependent Bone Remodeling Following Busulfan Conditioning and 

HCT. Recognizing that bone is not just a static provider of the BM compartment but 

actively interacts with the hematopoietic system, we speculated that busulfan 

administration may induce bone remodeling. To this end, we followed the protocol 

described in our previous paper from 2020, where we administrated Calcein (Dye 1) and 

Alizarin (Dye2) , two calcium-binding dyes, 48 hour and 30 minutes before imaging, 

respectively, to investigate the bone resorption-deposition profile based on the ratio of the 

two dyes15 (Fig. 2.4a). In young mice, dose dependent reduction in the dye1/dye2 ratio 

along the endosteum of the long bone cavity appeared after 5 days in LI (p < 0.05) and HI 

(p < 0.01) mice and significantly increased by day 42 post-treatment in both groups (p < 

0.0001) compared to the controls (Fig. 2.4b, c). However, in adult mice a slower bone 

turnover response was observed and dye1/dye2 ratio reduction was exhibited on day 42 

only in the HI group (p < 0.0001; Fig. 2.4d, e). To further investigate the bone remodeling, 

we defined the long bone cavity as Deposition type (D-type; dye1/dye2 > 75%), Mixed 

type (M-type; dye1/dye2 25- 75%), and Resorption type (R-type; dye1/dye2 < 25%) based 

on the ratio of the two dyes as described before 15 (Fig. 2.4a). Classification results showed 

that increase in the R-type fractions is the key factor for the decrease in the dye1/dye2 ratio 

after busulfan conditioning (Fig. 2.4f, g).  
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Figure 2.4. LI and HI Regimens Induce Bone Remodeling in Young and Adult Mice. A) Schematic representation of 

the double calcium staining illustrating D-, M- and R-type cavities; Green (dye1: Calcein), Purple (dye2: Alizarin); scale 

bar: 50 µm; B-C) Representative images (B) and quantification (C) of dye1/dye2 ratio in young long bone cavity; scale 

bar: 50 µm; D-E) Representative images (D) and Quantification (E) of dye1/dye2 ratio in adult long bone cavity; scale 

bar: 50 µm; F-G) Quantification of fractions D-, M- and R-type cavities in young (F) and adult (G) long bone cavity. *p 

< 0.05, **p < 0.01, ****p < 0.0001. 
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DISCUSSION 

In this project, we investigated the longitudinal impact of busulfan conditioning on the BM 

niche in the context of HCT, with a focus on how the intensity of conditioning regimens 

and animal age influence this dynamic process. It is known that the intensity of 

conditioning and the recipient age can affect the donor cell engraftment after HCT134,136–

138, but less is known about the direct impact these factors have on the BM 

microenvironment. In our experiments, a more intense chemotherapy dose improved long-

term engraftment in both young and adult mice. This effect is more prominent in adult mice 

where high engraftment was observed in HI mice but very few cells survived in the BM of 

LI and controls on day 42. High intensity regimens are known to more effectively eradicate 

recipient hematopoietic cells compared to low intensity regimens, providing an open BM 

microenvironment for donor cell engraftment139,140. In addition, chemotherapy treatment 

leads to an efficient hematopoietic recovery through stimulating the secretion of GM-CSF, 

a crucial factor for the proliferation of donor cells141. We also observed an overall better 

engraftment in young groups compared to the corresponding adult groups as expected. 

Interestingly, long bone image analysis revealed similar early homing kinetics between 

groups regardless of chemotherapy dose or age, even though long-term engraftment was 

higher in young mice compared to adults. This discrepancy is associated with the age-

dependent alterations in the BM that make the BM less ideal for transplanted HSCs to 

engraft and repopulate such as the downregulation of stromal cell-derived chemokines (e.g. 

SDF-1), reduction of arterioles and their HSC regulatory cells (e.g. arteriolar NG2+, and 

PDGFβ+ cells) in endosteal regions, and increased generation of ROS110,112,142–146.  

Given the critical role that the BM niche plays in supporting hematopoiesis, we 

subsequently examined busulfan-induced changes to different microenvironmental 

compartments of the BM. Consistent with other findings, we observed increased blood 

vessel leakage and permeability as well as changes in the blood vessel morphology, size, 

and number at early days after cytotoxic treatment74,75,104,106,108. In addition, our 

experiments unexpectedly show that despite significant hematopoietic reconstitution, the 

blood vessels remain leaky on day 42 post-HCT suggesting that full recovery of the blood-

bone marrow barrier requires more than 6 weeks or may never fully recover. Furthermore, 

morphological changes to the blood vessel network rebounded in young mice by day 42 

yet remained altered in adult mice, likely due to decreased or delayed regenerative potential 

of aged BM. A decline in the number and function of MSCs, adipocyte accumulation, 

reduced angiogenesis, and increased secretion of inflammatory molecules are known age-

associated factors that disrupt the BM microenvironment and contribute to delayed 

regeneration after cytotoxic damage111,147,147–150.  

Unlike the fast response of the vascular system to chemotherapy that begins as early as day 

2, impacts to bone turnover rates appear delayed, particularly in aged mice, and become 

increasingly pronounced over time. Similarly, localized irradiation has been found to 

reduce the ratio of osteoblasts area to bone surface area (OB/BS) while increasing the ratio 

of osteoclast area to bone surface area (OC/BS) after two weeks post-exposure and 

persisting for a minimum of 12 weeks103. Furthermore, the application of double bone 
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labeling (Calcein/Alizarin) in femurs of mice subjected to Doxorubicin chemotherapy has 

revealed a decrease in the bone formation rate per bone surface (BFR/BS) and a reduction 

in the mineral apposition rate (MAR)151. This dynamic change in bone turnover is attributed 

to increased osteoclast activity and decreased osteoblast activity following 

conditioning151,152.  

The successful engraftment on day 42 despite observed persistent alteration in some 

components of BM such as vascular leakage or bone turnover is due to the distinct kinetics 

and mechanisms involved in recovery processes. While bone recovery is a complex and 

tightly regulated process that involves the coordinated activity of osteoclasts and 

osteoblasts, the hematopoietic reconstitution may not necessarily align with the bone 

restoration in terms of timing and dynamics. In this regard, clinical studies have revealed 

that bone loss does not compromise hematopoietic recovery and patients undergoing HCT 

show successful BM repopulation despite significant bone density loss within 6 months 

post-treatment153. While it has been evident that HSCs interact with various components in 

the BM microenvironment, additional research is needed to pinpoint the precise roles and 

the full extent of influence that each of these components exerts on hematopoietic recovery 

following transplantation. 

Altogether, our findings highlight the distinctive influence of recipient age and 

chemotherapy dosage on the BM niche remodeling and donor cells repopulation in a 

comprehensive manner. This insight could potentially contribute fundamental knowledge 

to clinical oncology, particularly in understanding dose-response relationships for 

cytotoxic therapy in cancer patients of varying ages. 
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Unpublished Findings 

 

In this project, one of our goals was to quantitatively measure changes in oxygen tension 

within the BM alongside other associated alterations following cytotoxic conditioning. As 

part of this collaborative work, during my Ph.D. degree, I was able to complete the 

technical design of in vitro pO2 calibration required for two-photon phosphorescence 

lifetime microscopy (2PLM). Beyond in vitro calibration within a chamber, I played a part 

in preparing the in vivo pO2 calibration setup in a live mice. This section outlines my 

contributions to configuring the detection arm of our custom-built microscope for oxygen 

sensing, involving both in vivo and in vitro pO2 calibration. In this regard, I contributed to 

write a chapter titled “Two Photon Phosphorescence Lifetime Microscopy (2PLM)”: 

Abbasizadeh, N., & Spencer, J. A. (2021). Two-Photon Phosphorescence Lifetime Microscopy. In 

Optical Imaging in Human Disease and Biological Research (pp. 63-82). Springer, Singapore. 

