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Abstract 

Bone Marrow Neutrophil Density Controls Myelopoiesis During Obesity 

Quin T. Waterbury 

 

 Obesity is a state of chronic, sterile, and systemic inflammation that alters the bodyôs 

metabolic and endocrine functions. One hallmark of obesity-associated inflammation is an 

increase in the frequency of myeloid cells in the circulation. These myeloid cells accumulate in 

tissues such as the adipose tissue, where they disrupt the tissueôs normal function, leading to 

metabolic changes such as insulin resistance. Weight loss is the main treatment for obesity, but 

there is evidence that metabolic inflammation persists after weight loss. The bone marrow (BM) 

is the site of immune cell production and is altered in obesity to promote myeloid cell generation, 

and these changes are refractory to weight loss, though the mechanisms driving these persistent 

changes remain unclear. Here, we show that obesity promotes myelopoiesis by altering the density 

of neutrophils in the BM. Endotoxemia is developed during obesity and promotes adipose tissue 

macrophages to recruit neutrophils from the BM in mice. Recruitment of BM neutrophils activates 

hematopoietic stem cells, which overproduce myeloid cells that accumulate in the circulation and 

drive inflammation. This recruitment is not resolved by weight loss, leading to sustained 

myelopoiesis in previously obese mice. Inhibiting neutrophil recruitment out of the BM in obese 

mice or during weight loss reduces BM myelopoiesis, adipose tissue inflammation, and improves 

glucose tolerance. In humans with obesity, plasma neutrophil chemokines are increased, correlate 

with increased insulin resistance, but do not decrease with weight loss. These results demonstrate 

that neutrophil recruitment is a key mediator of myelopoiesis during obesity, and targeting this 

pathway is a potential strategy to improve inflammation during obesity and weight loss. 
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1.1 Obesity as an Inflammatory Disease 

 Obesity defined by the World Health Organization (WHO) as abnormal or excessive fat 

accumulation. Obesity is one of the most prevalent diseases globally, and the population of both 

children and adults with obesity has continuously risen over the past century1. Humans with 

obesity have reduced life expectancy and increased risk of conditions such as type 2 diabetes 

mellitus, cardiovascular disease, and some types of cancer. While the association between 

obesity and these comorbidities is well established, organizations such as the World Obesity 

Federation and the American Medical Association have recently declared obesity to be a chronic, 

progressive disease in and of itself, rather than just a risk factor for other diseases2. Thus, 

understanding the pathology of obesity and its systemic consequences is important for 

maintaining public health in the face of growing prevalence. 

1.1.1 Pathophysiology of obesity 

Most adults maintain a stable bodyweight over time, due to the bodyôs ability to maintain energy 

balance despite variations in caloric intake and activity level. This stability is due to concerted 

regulation of energy intake and expenditure by the body. Several different organs participate in 

energy homeostasis, including the adipose tissue, gastrointestinal tract, muscle, and brain. 

Together, these organs regulate nutrient absorption, trafficking, and storage to maintain a stable 

supply of energy for the body to perform its necessary functions3. 

The bodyôs ability to balance energy generally resists changes to weight. For instance, 

reducing food intake to attempt weight loss leads to a cascade of responses that reduce overall 

energy expenditure and increase hunger over time. Many of these changes are long-lived and 

persist through changes to body weight, which makes sustained weight loss difficult4. 
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So, excess weight gain that leads to obesity can thus only result from a positive energy 

balance that is sustained over a long period of time. This explains the long-held sentiment that 

obesity was simply a consequence of eating too much for too long (and gave rise to the moniker 

obesity, which literally translates to ñto overeatò from Latin). We now know that this is widely 

untrue, and instead obesity arises from complex interactions between biological, behavioral, 

sociocultural, environmental, and economic factors that lead to an energy imbalance1.  

Regardless of the root cause of this energy imbalance, its result is an overabundance of 

calories in the body. These calories are stored in the adipose tissue (AT), which leads to the 

hypertrophy of AT and resulting excess adiposity. As the AT grows beyond the normal size, it 

accumulates an array of metabolic, inflammatory, endocrine, and mechanical changes5. These 

changes negatively affect the ATôs ability to perform its functions as a metabolic and endocrine 

organ. For example, the AT normally acts as a store for excess lipids and tightly regulates their 

release into the circulation. During obesity, the AT becomes ñleakyò and begins to release lipids 

into the circulation indiscriminately, which contributes to systemic dyslipidemia and the risk of 

cardiovascular disease6. 

These alterations to the function of the AT, among other organs, leads to many other 

systemic consequences that together drive the development of comorbid conditions such as 

cardiovascular disease and type 2 diabetes. There has been much work attempting to unravel 

how exactly obesity leads to a decline in function of metabolic tissues, and our understanding is 

still developing. However, one common denominator has arisen time and time again as a driver 

of the pathology of obesity: inflammation7. 
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1.1.2 Hallmarks of obesity-associated inflammation 

One of the hallmarks of obesity is metabolic dysfunction. Although altered glucose metabolism 

was first observed in human patients with obesity in the 1920ôs, the underlying mechanisms 

connecting excess weight to alterations in metabolism only began to be uncovered decades later8. 

Now, chronic, low-grade inflammation is regarded as a hallmark of obesity and thought to 

contribute to the development of comorbidities, including metabolic dysfunction7.  

Inflammation refers to the regulated sequence of events mediated by the immune system 

to maintain tissue homeostasis. This often involves a highly coordinated release of mediators 

from cells that have sensed pathogens or cellular damage, that then signal to effector cells 

through receptors to initiate a response9. Inflammation generally either seeks to destroy infected 

or damaged tissue to prevent spread of the insult, or promote regeneration of a damaged tissue. 

Acute inflammation is resolved relatively quickly and involves rapid infiltration then clearance 

of immune cells into the tissue once the insult has been cleared. Chronic inflammation refers to a 

prolonged inflammatory response and is associated with large amounts of infiltrating immune 

cells that may reside in the inflamed tissue for long amounts of time7. Chronic inflammation is 

often associated with a disease state, and may never be resolved without external intervention. 

Obesity-associated inflammation is chronic, complex, and affects many different organs. 