DOI: 10.1007/978-981-15-7627-0_4 

 

Measurement of pO2 in BM Tissue 

 

BACKGROUND 

Oxygen serves as a fundamental element in the BM microenvironment and is essential for 

many cellular activities such as self-renewal, survival,  cell cycle quiescence, and multi-

lineage differentiation154–156. Despite the highly vascularized structure of the BM, 

quantitative and non-quantitative oxygen tension measurements have revealed that 

compared to other organs, BM is a hypoxic tissue157–159. A non-invasive assessment of BM 

pO2 through 2PLM demonstrated that intravascular pO2 in murine BM ranged from 11.7 

to 31.7 mmHg, with a mean of 20.4 mmH and extravascular pO2 ranged from range of 4.8 

to 21.1 mmHg, with a mean of 13.3 mmHg157. Due to the crucial role of oxygen in various 

physiological and pathological conditions, numerous strategies have emerged over the 

years for quantitatively or semi-quantitatively measuring oxygen levels in blood and 

tissues. These approaches include techniques such as electron paramagnetic resonance 

(EPR), nitroimidazole (e.g., pimonidazole) adduct staining, and microelectrodes160–162. 

However, instrumental and probe administration restrictions for human subjects (in EPR), 

single timepoint measurement due to the destructive biopsy (in Nitroimidazoles) as well as 

oxygen consumption and potential tissue damage (in microelectrodes) are some of the 

limitations associated with these techniques limiting their applications163–165. Optical 

techniques, exemplified by phosphorescence lifetime quenching microscopy, however, 

offer a rapid, non-invasive means of quantitatively sensing oxygen in living biological 

samples without causing oxygen consumption. This method proves to be an optimal 

alternative to the aforementioned techniques165. Additionally, phosphorescence lifetime 

quenching measurements is independent of luminophore concentration, a crucial feature 

https://doi.org/10.1007/978-981-15-7627-0_4


32 
 

when measuring oxygen tension in tissues and cells with heterogeneous distributions of 

probes or at different depths166. 

The mechanism of pO2 quantification upon phosphorescence lifetime is based on 

quenching of phosphorescence probes with the surrounding O2 molecules after 

simultaneous absorption of two photons. According to the Joblonski diagram (Fig. 2.5), 

when a molecule is excited with one or two photons, it can release the energy in the form 

of fluorescent or phosphorescent. However, sometimes absorption of the energy by some 

neighboring molecules such as oxygen, can cause phosphorescence quenching resulting in 

a decrease in light intensity and lifetime167,168. Hence, as oxygen concentration increases, 

the phosphorescence lifetime decreases. Prior to conducting in vivo quantification, it is 

necessary to create a calibration curve that demonstrates the relationship between 

phosphorescence lifetime and various concentrations of oxygen. Generating such a 

calibration curve is essential for measuring the partial pressure of oxygen (pO2) in live 

animals based on phosphorescence lifetime measurements.  

 

 

 

 

 

 

 

 

Figure 2.5. Jablonski Energy Diagram. Single-photon and two-photon excitation are shown as blue (UV-Visible 

wavelengths) and red (NIR wavelengths) arrows, respectively. Quenching of the triplet state (T1) by bimolecular oxygen 

(O2 T0) results in the production of singlet oxygen (O2 S1) and the regeneration of the ground state phosphor (S0) 

(Abbasizadeh, N., 2021). 

 

METHOD 

In Vitro pO2 Calibration Inside the Chamber.  

In order to conduct the in vitro pO2 calibration, a phosphorescence probe which is sensitive 

to the oxygen molecule will be dissolved inside the chamber. Then while a gradient of the 
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nitrogen molecule is being bubbled to gradually decrease the oxygen concentration, at the 

same time the pO2 and the probe phosphorescence lifetime will be recorded using an 

oxygen electrode and 2PLM system respectively to plot the calibration curve. 

Phosphorescence lifetime measurements are typically obtained in the time domain. This 

involves creating an excitation gate by passing the laser through the electro-optic 

modulator (EOM) generating tens to hundreds of individual laser pulses. As depicted in 

both AutoCAD and the actual configuration of the in vitro calibration setup (Fig. 2.6), to 

segregate the oxygen detection pathway from the imaging pathway, a mirror (number 2) 

was positioned to redirect the laser path toward the calibration system.  

Following its travel through various optical components such as dichroic mirrors, 

telescopes, the pupil, and band-pass filters, the light is focused by the objective lens onto 

the phosphorescence molecule within the cuvette. The cuvette functions as the in vitro 

calibration chamber, where the dissolved oxygen probe is exposed to N2 gas. After 

molecule excitation, the emission light retraces its path through the objective to the 

photomultiplier tube (PMT) to detect phosphorescence signals from the sample. 
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Figure 2.6. Schematic (Top) and Optical Configuration (Bottom) of In Vitro pO2 Calibration. 

 

In general, in our system the calibration chamber incorporates three ports to insert the 

oxygen electrode (Unisense; OX-500), N2 gas tubing, and thermometer (Digi-Sense). The 

oxygen electrode is used to quantify the pO2 (Port 1) while different concentrations of 

oxygen are being induced through gas port (port 2). The thermometer (port 3) monitors the 

temperature during the calibration since according to the Stern–Volmer formula, change in 

the temperature affects the pO2 value. In Stern–Volmer equation: 

I0/I = τ0=τ = 1 + Kq × τ0 × [Q] , 

I0 and τ0 are the intensity and lifetime of phosphorescence emission in the absence of 

quencher, I and τ are the intensity and lifetime at a specific concentration of quencher [Q], 

and Kq is the quenching constant. In this formula, the quenching constant is tightly 

dependent on temperature, exhibiting a fundamentally linear relationship between these 

two parameters. This highlights the importance of maintaining precise temperature control 

close to the animal body (37°C). To address the issue of temperature drop resulting from 

bubbling N2 gas during calibration, my lab mate, Mario Muniz, devised a heating element 

integrated with a regulator. The regulator effectively restores the temperature to the defined 

value by continuously monitoring the temperature inputs recorded by the thermometer. 



35 
 

The functionality of the thermoregulator was verified by the graph in Fig. 2.7. In absence 

of the regulator, a decrease in oxygen concentration leads to a temperature drop from 36°C 

to below 20°C while in the presence of regulator, temperature fluctuations are mitigated to 

less than 2°C, and they change around 35°C, confirming the efficacy of the 

thermoregulatory system. 

 

 

 

 

 

 

 

 

 
 

 

Figure 2.7. Function of Thermoregulator in Controlling the Temperature During N2 Gas Bubbling.  

 

In Vivo pO2 Calibration Inside Live Mice Blood Vessels 

Accurate calibration has a crucial role in precise oxygen quantification through 

phosphorescence lifetime measurement. Currently, all oxygen sensing calibrations are 

performed within the in vitro chambers, as discussed in the previous section. While this 

approach is advantageous for detecting a broad range of oxygen concentrations, it cannot  

perfectly represent the conditions in the physiological conditions within the mouse body. 

To address this limitation, our laboratory seeks to conduct calibrations inside live animals 

for the first time to assess whether in vitro calibration curve is identical to the in vivo plot. 

To achieve this aim, a probe will be injected into mice, and an oxygen electrode will be 

carefully inserted horizontally into an artery or vein. By systematically altering the oxygen 

concentration in the inhaled gas, we will quantify pO2 and lifetime using the oxygen 

electrode and 2PLM system, respectively, to construct the calibration graph (Fig. 2.8a). 

The selection of the vessel for calibration was guided by two primary considerations: 

minimally invasive surgery to maintain the mice in their normal physiological conditions 

and the preference for a location relatively distant from the heart to mitigate the impact of 
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heartbeat motions on the measurements. Our initial attempts with the femoral vessel 

appeared challenging due to the very small size of the vessel, making it difficult to insert 

the oxygen electrode (Fig. 2.8b) (Unisense; OX-100). We later transitioned to the tail vein 

as it has a larger vessel, requires low invasive surgery, and is more distant from the heart 

(Fig. 2.8c). 

Given the fragility of the oxygen electrode, preliminary practice involved using glass 

pipettes with the same outer diameter. As depicted in Fig. 2.8d, a successful imaging of 

the pipette tip, (where the oxygen electrode is supposed to be placed in the real experiment) 

was achieved. To enhance the stability and precision of the electrode's movement toward 

the tail, the oxygen electrode was mounted to a 3D-printed holder integrated with a 

micromanipulator featuring XYZ fine adjustment at the micron scale. 
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Figure 2.8. In Vivo pO2 Calibration Set up. (A) Schematic of in vivo pO2 calibration; (B) Femoral artery in adult mouse; 

(C) Technical design of oxygen probe insertion into mouse tail vein; (D) Representative image of glassy pipette inside 

tail under objective. 

 

Taken all together, the technical configuration for in vivo and in vitro pO2 calibrations has 

been established. The subsequent phase in our laboratory involves validating the 

functionality of the 2PLM system and executing the calibration within the designed setup. 

It will be of interest to evaluate its function on both in vitro and in vivo studies.  
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CHAPTER 3 

Investigation of the BM Microenvironment Around AML Tumor Cells Before and After 

Cytotoxic Conditioning. 
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Brief Summary 

 

In this chapter, we utilized intravital 2P microscopy and flow cytometry techniques to 

investigate the BM niche in an AML mouse model both before and after cytotoxic 

conditioning with a combination of Bu/Cy. Our primary objective was to evaluate the 

elements of the bone marrow microenvironment that support tumor resistance following 

chemotherapy. 

 

 

Key Findings: 

 

• Effect of AML Progression on the BM: We employed BM imaging techniques in both 

long bones and the calvarium, along with flow cytometry analysis of chimerism in both 

BM and peripheral blood (PB) to classify the progression of AML. Additionally, we 

assessed vascular alterations, including changes in blood flow velocity, vascular leakage, 

and blood vessel diameter to obtain a better understanding of the BM niche changes upon 

different stages of the AML. We classified AML disease into three stages of early, middle, 

and late and found AML progression alters the BM mainly between middle and late stage. 

 

• Distribution of Tumor Cells: We examined the distribution of AML cells across different 

stages of the disease, providing insights into their localization within the BM 

microenvironment. Our analysis showed that distribution of tumor cells changes across the 

disease. 

 

• Identification of Effective Chemotherapy Protocol: We found that single therapy with 

busulfan fails to effectively halt the progression of AML tumors whereas combination 

therapy with busulfan/cyclophosamide exhibits therapeutic outcomes. 

 

• Characterization of Vascular Niche: We conducted assessment of the functional and 

structural characteristics of the vascular niche surrounding resistant tumor cells. This 

included evaluating the vascular leakage, blood flow velocity and morphology of the 

vascular network. Overall, our images showed that the BM niche surrounding residual 

AML cells facilitates chemotherapy resistance. 
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ABSTRACT 

AML patients frequently experience relapse following remission due to the resistance of 

some leukemia cells to chemotherapy. Characterization of the BM niche around surviving 

AML cells provides a precise understanding of the factors mediating the disease 

recurrence. In this study, using intravital 2P microscopy, we evaluated BM 

microenvironment adjacent to the resistant tumor cells after Busulfan/Cyclophosamide 

(Bu/Cy) conditioning. To identify the optimal timepoint at which the disease burden 

reaches a suitable level for the initiation of treatment, we classified the AML progression 

into early, middle, and late stages. Based on the PB and BM flow cytometry chimerism, 

calvaria and long bone images, and vascular analysis across different stages, a timepoint 

between early and middle stages was selected for chemotherapy treatment. Analysis 

indicated that residual AML cells after Bu/Cy therapy intend to home within the 

endosteum, primarily at metaphysis, where tumor cells are protected from chemotherapy-

induced apoptosis. BM tissue appeared to exhibit distinct responses in the calvarium and 

long bone with more surviving tumors cells in the long bone. Blood vessel network was 

severely impaired in regions with residual AML cells compared to the other  BM areas. 

Vascular analysis in calvaria BM adjacent to the tumor cells showed higher blood vessel 

leakage and comparable flow velocity compared to the other regions. Overall, this study 

offers insights into the BM niche surrounding residual tumor cells by characterizing the 

AML BM microenvironment throughout disease progression and optimizing treatment 

plans. 
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INTRODUCTION 

AML is classified as a hematological malignancy arising from genetic mutations within 

myeloid hematopoietic progenitors169–171. These mutations lead to an obstruction in the 

maturation process and uncontrolled proliferation of leukemic blasts within the bone BM37. 

Standard intensive chemotherapy regimens play a fundamental role in achieving complete 

remission (CR) in AML. The CR rates range from 60-85% for adults under 60 years and 

40-60% for individuals aged 60 years or older172,173. However, despite CR following 

treatment, relapses are often observed in 60% (young) to 80% (elderly) of patients172.  

The BM microenvironment, where leukemic cells originate and proliferate serves as a 

protective niche for AML cells, allowing them to evade the effects of chemotherapy37. 

There is increasing evidence to support a crosstalk between leukemic cells and the BM 

niche components40,174–176. BM microenvironment anatomically contains endosteal and 

vascular niches171,177. The vascular niches, primarily composed of sinusoidal ECs and 

pericytes, have been documented to facilitate the growth of AML and contribute to 

chemoresistance. CXCL12 and angiopeitin-1 expression by vascular niche facilitate the 

retention of AML cells within the vascular niche, promoting their growth178–180. VEGF, a 

key factor in angiogenesis, provides AML cells with better access to nutrients and 

oxygen181. In addition, various chemokines and cytokines produced within the vascular 

niche play a role in promoting AML cell survival and chemoresistance182. Endosteal niche, 

as another BM component, could promote tumor cell adhesion, migration, and survival by 

providing physical support and signals such as OPN or CXCL12183,184. Taken together, it 

is critical to characterize the stem cell niche around tumor cells with the aim of 

understanding and targeting the factors facilitating drug resistance.  

In order to provide therapies with effective outcomes for AML patients, it is crucial to 

characterize the behavior of leukemic cells in BM such as how they proliferate, outcompete 

normal hematopoiesis, and ultimately establish an environment supporting chemotherapy 

resistant. The introduction and advancement of intravital 2P microscopy have enabled the 

direct, high-resolution, and dynamic imaging of the calvarium BM15,185–187. In this study, 

using 2P microscopy, we aim to evaluate the BM niche alterations in an AML mouse model 

before and after chemotherapy treatment with Bu/Cy. Bu/Cy combination has long been 

considered as a common MAC regimen for allogeneic hematopoietic cell transplantation 

(alloHCT) in both nonmalignant diseases and myeloid malignancies61,188,189. Targeting 

associated factors within the BM niche may offer potential strategies for disrupting AML 

growth and enhancing the efficacy of treatments. 

We revealed (1) progression of AML disease in the BM across three phases of early, middle, 

and late stages; (2) morphological and functional alteration in the BM vascular system; (2) 

Preferential localization of tumor cell across AML progression; and (4) BM niche around 

residual AML cells after BU/CY combination therapy. 
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MATERIAL AND METHOD  

Animals 

Female C57BL/6J, C57BL/6 CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ), Gt(ROSA)26Sortm4 

(ACTB-tdTomato,-EGFP)Luo/J (mTmG), and C57BL/6-Tg(UBC-GFP)30Scha/J 

transgenic adult mice (8-12 weeks) were purchased from Jackson laboratory. Mice were 

bred and housed in the DARS at UC Merced. The animal study received approval from the 

IACUC at the University of California, Merced.  

 

Cell Lines and Culture Condition 

Cells were cultured at 37◦C with 5% CO2 in a humidified atmosphere. Murine AML cell 

lines (C1498-EGFP; Imanis Life Science) were maintained in RPMI-1640 medium 

(ThermoFisher; A1049101) supplemented with 10% fetal bovine serum (FBS) and 1% 

Penicillin/Streptomycin (Fisher scientific; 15140122). The cells were subcultured to 

maintain a density between 3 x 105 and 2 x 106 cells/mL as recommended by the company.  

 

Murine AML 

The AML mouse model was generated by tail vein injection of C1498-EGFP cells into sub-

lethally (4.5 Gy) irradiated C57BL/6J and C57BL/6 CD45.1 mice. AML cells were 

centrifuged at 350 x g for 5 minutes, washed with 5 ml of cold PBS, and a suspension of 

1.0 × 106 cells in PBS was prepared for injection190.  