One well-appreciated aspect of obesity-associated inflammation is the increased abundance of 

inflammatory cytokines and acute-phase proteins in the circulation10,11. Specifically, the 

chemokines tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6), and C-reactive protein 

(CRP) are consistently elevated in patients with obesity, while anti-inflammatory mediators such 

as adiponectin are reduced12,13. These proinflammatory cytokines are mainly derived from the 

AT, and besides contributing to localized AT inflammation, also drive systemic responses14. 
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Chronic elevations in inflammatory mediators stimulates the bodyôs immune response, leading to 

increased production of white blood cells from the bone marrow15. In line with this, the 

frequency of immune cells is markedly increased in the blood of patients with obesity16,17. 

Immune cells of the myeloid lineage are particularly increased in the circulation in patients with 

obesity, and this is associated with increased infiltration of myeloid cells into peripheral tissues 

such as the adipose, liver, and muscle18-20. In later-stage obesity, these tissues lose normal 

function and may become fatty and fibrotic21. Together, these inflammatory processes interfere 

with the metabolic and endocrine functions of the body, promoting the development of 

comorbidities associated with obesity. 

1.1.3 Endotoxemia during obesity 

Another hallmark of obesity is endotoxemia, or the elevation of bacterial endotoxins in the 

blood. Specifically, lipopolysaccharides (LPS), which are comprised of components of the outer 

cellular membrane of gram-negative bacteria, are consistently elevated in humans and mice with 

obesity22. The mechanisms driving endotoxemia during obesity are not fully known. There are 

several studies suggesting that exposure to a meal that is high in dietary fat promotes the 

translocation of bacterial products from commensal microbes that reside in the gut lumen into the 

bloodstream, in human and mouse experiments23-26. This is supported by studies showing that 

HFD feeding lowers the expression of tight junction proteins in the gut epithelium in mice and 

rats24,27. So, dietary factors linked to obesity may also promote endotoxemia, but there are likely 

also other unknown mechanisms at play. 

 Despite the known connection between obesity and endotoxemia, the literature on the 

physiological consequences of endotoxemia on inflammatory and metabolic outcomes is limited. 

Adipose tissue macrophages (ATMs), a population of immune cells that reside in the AT, 



6 

 

express the toll-like receptor 4 (TLR4), which recognizes LPS. Whole-body deletion of TLR4 

reduces AT inflammation and improves insulin sensitivity in obese mice, supporting the role of 

endotoxin-ATM crosstalk in promoting inflammation during obesity28. However, an ATM-

specific deletion of TLR4 has not been developed, which has limited the study of this finding 

further. Treating obese mice with antibiotics improves insulin sensitivity, which also supports the 

connection between endotoxemia and metabolic dysfunction29. This finding is obscured by 

another report showing that antibiotics themselves modulate metabolism, thus the improved 

insulin sensitivity observed may be due to direct effects of the antibiotics rather than changing 

endotoxemia30. Although there is evidence that endotoxemia has a role in the pathophysiology of 

obesity, more work needs to be done to fully understand its function in driving inflammation and 

metabolic dysfunction. 

 

 

Figure 1.1: Obesity is characterized by inflammatory hallmarks that contribute to 

the development of comorbidities. 

One element of the pathophysiology of obesity is a persistent state of chronic, low-grade and 

systemic inflammation that alters the normal homeostatic function of tissues. 
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1.1.4 The connection between inflammation and metabolic dysregulation 

While the metabolic consequences of obesity were observed for a long time, only relatively 

recently have we come to appreciate the inflammatory response induced by obesity31. The first 

link between obesity and inflammation arose from a study that found that adipocytes secrete 

TNF-a, and obese adipocytes secrete higher levels32. This study also reported that TNF-a 

regulates the action of the insulin receptor, establishing a connection between inflammation and 

metabolism. This was supported by a later study that found that mice lacking TNF-a or TNF 

receptors had improved insulin sensitivity when obese33, further displaying the connection 

between inflammation and metabolic regulation. Later, it was found that TNF-a directly 

interferes with insulin signaling by inhibiting the action of the insulin receptor substrate 1 (IRS-

1)34. Since the discovery of the interaction between TNF-a and the insulin receptor, several other 

inflammatory cytokines and chemokines have been shown to also interfere with metabolic 

processes, such as interleukin-1 (IL-1), IL-6, and monocyte chemoattractant protein-1 (MCP-1), 

which all increase in abundance in obesity35.  

In addition to cytokines, adipokines are also dysregulated by obesity. Adipokines 

represent a direct link between inflammation and metabolic regulation, as they have dual roles in 

directly modulating both processes36. For example, adiponectin is an adipokine that promotes 

insulin sensitivity and suppresses the expression of cytokines such as TNF-a37. Serum levels of 

adiponectin are reduced during obesity, owing in part to AT inflammation inhibiting adiponectin 

release from adipocytes38. The adiponectin pathway exemplifies how inflammation and 

metabolism are coregulated, and thus co-dysregulated by obesity. 

Cytokines and adipokines act systemically to regulate whole body metabolism and 

inflammation, thus abnormal concentrations of these factors during obesity lead to systemic 
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consequences. However, during obesity, much of the detrimental effects of inflammation and 

metabolic dysregulation occur in metabolic tissues. The WAT has been a focus for obesity 

research, given its central role in energy balance and inflammatory signaling. 

WAT remodeling during obesity creates a generalized proinflammatory environment, 

which propagates insulin resistance and further metabolic dysfunction. The c-Jun NH 2 -terminal 

kinase (JNK) pathway is one of the most well-studied connections between AT inflammation 

and insulin resistance. JNK activity is increased in obese AT, and conditionally deleting Jnk1 in 

adipocytes specifically protects the AT from insulin resistance in obesity39. JNK activation 

initiates the upregulation of several different proinflammatory cytokines in adipocytes, which 

besides contributing to the localized inflammation of the tissue, also results in inhibitory 

phosphorylation of IRS-1 in the adipocyte itself, which inhibits insulin signaling40. Thus, the 

JNK pathway being upregulated by AT remodeling during obesity development represents a 

direct connection between inflammation and metabolic dysregulation. Several other 

proinflammatory signals are induced by AT remodeling and propagate insulin resistance. 

Another central factor is nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). 

NF-kB nuclear activity is upregulated during obesity, which results in increased expression of 

inflammatory factors such as IL-1b, IL-6, TNFa, interferon-g (IFNg), and MCP-141. Inhibition of 

the NF-kB pathway and its targets improves insulin sensitivity in obese mice42.  