 

Chemotherapy Treatments and Whole BM Cell Transplantation 

To conduct the chemotherapy treatment, AML mice received 80 mg/kg of BU (Cayman 

Chemicals Company; 14843) and 100 mg/kg of CY (Millipore Sigma; C0768-1G) via IP 

injection. BU and CY solutions were prepared immediately before injection. Briefly, 

busulfan crystals were dissolved in DMSO (Sigma Aldrich; 472301) and Ca+/Mg+ free 

PBS (gibco; 2003901) was added to the solution to make a final drug concentration of 

1mg/ml in 10% DMSO. The working solution was filtered through a 0.22 µm syringe filter 

(Fisherbrand; R7PA99681) and was administered to mice in separate doses of 20 

mg/kg/day for 4 consecutive days127. The same protocol was applied to prepare CY 

dissolved in 0.01% DMSO. CY was administered to mice in separate doses of 50 

mg/kg/day for 2 consecutive days.  

 

One day following BU/CY conditioning, 8-12 week membrane-Tomato/membrane-Green 

(mTmG) transgenic donor mice were euthanized by CO2 inhalation and cervical 

dislocation. Long bones were harvested, cleaned, and crushed in FACS buffer. The 

resulting cell mixture was filtered through a 40 μm filter into a 50 ml falcon tube and 

centrifuged at 1500 rpm for 5 minutes at 4°C. After removing the supernatant, the pellet 

was resuspended in ACK lysis buffer to eliminate erythrocytes. The reaction was halted 

after a 1-minute incubation by adding FACS buffer, and cells were washed by 

centrifugation at 2000 rpm for 3 minutes at 4°C. Subsequently, cells were resuspended in 
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PBS, and a cell count was conducted using a hemocytometer and Trypan Blue staining 

(Gibco, 15250-061). Finally, a suspension of 1 × 106 cells/ml was administered via 

retroorbital injection. 

 

Flow Cytometry 

To monitor the engraftment and expansion of tumor cells, PB chimerism was assessed after 

tumor transplantation. To collect PB, mice were exposed to a heat lamp to enhance blood 

circulation. Subsequently, the mice were restrained, and a small incision was made over 

the ventral tail vein using a scalpel blade. Blood samples (no more than 10 drops) were 

collected into blood collection tubes coated with K2EDTA (BD Microtainer; 365974). 

Heparinized blood was diluted with 9 ml of diH2O for RBC lysis, followed by the 

immediate addition of 1 ml of 10x PBS to prevent lysis of white blood cells. The cells were 

then centrifuged at 2000 rpm for 5 minutes at 4°C. After removing the supernatant, the 

pellet was resuspended in 9 ml of diH2O and 1 ml of 10x PBS to further remove remaining 

RBCs. Following another centrifugation step at 2000 rpm for 3 minutes at 4°C, 100 µl of 

the sample was aliquoted into 96 V-bottom wells for FACS staining. The cells were washed 

with 100 µl of FACS buffer and centrifuged at 2000 rpm for 3 minutes at 4°C. The 

supernatant was removed, and the cells were resuspended in 200 µl of FACS buffer for 

flow cytometry analysis of chimerism.  

To study immune cell distribution on day 42 post UBC-GFP transplantation, PerCP-Cy5.5 

CD19 (1:100), APC-CY7 CD11b (1:100), PE/Cy7 Gr-1 (1:100) and APC CD3 (1:100) 

were used.  

For BM chimerism, tumor-transplanted mice were euthanized by CO2 inhalation, and the 

same procedure as described previously for whole BM transplantation was followed to 

collect cells. The collected cells were resuspended in PBS, and a suspension of 1 × 106 

cells/ml was prepared for staining. After a 15-minute incubation with APC/Cy7 CD45.2 

(1:100), the cells were washed with FACS buffer, centrifuged, and resuspended in 200 µl 

of FACS buffer for flow cytometry analysis of chimerism191. To study the tumor 

distribution in long bone, epiphysis and metaphysis were separated from the growth plate 

region before they were crushed for the flow cytometry.   

 

Graft-Versus-Host Disease (GVHD) Evaluation 

To evaluate GVHD, PB from control, BU, and BU/CY treated groups were collected and 

the same protocol as PB chimerism was followed to prepare the cells for staining. Cells 

were then incubated with PE-CY7-A CD4 (1:100) and PerCP-cy5.5 CD25 (1:100) for 15 

min, washed with FACS buffer, centrifuged, and resuspended in 200 µl of FACS buffer for 

flow cytometry analysis of Treg population. In addition, animals were scored for five GVHD 

clinical parameters of weight loss, posture, activity, fur and skin on a scale from 0 to 2 

resulting in a total score that ranges from 0 to 10. Regarding the weight loss < 10, >10% to 

<25%, and > 25% were scored 0, 1, and 2 respectively. Mice were regularly examined 

every 3 day for 42 days.  
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Two Photon In Vivo and Ex Vivo Imaging 

In vivo calvaria and ex vivo femur imaging was performed with a custom-built two-photon 

intravital microscope (BLIQ Photonics). A 25x fluid immersion objective (Olympus; 

XLPLN25XWMP2, NA = 1.05) was used for all images, with an approximate FOV of 317 

µm by 159 µm. During live imaging, two tunable femtosecond lasers, MaiTai (Spectra 

Physics; MaiTai eHP DS) and Insight (Spectra Physics; Insight X3), were tuned to 800 nm 

and 950 nm to observe 70 kDa Rhodamine-B Dextran (ThermoFisher, D1841) and GFP+ 

tumor cells signals, respectively. For ex vivo imaging of long bones, the MaiTai and Insight 

lasers were tuned to 950/1220 nm to excite GFP, Alexafluor 647 conjugated vascular 

antibodies, and SHG, respectively. Wavelengths of 990/1220 nm were used to excite GFP, 

tdTomato, Alexafluor 647 conjugated vascular antibodies, and SHG in AML mice after 

mTmG transplantation.  

For in vivo visualization of the calvaria BM, anesthesia was induced via initial inhalation 

of 3-4% isoflurane with 100% O2 at 1 L/min that was reduced to 1.5% as maintenance. The 

skull was secured in a custom head mount that was equipped with a heating pad to maintain 

the animal body temperature during the procedure. After shaving top of the head, a small 

incision was made along the sagittal and lambda suture of the skull to expose the calvarium 

as described before129.  

For ex vivo imaging of the long bone, mice were injected retro-orbitally with Alexafluor 

647 conjugated vascular antibodies (CD31; 102516, Biolegend, Sca-1; 108118, Biolegend, 

VE-Cadherin; 138006, Biolegend) 30 minutes before intracardiac perfusion. Mice were 

perfused with 1x PBS to wash out the blood followed by 4% PFA (Fischer Chemical; 

1638384) to internally fix the tissue. Subsequently, femurs were harvested and fixed in 4% 

PFA for 30 minutes, at 4°C. The bones were then washed with 1X PBS, immersed in 30% 

sucrose (Sigma; SLCC8492) for 1 hour, frozen in OCT (Fisher Scientific; 4585) compound 

and kept at – 80°C. Samples were shaved using a cryostat (LEICA CM1860) equipped with 

a high-profile blade (Leica; 3802121) to expose the BM region.  

 

Image Quantification 

We utilized Fiji (ImageJ 1.53t) for image processing, which included quantifying vessel 

leakage, assessing morphological changes to blood vessels, and measuring tumor cell size. 

Custom scripts in MATLAB (2020a) were employed to calculate BM blood flow velocity. 

To investigate changes in the vascular system within the calvaria BM, we administered 70 

kDa Rhodamine-B Dextran retro-orbitally during in vivo imaging. Vascular leakage was 

measured using z-stack images (2 µm z step) captured 10 minutes after dye administration, 

as previously described. Leakage was quantified based on the ratio between the fluorescent 

intensity in the perivascular space and the fluorescent intensity in the adjacent vascular 

lumen. Blood flow velocity was determined by recording 30-second videos of blood flow 

in the BM calvaria and then applying LSPIV using a custom MATLAB script, as described 

in previous studies130. 
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RESULTS 

 

AML Progression Alters Vascular Morphology and Function. To establish an AML 

mouse model, 106 tumor cells were injected into the sublethally irradiated mice. Irradiation 

helps suppress the immune system of the mice, allowing better engraftment and growth of 

the tumor cells in the mouse model. Successful engraftment of AML cells was assessed 

through PB chimerism on day 14 post injection. Considering the challenging nature of tail 

vein injections in B6 mice with dark skin, tumor cells were initially administered via the 

retro-orbital cavity. Despite successful engraftment of tumor cells in the BM, some animals 

exhibited tumor growth within the eye cavity, leading to tumor bulk formation and, in some 

instances, eventual blindness post-injection (Fig. 3.1a). Consequently, the protocol was 

modified to utilize tail vein injections with slight adjustments in which a catheter was 

employed to connect the needle to the syringe. Based on the capillary rule, whereby blood 

flows back into the catheter upon successful needle insertion into the vessel, we could 

ensure the technical success of the injection process (Fig. 3.1b). Consistent with other 

literature, the Kaplan-Meier curve for the C1498 AML cell line revealed a similar survival 

rate in tumor-injected mice192–194. All recipient mice died within 23–39 days with a median 

survival of 29 days (Fig. 3.1c). To initiate cytotoxic conditioning, it is essential to 

determine a time point where the disease burden is relatively low so that individual patches 

of AML cells in the BM could be detected after treatment. Therefore, based on PB and BM 

chimerism alongside long bone ex vivo imaging, AML disease progression was categorized 

into three stages (Fig. 3.1d, e). This categorization allows for a more precise understanding 

of the disease burden before the administration of chemotherapy. These stages consist of 

an early stage characterized by a seemingly random distribution of single cells throughout 

the BM tissue, a middle stage where tumors begin forming clusters, and a late stage marked 

by high tumor infiltration in the BM (Fig. 3e). PB and BM chimeric graphs indicated that 

as the disease progresses to the late stage, they diverge significantly, suggesting that PB 

chimerism no longer effectively represents the extent of tumor infiltration in the BM (Fig. 

3.1d). While PB chimerism may not precisely reflect the level of tumor infiltration in the 

BM during the middle and late stages, the gradual increase in tumor population observed 

in the PB across different stages can still offer valuable insights into the AML stage. AML-

induced alterations within the blood vessel system across AML progression revealed a 

significant increase in vascular leakage and decrease in blood flow velocity at a specific 

juncture between the intermediate and advanced stages of the disease (Fig. 3.1f, g). 

Furthermore, vascular diameter examination revealed larger vessels in the late stage 

compared to other stages or the control group (Fig. 3.1h). 
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Figure 3.1. AML Progression Alters Vascular Morphology and Function. A) Schematic of retro-orbital injection 

(left) and representative image (right) of tumor cells in BM after transplantation; Blue: Blood vessel, Green: AML e-

GFP+ tumor cells; B) Schematic of modified Tail vein injection (left) and representative image (right) of tumor cells in 

BM after transplantation; C) Kaplan–Meier plot showing survival of C1498 AML-injected mice; D) Flow cytometry 

quantification of tumor cell chimerism in PB and BM across AML progression; E) Representative images of the tumor-

transplanted BM (left: Calvarium, right: long bone) across different stages; Calvarium: Blue: Blood vessel; Green: AML 

tumor cells; Long bone; Red: blood vessel, Blue: Bone (SHG), Green: AML e-GFP+ cells; White circles represent single 

tumor cells; F-H) Quantification of calvaria BM vascular leakage (F), blood flow velocity (G), and long bone BM 

vascular diameter (H) in control (sublethal irradiation only) and AML-transplanted mice across different stages; *p < 

0.05, **p < 0.01,***p < 0.001; ****p < 0.0001. 

 

 

The AML Cells Distribution in the Long Bone BM Changes across Disease 

Progression. Assessment of long bone BM across various AML stages has uncovered a 

distinct preference for tumor cell distribution in the metaphysis and potentially the 

diaphysis compared to the epiphysis (Fig. 3.1e). To ensure that tumor distribution is not 

preferential to one side of the body, we imaged long bones of both the right and left femurs 

(Fig. 3.2a). After observing consistent distribution patterns in both legs, BM chimerism 

analysis was conducted on AML mice to validate the observations. In contrast to the BM 

images, chimerism results from epiphyseal and metaphyseal BM indicated no statistically 

significant difference between the two regions (Fig. 3.2b, c). However, since samples were 

collected from different stages of AML (Fig. 3.d), to further assess the tumor homing, they 

were specifically examined at each distinct stage. Chimerism analysis revealed a higher 

metaphysis-to-epiphysis tumor cell ratio at the early stage, which approaches the same 

level of AML infiltration as the disease progresses to the advanced stage (Fig. 3.2d, e). 

AML stages were defined based on PB chimerism results in Fig 3.1.  
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Figure 3.2. The AML Cells Distribution in the Long Bone BM Changes across Disease Progression.  

A) Representative images of the tumor-transplanted BM in the left and right femurs; Red: blood vessel, Blue: Bone 

(SHG), Green: AML e-GFP+ cells; B-C) Schematic (B) and Flow cytometry chimerism (C) of epiphyseal and 

metaphyseal BM in AML-transplanted mice; D) Representative flow cytometry chimerism plots of epiphyseal and 

metaphyseal BM across different stages of AML; E) Metaphysis-to-epiphysis tumor cell ratio across early, middle, and 

late stages of AML separated by dash line.  

 

Modelling Cytotoxic Conditioning in AML Mice; Determining a Suitable 

Chemotherapy Protocol. Due to the aggressive growth of C1498 cells, particularly when 

it progresses to the late stage (Fig. 3.1e-h), a timepoint between the early and middle stages 

was chosen to initiate chemotherapy and HCT. Initially, to apply our findings regarding the 

effect of BU on the BM niche (chapter 2) to the AML mouse model, conditioning was 
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administered through single therapy with BU. However, this protocol did not lead to an 

effective therapeutic outcome and in some instances, even worsened the AML progression 

(Fig. 3.3a). Prompted by our initial observations, cyclophosphamide (CY), a chemotherapy 

agent used clinically to treat AML patients, was incorporated into the treatment plan. To 

assess BU and BU/CY therapeutical function, donor cell engraftment (GFP+ cells), 

immune cell distribution during recovery (day 42 post transplantation) and Treg population 

that can indicate GVHD were analyzed through flow cytometry in wild-type B6 mice. 

More donor cell engraftment after transplantation of UBC-GFP donor cells was observed 

in wild-type BU/CY treated mice compared to BU alone supporting better therapeutic 

potential of BU/CY (Fig. 3.3b, c). Additionally, analysis of the Treg population and GVHD 

score over time showed similar levels to the control, suggesting appropriate dosage and 

type of chemotherapy agent chosen to treat the AML mouse model (Fig. 3.3d). As 

mentioned previously, animals were scored for five GVHD clinical parameters on a scale 

from 0 to 2 to assess the severity of GVHD symptoms. Each score corresponds to a level 

of sickness, with higher scores indicating more severe GVHD (Fig. 3.3e). In our study, 

since all the groups appeared healthy without any visible symptoms, they all received a 

score of 0 during 42 days of study time (Data not shown). After cytotoxic conditioning and 

HCT, the goal is to restore the recipient's immune system with donor-derived cells. 

Monitoring the distribution of immune cell population helps assess the success of immune 

reconstitution. Our data showed that cell lineage distribution of BU/CY conditioned mice 

was comparable to that of BU treated in both BM and PB suggesting suitable chemotherapy 

protocols (Fig. 3.3f, g).  
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Figure 3.3. Comparison of BU Versus BU/CY Combination Efficacy as the Potential Chemotherapy Drugs for 

AML. A) Representative images of the long bone BM in control and BU treated mice; Red: blood vessel, Blue: Bone 

(SHG), Green: AML e-GFP+ cells; B-D) Representative PB flow cytometry plots (B) and quantification of Donor cell 

(GFP+) (C) and Treg (D) populations in control, BU, and BU/CY overtime; E) Representative images of the normal (left) 

and potentially GVHD (posture) impacted (right) animals; F, G) Immune cell distribution on day 42 post-HCT in BU or 

BU/CY conditioning in PB (F) and BM (G); n=3, error bar: SD, *p < 0.05, **p < 0.01,***p < 0.001; ****p < 0.0001. 

The BM Niche Surrounding Residual AML Cells Facilitates Chemotherapy 

Resistance. Given our observations indicating the limited efficacy of busulfan and after 

conducting assessments to evaluate the therapy's efficacy of BU/CY combination, we opted 

to employ the new protocol to condition AML transplanted animals. Timepoints between 

early to middle stage of disease were selected to initiate the chemotherapy treatment. 