JNK and NF-kB signaling, and their downstream effects, drive the development of 

localized AT insulin resistance by directly reducing the function of the insulin receptor and 

indirectly by promoting localized tissue inflammation. Deregulation of the ATôs metabolic 

function leads to systemic metabolic effects, thus targeting AT inflammation appears to be a 

promising strategy for improving obesity-related metabolic dysfunction. 
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1.1.5 Limitations to the proposed connection between inflammation and metabolic 

dysfunction 

Despite the numerous findings in animal models connecting systemic inflammation to metabolic 

dysfunction, evidence in humans on this connection is ambivalent. Supportive findings are 

mostly correlative. For example, epigenetic markers of pro-inflammatory ATM profiles are 

reduced in patients with obesity that have lower AT inflammation and blood sugar43. Similarly, 

expression of anti-inflammatory genes in ATMs is associated with reduced BMI and blood 

sugar44. However, anti-inflammatory therapies that potently suppress insulin resistance and 

improve obesity outcomes in mice show limited effects in humans. Inhibition of TNF in obese 

mice strongly and consistently improves insulin resistance; however, in humans with insulin 

resistance, TNF antagonism had no noticeable effect on blood sugar45. In the same vein, IL-1 

blockade in humans does not affect the development of insulin resistance, despite several studies 

showing its efficacy in mice46. These findings highlight one of the biggest challenges of obesity 

researchðthat mouse models do not fully emulate the complex pathophysiology of human 

obesity. Probably, while inflammation does influence metabolic processes in the human body, an 

array of other factors also contributes, so solely targeting inflammatory pathways will have 

limited effects. This emphasizes the need for a better understanding of the physiological drivers 

of obesity pathology and more nuanced approaches towards treatment. 

 

1.2 Adipose Tissue Immunity  

Although the AT was history viewed as a rather inert tissue that simply acted as a store 

for excess energy, we have now come to appreciate it as an extraordinarily dynamic and 

heterogenous organ, which has important roles in whole-body physiology. Besides storing lipid, 
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the AT also regulates food intake, insulin sensitivity, inflammatory pathways, and body 

temperature47. One characteristic of the AT that is crucial for its function is its high degree of 

flexibility and responsiveness to physiologic stimuli. The AT can change its structure, 

metabolism, and phenotype dramatically to meet the needs of the body, and conditions where 

this responsiveness is dysregulated or compromised drives the development of metabolic 

diseases. 

 The AT is a multicellular organ composed of adipocytes, mesenchymal stromal cells, 

endothelial cells, and immune cells. The interactions between these cells maintain normal tissue 

function. For example, endothelial cells in the adipose tissue can bind lipids interact with 

adipocytes to aid in their processing48. While the complex interactions between all these cell 

types play a role in AT function in homeostasis and disease, the role of the AT immune system 

has been best studied. The AT is host to a unique, complex immune system that plays important 

roles in response to the dynamic metabolic and inflammatory environment49. AT immune cells 

are diverse, coming from different sources and having varying lifespans. These cells play crucial 

roles in maintaining the homeostatic functions of the AT, but also in driving the development 

and progression of metabolic disorders. While the subcutaneous AT (SAT) and visceral AT 

(VAT) have immune systems, the two vary slightly from each other, and the VATôs has been 

characterized more in-depth. 

1.2.1 Adipose tissue immune cells during homeostasis 

Myeloid cells are the most abundant AT immune cell, with ATMs being the most common50. 

ATMs are classified as resident or recruited. Resident ATMs are derived from fetal progenitors 

and seed into the AT during development, where they are sustained through local expansion51,52. 

Recruited ATMs are derived from bone marrow (BM) progenitors and are recruited into the AT 
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as monocytes in response to MCP-1 signaling53. During homeostasis, most ATMs are resident, 

and display an alternatively activated, ñM2-likeò, anti-inflammatory phenotype, marked by the 

expression of the proteins CD206, CD301, arginase 1, IL-10, the IL-1 receptor antagonist, and 

transforming growth factor beta (TGFb)54. They have a variety of functions that contribute to 

normal AT function, including maintaining adipocyte turnover by phagocytizing cellular debris 

and dying adipocytes, as well as inhibiting the differentiation of adipocyte progenitors55. 

Additionally, ATMs contribute to the management of systemic lipid levels by aiding in the 

release of free fatty acids into the circulation. 

 Besides ATMs, there is a population of conventional dendritic cells (cDCs) present in 

lean AT, though their role in AT function is still somewhat diffuse56,57. It is known that cDCs in 

the AT secrete IL-10, which maintains a localized anti-inflammatory environment58. Similarly, 

eosinophils are common in the lean AT and secrete anti-inflammatory cytokines such as IL-459. 

Neutrophils are also present in the lean AT, though in relatively low frequencies, and their 

function in homeostatic AT function is unknown60. 

  Lymphoid cells are also present in the AT, and similarly to resident ATMs, are seeded 

early in life, are self-propagating, and help maintain normal function of the tissue. Innate 

lymphoid cells (ILCs) are populous in the AT, and in the lean state help maintain an anti-

inflammatory environment by recruiting eosinophils61,62. Additionally, invariant natural killer T 

(NKT) cells are enriched in lean AT and secrete IL-4 and IL-1063. Regulatory, CD4+ T cells 

(Tregs) are the major population of T cells present in the lean AT and help restrain inflammation. 

AT Tregs are singular compared to other Treg populations in that they display a unique 

transcriptional and cytokine profile due to their interaction with lipids in the AT environment64. 
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Tregs are crucial for maintaining AT insulin sensitivity, as depletion or inhibition of them leads 

to exacerbated insulin resistance during obesity65. 

 Overall, the lean AT is enriched in a variety of anti-inflammatory immune cells that are 

seeded there early in development, establish residency in the tissue, and play critical roles in 

maintaining tissue homeostasis and function. These cells display dynamic responses to the ever-

changing milieu of inflammatory and metabolic challenges experiences by the AT, which, in 

general, protects the tissue from injury, but can be maladapted in certain circumstances to instead 

drive chronic disease. 

1.2.2 Alterations to the adipose tissue immune system induced by obesity 

The AT immune environment displays dramatic, widespread changes during the development of 

obesity. The number of immune cells expands greatly during obesity, due to localized 

inflammation that is established as the AT expands. Specifically, myeloid cells expand in the AT 

at the expense of reduced lymphoid frequencies. The accumulation of immune cells in the AT 

during obesity further amplifies localized inflammation, which dysregulates the tissue and leads 

to the development of systemic metabolic syndrome. 

 The first cells to be recruited into the AT during obesity development are neutrophils. In 

high-fat diet (HFD)-driven models of obesity in mice (also known as diet-induced obesity or 

DIO), neutrophils begin to accumulate in the AT within 3 days of starting the diet66. The 

frequency of neutrophils in the AT rises rapidly during the onset of HFD feeding, then plateaus 

after around 7 days. Interestingly, this initial wave of neutrophils in the AT during early obesity 

development seems to pave the way for future alterations to the AT immune system, because 

depletion of neutrophils during early HFD precludes alterations to AT T cell populationsDespite 

neutrophils only living for a short amount of time, the increased frequency of neutrophils in the 
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AT is sustained through at least 11 weeks of HFD feeding, exemplifying how the AT constantly 

recruits immune cells during obesity19. Neutrophils that infiltrate into the inflamed AT contribute 

to the localized inflammation by secreting proinflammatory cytokines and proteases that affect 

the tissueôs function. For instance, neutrophils secrete neutrophil elastase in obese AT that 

degrades IRS-1 on adipocytes, contributing to insulin resistance and fibrosis19. In humans with 

obesity, the VAT becomes rife with neutrophils, and VAT neutrophil content is associated with 

increased Homeostatic Model Assessment for Insulin Resistance (HOMA-IR)67. The 

mechanisms driving the increased recruitment of neutrophils into the AT during obesity are 

unclear. The concentrations of neutrophil-related chemokines, such as CXCL1, CXCL2, 

CXCL5, and IL-8 (in humans) are increased in obese subjects, which may contribute to the 

mobilization of neutrophils in the circulation68-71. 

 ATMs are drastically altered during the development of obesity, which is evidenced by 

the large expansion of ATMs in obese AT18. The frequency of ATMs in obese AT increases due 

to increased proliferation, reduced exfiltration, and increased longevity of extant ATMs72. As the 

AT expands, the metabolic microenvironment changes, and resident ATMs respond to the 

diverse metabolic stimuli present and adopt a metabolically activated state, which includes 

increased expression of proinflammatory cytokines and chemokines73. Obese ATMs also 

increase their expression of fibrotic factors such as collagen Col3a1, indicating they deposit 

collagen into the tissue and contribute to fibrosis74. This shift in resident ATM phenotype is 

critical for the development of AT inflammation in obesity, as administration of agents such as 

IL-4 or IL-10 to obese mice improves insulin sensitivity by polarizing ATMs towards an anti-

inflammatory phenotype75,76. 
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 One major chemokine secreted by metabolically activated ATMs is MCP-1. MCP-1 

recruits BM-derived monocytes from the blood into the AT, where they differentiate into new 

ATMs53. Notably, hypertrophic adipocytes also secrete MCP-1, contributing to ATM 

recruitment51. This recruitment of new ATMs contributes to the expansion of the overall ATM 

pool. Recruited ATMs can be distinguished from resident ATMs based on their expression of 

CD11c, CCR2 (the receptor for MCP-1), and the toll-like receptor 4 (TLR4)54. Recruited ATMs 

cluster around senescent adipocytes in formations called crown-like structures (CLSs). 

Adipocytes become senescent during obesity due to genomic damage induced by metabolic 

stress and begin to secrete pro-inflammatory cytokines that attract ATMs77. CLS-associated 

ATMs become lipid laden, and highly express pro-inflammatory cytokines such as TNF-a and 

IL-6, contributing to localized inflammation and insulin resistance78. Ablation of BM-derived 

CD11c+ cells lead to improved insulin sensitivity, highlighting the detrimental effects of ATM 

recruitment during obesity56. 

 Natural killer (NK) cells also expand in the AT during obesity, although this is restricted 

to the VAT79. Obese adipocytes upregulate the natural triggering receptor 1 (NCR1), which 

recruits NK cells and promotes their expression of inflammatory factors such as TNF-a and 

interferon gamma (IFNg). AT NK cells contribute to the inflammatory polarization of ATMs and 

suppress anti-inflammatory ILC2 populations. Depletion or inhibition of NK cells leads to 

improved insulin sensitivity80. Mast cells are also increased in the obese AT, and contribute to 

localized inflammation and dysregulation of the extracellular matrix by secreting proteases81. 

 Conversely to the broad expansion of myeloid cells seen in obese AT, lymphoid cells are 

depleted. Immunosuppressive ILC2s and Tregs are lost in obese AT, which amplifies the pro-

inflammatory environment62,65. Despite the overall loss of lymphoid cells, the frequency of pro-
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inflammatory lymphoid cells increases in obese AT compared to the lean state. B cells expand in 

obese AT and promote inflammatory polarization of ATMs and T cells82. CD8+ effector T cells 

infiltrate the AT following the initial wave of neutrophils and before BM-derived ATMs begin to 

be recruited, suggesting an important role of these cells in initiating AT inflammation83. The 

population of CD4+ T cells in the AT shifts during obesity away from immunoregulatory Tregs 

to pro-inflammatory TH1 cells, which contributes to inflammation and insulin resistance84. 

 Collectively, there is a drastic shift in the AT immune system during obesity. While the 

lean AT is enriched for resident, immunosuppressive and regulatory immune cells, the obese AT 

is enriched for BM-derived and pro-inflammatory immune cells that drive tissue inflammation, 

fibrosis, and metabolic dysregulation. The processes that drive these shifts are complex and only 

partially understood, but deepening our understanding of why the AT immune system is altered 

by obesity could provide novel therapeutic strategies to target obesity-associated inflammation. 
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Figure 2: The adipose tissue immune system is altered by obesity. 

During homeostasis, the white adipose tissue immune compartment is enriched for anti-

inflammatory, resident, and regulatory immune cells that support adipocyte function and 

turnover, and normal angiogenesis. The adipose immune system is remodeled during obesity to 

favor the accumulation of pro-inflammatory, bone marrow-derived immune cells. ILC2: innate 

lymphoid cell type 2. Treg: T regulatory cell. cDC: conventional dendritic cell. ATM: adipose 

tissue macrophage. TH1: T helper 1 cell. NKT: natural killer T cell. NK: natural killer cell. 