Following BU/CY combination therapy, mice were transplanted with whole BM cells from 

mTmG transgenic mice. The BM microenvironment was evaluated on day 2 post-

transplantation through 2P intravital microscopy and flow cytometry chimerism to evaluate 

the tumor cell population (Fig. 3.4a). Comparable chimeric results before and after 

conditioning indicated that BU/CY therapy slows down AML progression (Fig. 3.4b). 

Residual tumor cells preferentially localized to the endosteal niche, primarily in the 

metaphysis (Fig. 3.4c). Calvarium BM exhibited fewer residual AML populations after 

treatment compared to the BM in the long bone (Fig. 3.4d, e). The blood vessel network 

around surviving AML cells appeared to be severely morphologically disrupted compared 

to other regions of the BM showing no or very few residual tumor cells (Fig. 3.4f). Vascular 

analysis adjacent to resistant tumor cells showed higher vascular leakage but comparable 

blood flow velocity compared to other regions of the calvarial BM (Fig. 3.4g, h). This 

suggests that while the blood vessel network in the long bone is significantly disrupted, the 

integrity of ECs in the majority of calvarium areas has been preserved. Consistent with 

other literatures, cell size analysis demonstrated larger resistant tumor cells compared to 

normal tumor cells195(Fig. 3.4i).  
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Figure 3.4. The BM Niche Surrounding Residual AML Cells Facilitates Chemotherapy Resistance. A) Schematic 

of chemotherapy treatment in AML-transplanted mouse model; B) Quantification of tumor cells in PB before and after 

BU/CY treatment; C) Representative image of the residual AML cells localization within long bone BM after BU/CY 

treatment; D, E) Representative images of the calvarial (D) and long bone BM (E) after BU/CY treatment; F) 

Representative image of the vascular network around residual AML cells (Top; Red channel representing vascular 

network, Bottom; Green channel representing tumors cells) G, H) Quantification of calvaria BM vascular leakage (G) 

and blood flow (H) at BM niche surrounding resistant tumor cells; I) Quantification of the cell size of the primary and 

residual AML cells; Long bones; Red: blood vessel, Green: Bone (SHG) and AML e-GFP +cells; Calvarium; Blue: blood 

vessel, Green: Bone (SHG) and AML e-GFP+ cells; **p < 0.01, ****p < 0.0001. 

 

DISCUSSION  

In this report, using 2P intravital microscopy we demonstrated how AML disease 

progresses in the BM and gradually reshapes the stem cell niche, particularly vascular 

system, across different stages of the disease. In our study, we used peripheral blood AML 

population to categorize the progression of the disease. We conducted BM chimerism 

analysis to evaluate the disease progression in the BM through flow cytometry in addition 

to the PB chimerism and 2P intravital BM images. Given that AML is a BM-associated 

cancer, tumor cells preferentially migrate into the BM rather than remaining in the PB 

supporting higher infiltration of the BM with AML cells compared to the PB in the later 

stages of disease. 

Consistent with other studies, we showed localization of the tumor cells in the endosteum 

and preferentially metaphysis196. This could be due to a variety of factors such as protection 

from therapy, cell adhesion modules or relatively hypoxia that can promote the survival 

and self-renewal of leukemia stem cells, resulting in the treatment resistance42,197. 

Expansion of tumor cells in the metaphysis severely disrupts the vascular network in this 

region while the central BM appears to be less impacted184. This leads to the transforming 

BM niches in favor of leukemia microenvironments and surviving of leukemia cells in this 

area following chemotherapy conditioning.  
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To explore the relevance of these findings in a human context, Duarte et al. besides in vivo 

studies, conducted supplementary histological examinations of BM trephine biopsies from 

AML patients exhibiting over 80% infiltration in endosteal vessels, validating our 

observations on the reduction vessels in this region184. 

In addition, quiescent characteristics of the endosteum facilitate transferring primary tumor 

cells to a senesce-like state that has been shown to be induced by chemotherapy 

treatment195. Duy et al. demonstrated an increase in granules and the size of tumor cells in 

senescent-like residual tumor cells following treatment with the Ara-C chemotherapy 

agent195. The difference in tumor cell size before and after BU/CY chemotherapy was 

consistent with the findings of that study. Furthermore, Kim et al. elucidated the 

enlargement of residual cells through endocycling, which occurs when residual tumor cells, 

following therapy, undergo incomplete cell division by deviating from the conventional 

cell cycle and advancing through multiple rounds of growth and DNA replication198. 

BM chimerism results indicated higher accumulation of tumor cells in the metaphysis at 

early stages that turns to the same level while the disease progresses to the late stage. This 

could be due to the highly metabolically active nature of metaphysis making a favorable 

microenvironment for proliferative AML cells. Cell-cycle evaluation of HSPCs and HSCs 

has shown that in epiphysis compared to the metaphysis, more stem cells are in G0 state 

indicating that epiphyseal HSCs are relatively dormant199.Difference in the amount of 

available BM space, vascular system, and supporting factors required for the tumor 

maintenance are of the other potential factors contributing to the preferential localization 

of the tumor cells. However, with increased tumor burden, it can invade nearby tissues, 

including the epiphysis. 

Assessment of the calvaria and long bone BM post-conditioning indicates that 

chemotherapy agents may have varied effects on AML cells based on their localization 

within the BM. While higher vascular leakage was observed adjacent to the resistant tumor 

cells, leakage in other regions was comparable to the control, early, and middle stages 

before treatment (Data not shown). This indicates that unlike the significantly disrupted 

vessel network in the long bone, the integrity of ECs in most areas of calvarium has 

remained normal. Itkin et al. showed that endothelial barrier disruption results in a 

significant reduction in the numbers of BM stem cells and increased ROS131. Therefore, 

besides ineffective delivery of chemotherapy drug to the tumor cells, change in the stem 

cells population and ROS level could contribute to the more optimized niche for tumor 

cells decreasing the efficacy of chemotherapy treatment in the long bone BM.  

Overall, in line with other studies, our data show that chemo-resistant AML cells are found 

primarily in the metaphyseal BM where they home during the disease progression184,196. 

Having observed severe disruption of the blood vessels in this region, our findings suggest 

that promoting vascular recovery in the metaphysis can potentially result in more effective 

chemotherapy outcomes. Elimination of tumor cells after treatment in the calvaria BM that 

showed a better vascular integrity compared to the long bone supports our proposal. 
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CONCLUSION 

Based on the findings presented, it is evident that AML progression profoundly impacts 

vascular morphology and function, influencing the behavior of tumor cells within the BM 

microenvironment. Categorizing AML progression into early, middle, and late stages 

enabled a better understanding of disease dynamics before initiating cytotoxic 

conditioning. Notably, the distribution of tumor cells within the BM exhibited preferences 

for the metaphysis and potentially the diaphysis especially at early stage, highlighting the 

importance of spatial considerations in disease characterization. Upon modeling cytotoxic 

conditioning, it was observed that a combination therapy involving BU/CY demonstrated 

superior therapeutic potential compared to single-agent BU therapy. This was evidenced 

by enhanced donor cell engraftment in wild-type mice and comparable PB chimerism 

before and after BU/CY treatment in AML mouse model. Furthermore, evaluating the BM 

niche surrounding residual AML cells following BU/CY therapy revealed the preferential 

localization of tumor cells to the endosteal niche, accompanied by significant alterations in 

vascular morphology and function. These observations highlight the interplay between the 

BM microenvironment and AML progression, potentially contributing to chemotherapy 

resistance and disease relapse. 

In conclusion, the comprehensive characterization of AML progression and therapeutic 

responses in our AML mouse model provides valuable insights into the reciprocal 

interaction of AML tumor cells and BM microenvironment, stem cell niche surrounding 

residual AML cells, and potential of combination therapies in improving treatment 

outcomes. 
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Unpublished Findings 

 

 

Ex Vivo Imaging of Cleared AML Long Bone and Thymus 

BACKGROUND 

In this project, our main goal was to investigate the BM microenvironment in an AML 

mouse model, both pre- and post-chemotherapy treatment. We aimed to gain understanding 

of the alterations occurring in the BM niche during AML progression before chemotherapy, 

and to determine whether changes induced by tumor cells or cytotoxic conditioning 

contribute to tumor survival. As previously mentioned, our imaging approach involved 

using a cryostat to remove the cortical layer of the bone, allowing us to image the BM. 