 

1.2.3 Adipose tissue inflammation drives systemic inflammation and metabolic syndrome 

The AT is a focal point of the pathophysiology of obesity, since it undergoes a large amount of 

change to its morphology and function. Obesity is a systemic condition, however, and thus many 

other organs are also affected, including the liver, pancreas, stomach, intestine, muscle, and 

central nervous system1. The dysregulation of each individual organ contributes to the overall 
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pathology of the disease; however, there is evidence that the AT is a central effector, and AT 

inflammation is important for driving alterations to other organs. 

 This claim is supported by several studies reporting that alleviating AT inflammation 

leads to systemic improvements in metabolic outcomes. For example, depleting CD11c+ cells56, 

inhibiting TLR signaling85, or inhibiting ATM inflammatory signaling improves insulin 

sensitivity in obese mice86,87. The mechanisms connecting AT inflammation to systemic 

metabolic syndrome are not fully understood, but it is possible that the obese ATôs inability to 

maintain lipid homeostasis contributes. For example, increased circulating lipids in obese mice 

signals T cells to take on an inflammatory TH17 phenotype, which exacerbates atopic 

dermatitis88. Increased circulating lipids may also contribute to the development of 

cardiovascular plaques, which induces an inflammatory response7. 

 There are limitations to the hypothesis that AT inflammation drives systemic metabolic 

syndrome. For example, in humans, markers of AT inflammation do not necessarily correlate 

with markers of metabolic syndrome, suggesting that other factors may influence the two 

processes43. This is supported by clinical study findings that showed little obvious effect on 

metabolic outcomes when drugs neutralizing TNFa or IL-1b were used in patients with 

metabolic syndrome45,46,89,90. Finally, in humans with obesity that lose weight display 

improvements in insulin sensitivity, but markers of AT inflammation remain unchanged91,92. 

Similar findings have been reported in mouse models of weight loss as well93-95.  

Weight loss and its effects on AT inflammation will be discussed more in depth further 

on, but these findings suggest that there is not a clear, direct connection between AT 

inflammation and metabolic syndrome. Likely, other organs are involved in driving systemic 
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inflammation during obesity. The bone marrow, for example, is critical in regulating immune 

responses and is affected by obesity, making it an exciting target for study. 

  

1.3 Treating Obesity and Obesity-Associated Inflammation 

 It is anticipated that by 2030, the prevalence of adult obesity in the US will be 48.9%96, 

and national obesity-related costs will approach $200 billion annually97. On an individual level, 

besides the previously discussed connections to comorbidities, obesity is also associated with 

reduced quality of life, including increased pain, risk of mental health conditions, and reduced 

self image98. So, developing effective and lasting strategies for obesity treatment is a priority for 

upholding public health and improving the quality of life for patients. 

 Weight loss is the primary target for obesity care, as achieving moderate, sustained 

weight loss significantly reduces the probability of developing comorbidities such as type 2 

diabetes and cardiovascular disease. For example, 5% weight loss can reduce systolic and 

diastolic blood pressure among patients with obesity and hypertension; 5-10% weight loss may 

reduce hemoglobin A1c in patients with obesity and type 2 diabetes; and >15% weight loss is 

associated with lower rates of all-cause mortality and increased quality of life99. 

 There are many different strategies to achieve weight loss, and the specific regimen is 

often tailored to the unique needs of the individual. Generally, a combination of behavioral 

interventions, nutritional approaches, physical activity, antiobesity medications, and bariatric 

surgery are employed100. Each method yields various levels of weight loss and has different 

physiological effects on other organs, and thus continuous clinical care is important for 

surveilling the patient during treatment. 
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 As important as losing the weight is, maintaining the weight loss is also crucial for 

sustaining the health benefits101. Unfortunately, maintaining weight loss is difficult and many 

patients regain the weight without intensive clinical monitoring and treatment escalation102. 

During many weight loss interventions, patients experience a plateauing of their weight around 6 

months into treatment as the body undergoes metabolic and hormonal adaptations that lower 

their basal energy expenditure103. While the processes governing the bodyôs resistance to 

sustained weight loss are not fully understood, there are likely complex interactions between 

biology, behavior, and the environment that contribute. And, while weight loss does have effects 

on many metabolic outcomes that lead to beneficial health effects, certain adaptations to the 

body imprinted by obesity are resistant to weight loss and may contribute to weight regain. 

1.3.1 The effects of weight loss on obesity-associated inflammation 

Despite inflammation being a central hallmark of obesity and driving the development of related 

comorbidities, the effects of weight loss on obesity-associated inflammation are relatively 

unknown. The limited literature on this topic reports contradicting conclusions, which may be 

due to variations in weight loss interventions, patient demographics, and reporting strategies. 

 Most of the data on weight loss and inflammation relies on serum biomarkers of 

inflammation in patients before and after weight loss. There appears to be divergent effects on 

these biomarkers, depending on the study type, patient sample, and readout. For example, an 

early study reported that the concentration of TNF-a was reduced in the serum of patients with 

obesity that lost >10% body weight through a very-low-calorie diet (VLCD)104. However, a 

meta-analysis showed that patients that lose weight through bariatric surgery have no change in 

serum TNF-a concentrations105, and a more recent study found that 5% weight loss increased 

TNF expression in the SAT of patients with obesity106. Similarly, IL-6 and MCP-1 levels have 
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been reported to be depressed by weight loss regardless of method or sex107-110. Despite that, 

there still have been studies showing no effect of weight loss on serum concentrations of IL-6 or 

MCP-1106. Finally, blood IL-8 levels are consistently elevated or unchanged in patients with 

obesity that lose weight through VLCD or bariatric methods71,111. Overall, the effects of weight 

loss on serum biomarkers of inflammation are inconclusive and likely vary on a patient-to-

patient basis, making them difficult to interpret. Notably, though the use of antiobesity drugs is 

more prevalent than ever given the rise of glucagon-like peptide-1 (GLP-1) agonists, their effects 

on inflammatory markers are still being investigated. 