However, this method has limitations, as it only enables imaging up to a depth of 150-200 

µm, which may not adequately represent the entire bone and BM while its thickness 

exceeds 1 mm. For our AML project, this limitation becomes critical after chemotherapy 

treatment when residual tumor cells may be present in deeper layers of the BM, beyond the 

imaging surface plane. In addition, the removal of bone and part of BM during 

cryosectioning may cause missing some crucial information and disrupt the architectural 

integrity of the long bone BM. To address these challenges, we sought alternative methods 

that could make the biological tissues more transparent by changing the refractive index 

impacting light scattering, penetration depth, and overall image quality during microscopy 

imaging. 

 

 

MATERIAL  AND METHOD 

uDISCO (ultimate 3D imaging of solvent-cleared organs) is a tissue clearing protocol 

specifically designed to enhance tissue transparency while preserving endogenous 

fluorophores and fluorescent proteins. To conduct uDISCO clearing, vascular antibodies 

including CD31, CD144, and Sca-1 conjugated with Alexaflour647 were injected 30 min 

before intracardiac perfusion. After perfusion, the dissected long bone and thymus were 

fixed in 4% PFA overnight at 4°C. They were then dehydrated using tert-butanol (Sigma-

Aldrich; SHBM5332) at various starting from 30% concentrations followed by 50%, 70%, 

90%, and 100%. After dehydration, tissues were transferred into dichloromethane (DCM; 

Sigma-Aldrich, SHBJ8352) for delipidation. Subsequently, they were immersed in a 

solution of BABB-D4, composed of a mixture of benzyl alcohol (Sigma-Aldrich; 24122) 

and benzyl benzoate (Sigma-Aldrich; W213802) in a 1:2 ratio, combined with diphenyl 

ether (DPE; Alfa Aesar, A15791)) at a 4:1 ratio, and supplemented with 0.4% DL- α -

tocopherol (Vitamin E; Alfa Aesar, A17039). Long bone and Thymus were mounted on the 

slide, and they were kept at 4°C throughout the imaging session. 

 

 



59 
 

RESULTS 

With the uDISCO technique, we achieved remarkable results, allowing us to image intact 

long bones to a depth of more than 600 µm (Fig. 3.5). This extended imaging depth 

provided us with a more comprehensive view of the BM microenvironment, particularly 

after chemotherapy, where deeper visualization is crucial for detecting residual tumor cells 

that may not be accessible through traditional imaging methods.  

 

 

After conducting a preliminary assessment of the uDISCO protocol on the AML mouse 

model, we confirmed its compatibility with e-GFP-conjugated tumor cells (Fig. 3.6). This 

finding suggests that uDISCO could serve as a valuable alternative in situations where 

cryosectioning of the bone fails to provide the desired information.  

500 µm 

Figure 3.5. Representative Long Bone Imaging After uDISCO Clearing. Red: Blood vessels; Blue: Bone. 

(Chicana, B., Abbasizadeh. N, 2022). 
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Figure 3.6. Representative Long Bone Imaging with AML GFP+ Tumor Cells After uDISCO Clearing. Red: Blood 

vessels; Green: e-GFP+ AML tumor cells, Blue: Bone.  

 

Besides long bones, I used this protocol to image the thymus of AML mice (Fig. 3.7). 

Understanding how AML cells may infiltrate the thymus and influence its morphological 

and functional characteristics could provide valuable insights into the broader impact of 

AML on the immune system. Furthermore, it is intriguing to explore whether the AML 

cells homing in the thymus originate directly from the primary injected tumor cells or if 

they are a result of expansion in the BM followed by cell trafficking between the BM and 

thymus. Investigating these aspects could enhance our understanding of AML kinetics and 

its effects on immune function alongside the BM microenvironment. Considering the 

association of BM and thymus as two crucial hematopoietic immune tissues, the possibility 

of AML tumor cells homing to the thymus and their potential interactions with thymic 

immune cells was of interest to investigate.  In our preliminary images, GFP+ AML tumor 

cells were observed in the thymus, indicating their migration to this tissue in addition to 

the bone marrow, spleen, ovary, liver, and lungs, which are recognized as primary organs 

affected by C1498 cell AML disease. Future studies could investigate deeper into 

understanding the interplay between AML and the thymus, exploring aspects such as the 

impact of tumor cells on thymus architecture and function, as well as the interactions 

between AML cells and thymic immune cells. 

 

200 µm 
200 µm 
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Figure 3.7. Ex Vivo Imaging of uDISCO Cleared Thymus in the AML Mouse Model. Red: Blood vessels; Green: 

GFP+ AML tumor cells indicated with arrow points.  
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CHAPTER 4 

Contribution and Future Direction 
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Contributions to the Field 

 

In the investigation of BM microenvironment various techniques have been employed, 

each offering unique insights into cellular and molecular characteristics within the stem 

cell niche. Traditional methods such as flow cytometry and single-cell RNA sequencing 

have enabled researchers to get insight into the composition and gene expression profiles 

of BM cell populations. However, these approaches cannot provide information regarding 

the dynamic interplay between cells and their microenvironment in real-time. 2P Intravital 

microscopy offers the distinct advantage of directly visualizing spatial characteristics of 

the BM niche with high resolution and in live animals. During my project, our custom-built 

2P intravital microscopy enabled the exploration of dynamic features within the BM 

microenvironment, including assessments of vascular leakage, permeability, and blood 

flow velocity. We were also able to visualize the expansion and behavior of tumor cells in 

AML models, providing valuable information about their interaction with the BM niche. 

Furthermore, compared to the single photon microscopy techniques like confocal imaging, 

2P microscopy provides higher imaging depth and minimizes photodamage to live animals. 

This is attributed to the infrared (IR) wavelengths used in this technique which fall within 

the optical window of biological tissues. This is beneficial to conduct longitudinal studies 

and dynamic observations in physiological and pathological contexts with minimal 

perturbation. Exploiting advantages of 2P intravital microscopy, I was able to generate 

qualitative and quantitative findings in the context of BM microenvironment aiming to: 

Investigate Changes to the BM Microenvironment as a Function of Cytotoxic 

Conditioning Intensity and Recipient Age. 

HCT is an essential therapeutic approach for patients suffering from hematologic 

malignancies or non-malignant diseases. However, Pre-transplant preparative regimens 

required for HCT can adversely affect the BM microenvironment. The specific impacts of 

cytotoxic preconditioning on bone and BM niche over time are not yet fully understood. 

Furthermore, the influence of recipient age and the dosage of cytotoxic agents has not been 

comprehensively elucidated.  

In this dissertation, we reported microenvironmental changes within the BM following LI 

and HI cytotoxic conditioning, considering the age of the animal model. Our results 

revealed significant differences in hematopoietic recovery between LI and HI conditioned 

mice, with greater donor cell engraftment observed in the HI group across both young and 

adult cohorts. Ex vivo imaging of BM in long bones demonstrated accelerated vascular 

recovery in young mice compared to adults, based on morphological assessments. 

Furthermore, prolonged disruption in endothelial cell integrity following busulfan 

conditioning, despite hematopoietic recovery over time, was evident through vascular 

leakage outcomes. Bone turnover studies indicated prominent alterations in bone 

architecture by day 42 post-HCT in both young and adult mice. 
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Evaluate BM Niche Around Resistant Tumor Cells After Cytotoxic Conditioning in AML 

Mouse Model.  

Hematopoiesis relies on interactions between HSCs and the BM microenvironment. 

However, disruptions to this finely regulated system can lead to malignant transformation, 

as seen in hematopoietic diseases like AML. A major challenge in AML treatment lies in 

disease relapse post-cytotoxic therapy, significantly impacting patient outcomes. Previous 

studies have implicated the disruption of BM niches during therapeutic regimens or disease 

expansion as a key factors contributing to this phenomenon.  

In this study, we established an AML mouse model and demonstrated progression AML 

disease in the BM and how it gradually will be remodeling the stem cell niche including 

vascular system, across early, middle, and late stages of the disease. The application of 

BU/CY showed promising results in slowing down the AML progression. BM niche 

evaluation around AML cells indicated localization of the tumor cells in the metaphysis, 

higher leakage, and severe disruption of the blood vessel in regions surrounding tumor 

cells, differential response of calvaria and long bone BM to the chemotherapy and increase 

in the size of survived tumor cells compared to the primary AML cells.  