 Ideally, then, other markers of obesity-associated inflammation would also be 

investigated in weight loss trials, such as adipose tissue immune cell content. However, given the 

difficulty in obtaining adipose biopsies in patients undergoing non-surgical interventions, this 

sort of data is sparse. One study found that patients with obesity that lost 5-10% weight had no 

changes in expression of inflammatory genes in their SAT via biopsy106. This suggests that other 

organs may lower their secretion of inflammatory cytokines, but the WAT doesnôt, which may 

explain variations in serum concentrations of the proteins. Another study that analyzed ATM 

content in WAT biopsies of patients with obesity before and after bariatric surgery found no 

difference after one year of weight loss91. This indicates that immune cell populations in the 

WAT are resistant to weight loss, which may explain the sustained cytokine expression. 

Similarly, patients with obesity that lose weight through physical activity have no changes to 

WAT ATM content112. 

 Although the data in human weight loss is limited, mouse models of weight loss 

corroborate these findings. DIO mice that lose weight by eating a LFD do not have reduced 

WAT ATM content, even after 6 months of LFD feeding and returning to a lean weight91,113. 
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Additionally, ATMs isolated from obese mice that lost weight through a LFD are genetically 

similar to those isolated from obese mice in their expression of inflammatory markers, 

suggesting that ATMs may have an ñinflammatory memoryò that is refractory to weight 

loss93,113. Weight loss through caloric restriction in mice transiently increases ATM content, 

which gradually goes down, but ATM levels still remain elevated compared to lean mice after 

over a month of weight loss95. ATMs begin to proliferate at a higher rate than usual during 

weight loss, which may explain the sustainment of ATM content in the fat113. These findings 

indicate that the immune cell compartment of the WAT is refractory to the effects of weight loss 

and may continue to propagate inflammation. Overall, there is evidence that AT inflammation is 

resistant to the beneficial effects of weight loss, but more work needs to be done to confirm this 

observation in humans and determine the mechanisms driving it. 

1.3.2 The use of anti-inflammatory agents in obesity 

While weight loss is generally effective in reducing the development of comorbidities during 

obesity, given that it is difficult to sustain, and may not fully resolve obesity-associated 

inflammation, alternative anti-inflammatory strategies may also have beneficial effects in 

treating obesity. Generally, anti-inflammatory drug use may be considered in patients with 

obesity that do not respond to other interventions after six months and have chronic 

comorbidities induced by obesity114. Anti-inflammatory drugs may be used to treat comorbid 

conditions associated with obesity, such as cardiovascular disease, but a lack of long-term 

studies with large patient populations has limited the clinical usage of anti-inflammatory drugs 

specifically for obesity. 

 Studies in mice have suggested that anti-inflammatory agents have beneficial effects on 

obesity. For example, inhibition of CCR2 reduces monocyte recruitment into the WAT, lowering 
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ATM number and improving localized inflammation and insulin resistance53. Additionally, 

strategies to induce anti-inflammatory phenotypes in ATMs, such as dexamethasone or 

atorvastatin, also induce similar effects in the WAT and on metabolism115. However, despite 

abundant evidence from mouse studies indicating the beneficial effects of anti-inflammatory 

drugs, human studies does not necessarily corroborate these findings. For example, neutralization 

of TNF-a in obese mice increases insulin sensitivity32. However, TNF inhibition in patients with 

metabolic syndrome or diabetes did not improve insulin sensitivity45,89. Similarly, treating DIO 

mice with an IL-1b neutralizing antibody reduces insulin resistance116, but IL-1b inhibition in 

humans does not influence the development of diabetes46. It is worth noting, however, that these 

observations are taken from studies investigating the use of these drugs on obesity-related 

conditions, and analyses on their effects on obesity are secondary. Overall, preclinical studies 

suggest that anti-inflammatory agents may improve obesity outcomes, but a lack of clinical 

evidence limits this line of treatment in humans. 

 

1.4 The Bone Marrow and Hematopoiesis 

 The bone marrow (BM) is responsible for adult hematopoiesis, or the process of making 

new blood cells. The blood is unique in that it regenerates constantly to maintain homeostasis; 

thus, hematopoiesis is continuously operating to sustain the supply of new blood cells. The 

hematopoietic system is comprised of a hierarchy of stem and progenitor cells that give rise to all 

the hematopoietic lineages. At the top of the hierarchy are hematopoietic stem cells (HSCs) that 

typically reside in the quiescent state but can activate to self-renew and differentiate into a wide 

array of multipotent progenitors (MPPs)117. MPPs are relatively long-lived and can amplify, 

which allows them to generate the bulk of the daily demand for new cells118. MPPs are 



23 

 

multipotent but can have lineage biases that governs their typical output119. For instance, MPP2s 

favor megakaryocyte/erythroid output, MPP3s myeloid output, and MPP4s lymphoid output 

during homeostasis120,121. MPPs generate downstream progenitors that are lineage-committed, 

which can proliferate themselves or differentiate to generate mature blood cells122,123. 

 Historically, the hematopoietic lineage has been described as a stepwise process of 

lineage commitment decisions, leading to a succession of stable and discrete progenitor cells 

with increasingly restricted potency124. This model was based on the expression of cell surface 

protein on hematopoietic stem and progenitor cells (HSPCs), which identified the different 

populations. Recently, advances in single-cell transcriptional and epigenetic technologies have 

called this model into question125. Instead, we now appreciate that HSPCs are a heterogeneous 

population, with intrinsic and heritable qualities that inform their lineage biases and proliferation. 

In other words, although two HSPCs may express markers identifying them as MPP4s, the two 

may have divergent lineage biases and differentiation potential126. These findings support a more 

continuous differentiation model, wherein HSPCs have innate potentials to produce specific 

cells, and progenitor populations are transitional rather than discrete. 

 Hematopoiesis is a complex and highly adaptable process that is always responding to 

external signals. Since the blood is such a dynamic organ, the demand for specific cell types is 

constantly fluctuating. To meet these variable demands, the hematopoietic system has 

mechanisms that can amplify or suppress pathways127. These mechanisms allow the BM to 

rapidly respond to infections, injuries, or other inflammatory challenges. However, during 

certain disease states, especially those involving chronic inflammation, these mechanisms can be 

dysregulated and lead to altered systemic immune function. 
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1.4.1 Hematopoiesis during homeostasis 

In an adult human, approximately one trillion cells are produced by the BM on a daily basis128. 

During homeostasis, HSCs are predominantly in the quiescent stage of the cell cycle (G0)117. 

This protects the cells from replication stress, preserving the integrity of the organelles and DNA 

over long periods of time129. The pool of MPPs and other progenitors instead generate the bulk 

of daily blood cells during steady state118. In homeostasis, MPP4s are the most abundant MPP 

population, though the output of mature cells is generally balanced between the lineages119. 

Since hematopoiesis is such an energy intensive process, its steady state form is relatively 

dormant and slow producing. The system can, however, rapidly shift into an activated state that 

involves a slew of changes allowing it to amplify its production. 
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Figure 3: Steady state hematopoiesis favors balanced production of mature blood 

cells. 

During homeostasis, hematopoietic stem cells (HSCs) typically reside in the quiescent state and 

rarely cycle. Multipotent progenitors (MPPs) generate the bulk of blood cells, and coordinate 

their output to generate a balanced output of all mature blood cell types. GMP: granulocyte-

monocyte progenitor. CLP: common lymphoid progenitor. 
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1.4.2 Demand-responsive hematopoiesis and emergency myelopoiesis 

The hematopoietic system must be able to rapidly respond to physiological stressors to mount an 

immune response. This response is governed by a wide array of different mechanisms affecting 

different compartments of the system in various ways. HSPCs can directly sense and respond to 

certain signals, such as hormones130, bacterial signals131, and inflammatory cytokines132, which 

represents a simple pathway through which the BM can sense and respond to stressors. For 

example, HSPCs express TLR2 and TLR4, which allows them to sense endotoxins and increase 

production of pathogen-fighting myeloid cells133. HSPCs also express the IL-1 receptor, which 

promotes the production of myeloid cells in response to IL-1 signaling134. HSPCs binding 

various factors influences their proliferation and lineage bias, which induces a feedforward 

mechanism to alter the generation of blood cells according to the specific needs of the organism 

at that time. 

 Demand-adapted hematopoiesis can amplify the output of all lineages135,136. However, the 

generation of myeloid cells, or myelopoiesis, is best understood for its responsiveness to 

inflammatory signaling and potential to contribute to chronic inflammation and thus will be the 

focus here. 

 Emergency myelopoiesis (EM) describes the processes through which the hematopoietic 

system changes to rapidly amplify myeloid cell generation. Myeloid cells comprise most of the 

innate immune system and perform critical functions in frontline infection fighting, tissue repair, 

and priming the adaptive immune system. Conditions that cause depletion in the abundance of 

circulating myeloid cells, such as congenital neutropenia, increases the risk of opportunistic 

infection, highlighting the importance of maintaining a constant supply of myeloid cells from the 

BM137. During injury or infection, the demand for myeloid cells is increased beyond the 
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homeostatic level, as high amounts of neutrophils and monocytes are recruited to the site of 

inflammation. The BM can sense this and respond through a set of genetic and metabolic 

mechanisms comprising EM. In general, EM shifts the hematopoietic system towards the 

generation of myeloid progenitors and mature myeloid cells at the expense of other lineages128. 

EM has been observed in a wide variety of inflammatory conditions, and although additional 

mechanisms may be at play depending on the specific context, EM is generally comprised of the 

following: firstly, HSCs are sensitized to activation and begin to overproduce myeloid-biased 

MPP2 and MPP3 cells120. Secondly, a specific MPP3 subset that is self-reinforcing and secretory 

arises, that can generate myeloid cells through a direct mechanism bypassing the usual 

pathway138. Thirdly, the usually lymphoid-biased MPP4 population is rewired to favor myeloid 

output139. Finally, granulocyte-monocyte progenitors (GMPs) are triggered to initial a self-

renewal program that drives the formation of GMP clusters in the BM140. GMP clusters serve as 

the epicenter of myelopoiesis during EM, and thus GMP number can be used to approximate 

EM. 

 Most of the contexts that EM has been observed in have revealed that EM is strongly 

biased towards the production of neutrophils, or granulopoiesis124. Accordingly, neutrophils 

appear to be a key element in modulating EM responses, though this point will be discussed 

more in depth later. EM serves as a process that the BM can undergo to rapidly mount an innate 

immune response to an infection or injury, but since the process demands a high amount of 

energy and suppression of lymphopoiesis, there are consequences when EM pathways are 

engaged for prolonged amounts of time. This can be observed in cases of chronic inflammation, 

such as obesity. 
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1.4.3 Hematopoiesis during obesity 

Obesity is associated with an abnormal accumulation of myeloid cells in the circulation, the 

causes and effects of which were discussed in Chapter 1.2. While this association was observed 

for some time, it was only recently that the BM was studied for its role in contributing to obesity-

associated inflammation. 

 We now know that obesity is associated with widespread changes to the BM and 

hematopoietic system that are long-lived and drive chronic inflammation. In mouse models of 

obesity, the BM exhibits increased myelopoiesis and reduced lymphopoiesis141-147. This is 

associated with a reduction in the frequency of activated HSCs and an expansion in MPP3s and 

GMPs141,142. The observations of how obesity affects hematopoiesis mirror many of the 

characteristics of EM, suggesting that obesity may activate EM-like pathways in the BM despite 

the absence of acute infection or injury. Potentially, the BM is progressively driven to an EM-

like state through the pathogenesis of obesity, but the causes and effects of this, and how they 

differ from traditional EM scenarios, are still unknown. 

Additionally, the function of HSCs is impacted by obesity. Obese HSCs are unable to 

properly cycle between the quiescent and active state, leading to amplified proliferation when 

challenged with hematopoietic stress145. This effect is due to aberrant upregulation of Gfi1, 

which regulates HSC quiescence and renewal, due to the metabolic stress induced by obesity. 

Similarly, abnormally high blood lipid concentrations during obesity disrupt HSC TGF-b 

signaling, which affects the HSCôs ability to properly cycle in and out of quiescence148.  
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Figure 4: Obesity promotes an emergency myelopoiesis-like response in the bone 

marrow. 

During obesity, the bone marrow exhibits several pathways characteristic of emergency 

myelopoiesis. Hematopoietic stem cells (HSCs) accumulate in the activated state, and favor the 

production of myeloid-biased multipotent progenitors (MPPs). All MPPs are rewired to favor the 

production of granulocyte-monocyte progenitors (GMPs). GMPs adopt ectopic self-renewal and 
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proliferative phenotypes, resulting in the accumulation of GMP clusters, which produce large 

amounts of mature myeloid cells. The production of other blood cell types is reduced as an 

expense of the increased myelopoiesis. CLP: common lymphoid progenitor. 