In summary, this dissertation, by investigating the influence of chemotherapy dosage and 

recipient age on treatment response, aimed to improve chemotherapy regimens and offer 

the foundation for personalized treatment strategies. Understanding the mechanisms 

underlying AML survival following chemotherapy could inform the development of novel 

therapeutic approaches to overcome resistance and improve patient prognosis. Through the 

characterization of the BM niche surrounding residual AML tumor cells using intravital 

microscopy, this research provided direct observation of factors potentially contributing to 

disease survival—a significant clinical challenge for AML patients. 
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Future Direction 

 

 

Investigation of the Role of Immune Cells in Promoting the Faster Recovery of Vascular 

Endothelial Cells Following Cytotoxic Conditioning. 

Our findings showed that surprisingly, even after 6 weeks post-HCT, vascular ECs remain 

disrupted, causing leakage. Since blood vessel integrity plays an important role in more 

efficient hematopoietic recovery, exploring how immune cells, such as regulatory T cells 

or macrophages, could potentially improve vascular recovery will be of interest to 

investigate. While much of the focus on regulatory T cells has been on their 

immunomodulatory functions, emerging evidence suggests that they also contribute to 

tissue repair or angiogenesis regulation, including in the BM microenvironment200,201. 

Macrophages also play a crucial role in BM vascular recovery following cytotoxic therapy 

through different mechanisms such as inflammation resolution or promoting angiogenesis. 

Exploring the function of these or other effective immune cells specifically on the vascular 

leakage recovery requires further experimentation. 

 

Investigation of the Extent of Vascular and Skeletal Niche Contribution to 

Hematopoietic Recovery. 

Our observations indicated that despite long-lasting changes in some aspects of the 

vascular system and bone architecture following cytotoxic conditioning, hematopoietic 

recovery can still occur. Specifically, bone remodeling analysis showed more significant 

bone resorption on day 42, selected as the hematopoietic recovery timepoint, compared to 

the early time points (Days 2 and 5). Long-lasting leakage and vascular morphology 

alteration on day 42 are of other changes raising the question about the extent of BM niche 

contribution to the hematopoietic reconstitution. Further exploration of factors such as 

extramedullary hematopoiesis, that refers to the production of blood cells outside the BM 

would enhance our knowledge of interplay between the BM microenvironment and 

hematopoietic reconstitution. Ex vivo imaging of spleen and liver or flow cytometry 

chimerism of donor cells in these organs could demonstrate the extent of extramedullary 

hematopoiesis to the HSC reconstitution despite BM disruption.   

 

Investigation of the Function of Cytotoxic Conditioning Intensity for BU/CY 

Combination. 

In the first phase of my project, we evaluated changes to the BM niche as a function of 

preparative conditioning intensity using BU treatment. We aimed to use our findings to the 

second phase in which we apply the most suitable treatment protocol on an AML mouse 

model. However, since the single therapy plan with BU didn’t exhibit effective treatment 

outcomes, we incorporated cyclophosphamide into the protocol. Therefore, to achieve our 
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primary goal, the assessment of BM microenvironment following different concentrations 

of BU/CY will provide better insight into the most optimal treatment plan in terms of the 

chemotherapy drug dosage for cancer patients with different ages. 

 

Investigation of Differences Between Calvarium and Long Bone BM Supporting their 

Distinct Response to Chemotherapy Treatment. 

In the AML mouse model, BM images showed different responses of the calvaria and long 

bone BM niches to chemotherapy administration with BU/CY. This difference was 

contributed to the vascular integrity and the number of residual AML cells. Identifying 

distinct characterizations of calvaria and long bone BM and exploring contributing factors 

in the calvarium that facilitate tumor remission could provide a better understanding of 

conditions that promote an effective chemotherapy response. Z. I. Kolabas et al. recently 

reported distinct transcriptional signature of cell types in all the bone types including 

calvarium and femur202,203. Given the intricate interaction between leukemic cells and 

various BM cell types, evaluating the cell lineage populations and their distribution in each 

BM tissue in an AML model could offer insights into potential mechanisms underlying 

calvarium and long bone response to the drug. Differences in the vessel types and their 

density, perivascular niche and signaling molecules are of other elements that could be 

examined to provide supporting explanation in this regard. 

 

Investigation of Spatial Interaction of AML Tumor Cells and CD8+ T Cells in Thymus 

Using Two-Photon Intravital Microscopy  

Our initial imaging in the AML mouse model revealed a noticeable presence of tumor cells 

in the uDISCO-cleared thymus. Considering the key role of the thymus in sustaining T-cell 

immunity, a potential decrease in its functionality might compromise the efficacy of T-cell-

targeted immunotherapies in AML. Considering our labeartory expertise in 2P intravital 

microscopy and thymus study as one of our primary research focus, investigating the 

hemodynamics and vascular system of the thymus through in vivo and ex vivo imaging in 

an AML mouse model could expand our understanding of how leukemic tumor cells impact 

the thymus, alongside the BM, as two integral components of the immune system. 

Moreover, previous studies have demonstrated that T cells, especially cytotoxic CD8+ T 

cells, can recognize leukemia-specific antigens displayed on the surface of AML cells, 

leading to their destruction204. However, due to reciprocal interaction, AML cells can also 

impede the function of CD8+ T cells through various mechanisms205. Therefore, 

investigating the alteration in the CD8+ T cells population and their spatial distribution 

relative to the AML cells in the thymus could further validate the communication between 

tumor cells and CD8+ T cells. 
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Investigation of BM Oxygenation in Wild-Type and AML Mouse Models Using 2PLM. 

As mentioned in Chapter 2, compared to other oxygen sensing techniques, 2PLM system 

offers high spatial and temporal resolution for pO2 quantification. Throughout my research, 

I contributed to the technical design and execution of the groundwork for pO2 calibration. 

Following our findings on changes to the BM niche upon cytotoxic conditioning, 

measurement of the BM oxygenation over time and in response to the dosage and age 

variables is of interest to study. This will enhance our understanding of how different 

conditioning regimens impact BM oxygen levels. Moreover, measuring pO2 in proximity 

to residual AML cells post-treatment is critical, as it influences tumor cell survival and 

resistance mechanisms. Considering established setups for in vivo and in vitro pO2 

calibration, oxygen sensing via 2PLM could be defined as a promising follow-up project. 

 

Investigation of BM Niche in more Human Relevant AML Mouse Model. While the B6 

mouse model with sublethal irradiation and injection of the C1498 AML cell line can 

provide valuable insights into certain aspects of AML, other mouse models may be more 

relevant to human AML due to differences in genetic background, immune system, and 

disease progression. Genetically engineered mouse models such as those with mutations in 

genes relevant to AML (like FLT3-ITD) can better mimic specific genetic alterations found 

in human AML and provide insights into disease pathogenesis and therapeutic responses. 

Patient-Derived Xenograft (PDX) models that involve the transplantation of primary 

human AML cells or patient-derived leukemic stem cells into mice are of other alternative 

mouse models to evaluate the BM niche before and after BU/CY conditioning.  

 

  

 

 

 

 

 

 

 

 

 

 



68 
 

Summary 

 

The recovery of hematopoietic and immune systems following cytotoxic cancer therapies 

has been evident as a significant clinical challenge for many patients. Understanding how 

the bone marrow niche alters after cytotoxic conditioning is crucial for overcoming this 

challenge and could offer valuable insights for the development of more effective 

treatments. This dissertation reveals changes to the mouse bone marrow microenvironment 

following chemotherapy treatment in a comprehensive manner. Using two-photon 

intravital microscopy and flow cytometry technique we investigated how high and low 

intensity conditioning of busulfan affects hematopoietic reconstitution and remodeling of 

the bone and BM vascular network. In addition, we reported the function of recipient age 

in the BM response after preparative regimens. In the following, we applied busulfan/ 

cyclophosamide chemotherapy combination, as clinically relevant regime for hematologic 

malignancies, in an AML mouse model. Using our findings in the first phase of my project, 

we aimed to understand how or whether bone marrow niche alterations after conditioning 

or AML progression contribute to the survival and ultimately relapse of the primary 

disease. This study provides the foundation for better understanding of BM 

microenvironment after chemotherapy in wild-type and AML mouse models. 
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