 

 These findings indicate that metabolic stress, induced by AT dysfunction, dysregulates 

hematopoiesis. However, mechanistic data connecting metabolic inflammation to BM 

dysregulation during obesity is limited. Possibly, the increased concentrations of circulating 

proinflammatory cytokines that are observed in obesity may play a role in signaling to the BM. 

One study reported that AT inflammation, propagated by ATMs during obesity, was reported to 

directly promote myelopoiesis142. In obese mice, ATMs are activated by TLR4 signaling to 

secrete IL-1b, which can signal BM HSPCs through the IL-1 receptor to generate myeloid 

progenitors. Depletion of ATMs, knockout of myeloid TLR4, or whole-body knockout of IL-1r 

leads to resolution of myelopoiesis in obese mice, highlighting the importance of AT 

inflammation in driving BM dysregulation in obesity149. These findings are limited, however, by 

the fact that IL-1 has a very short half-life in plasma, thus the possibility of ATM-derived IL-1b 

being received by BM cells is unlikely150. This points to another myeloid-derived source of IL-

1b being important for this pathway, or that other mechanisms may be at play as well. 

 Experimental evidence directly connecting BM dysfunction to inflammation during 

obesity is again limited, but we can extrapolate based on what is known about myeloid cells 

during obesity. As discussed previously, myeloid cells accumulate in metabolic tissues and drive 

much of the metabolic inflammation observed in obesity. Neutrophils and monocytes infiltrate 

the AT, among other organs, in large numbers during obesity, so increased production of these 

cells by the BM implicates the BM in driving obesity-associated inflammation and metabolic 

syndrome31. In turn, AT inflammation signals to the BM to deregulate normal hematopoiesis142. 
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This establishes a feedforward inflammatory circuit between the two organs that may play a role 

in driving systemic inflammation and the development of obesity-associated comorbidities. 

Possibly, other factors contribute to this axis as well, such as lipids, adipokines, and other 

immune cells, but more work needs to be done to fully understand the processes governing this 

potential cycle. 

 

 

Figure 5: There is crosstalk between the bone marrow and adipose tissue during obesity 

that promotes dysfunction of both tissues. 

Experimental evidence supports an inflammatory axis between the bone marrow and adipose 

tissue during obesity. The bone marrow produces myeloid cells which fuel the inflammation and 

dysregulation of the adipose tissue. The adipose tissue, in turn, secretes factors that promote 

dysregulation of the bone marrow to favor myelopoiesis. 
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Another side effect of chronic myelopoiesis during obesity is that the BM begins to 

generate myeloid cells that differ from homeostatic myeloid cells. For example, neutrophils 

generated by obese BM are more likely to infiltrate into the lung, where they express abnormally 

high levels of genes associated with tumor metastasis143. Additionally, obese monocytes are 

enriched for antigen presentation and secrete factors such as CXCL2 that activate neutrophils to 

promote tumor metastasis146. This is driven by alterations to monocyte progenitors in the BM, 

which shift their production to favor the output of proinflammatory monocytes. These findings 

indicate that changes to the BM driven by obesity lead to systemic consequences that help drive 

the development of comorbidities, and thus understanding the mechanisms connecting obesity to 

BM dysfunction may help develop therapies to stop secondary disease progression in patients 

with obesity. 

Overall, obesity is associated with widespread changes to the BM. The mechanisms 

driving these changes are unclear, as well as the consequences for obesity-associated 

comorbidities. It is likely, though, that there is a connection between BM dysfunction and the 

chronic inflammation that is observed during obesity, which may be an attractive target for 

developing new therapeutic strategies to treat obesity. 

 

1.5 Neutrophils as Regulators of Hematopoiesis and Other Stem Cells 

 The BM is host to a variety of different cells that support its function. The 

microenvironment that surrounds HSCs in the BM, or the BM niche, consists of HSPCs, mature 

blood cells, blood vessels and their endothelium, nerves, bone cells, and mesenchymal stromal 

cells151. Different cell types occupy different areas of the niche, and crosstalk between specific 

cell types helps inform their behavior. For example, distinct populations of HSPCs are specially 
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localized to different regions of the BM, where they colocalize with different niche cells, which 

leads to heterogeneity in HSPC function152. HSC/niche crosstalk is important for the 

maintenance and function of hematopoiesis during homeostasis and stress, since these signals 

regulate HSC activation, quiescence, and differentiation153. 

 Classic niche cells, such as mesenchymal stromal cells and endothelial cells, are well 

appreciated for their multitude of functions in the BM for regulating hematopoiesis. 

Interestingly, though, there is evidence that mature hematopoietic cells can also have niche cell-

like functions in the BM. For example, mature megakaryocytes reside close to HSCs and 

promote their quiescence by secreting factors such as CXCL4 and TGF-b154. Megakaryocytes 

can also influence HSCs by promoting megakaryocyte-biased differentiation155. Additionally, 

mature macrophages in the BM regulate CXCL12 expression in other BM niche cells, which 

affects HSC mobilization156. BM macrophages also play an important role in promoting 

regeneration of HSCs after injury to the BM157. Neutrophils also play an important role in 

regulating HSPCs, and act as an important sensor connecting the BM to other organs during 

inflammatory states. 

1.5.1 Regulation of neutrophil migration out of the bone marrow 

Neutrophils are the most abundant type of mature hematopoietic cell in the BM, representing a 

reserve pool of cells that may be mobilized in response to inflammatory signaling158. As opposed 

to other immune cells, such as T lymphocytes, that are mainly regulated through maturation 

pathways outside of the BM, neutrophils are primarily regulated through their mobilization in 

and out of the BM159. Thus, regulation of neutrophil migration is a tightly regulated process; 

however, it can be disturbed by chronic inflammation to cause disruptions in the BM. 
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 Neutrophils express a variety of different chemokine receptors that influence their 

movement, and their expression of these receptors changes as they migrate through the body. In 

the BM, most neutrophils highly express CXCR4, which promotes their retention in the BM by 

binding CXCL12160. The concentration of CXCL12 is relatively high in the BM due to BM 

stromal cells secreting high volumes of it. Knocking out neutrophil Cxcr4 leads to increased 

neutrophil egress out of the BM and into the circulation161; alternatively, humans bearing gain-

of-function mutations in the CXCR4 gene exhibit blood neutropenia162. 

 At some point, neutrophils in the BM downregulate their expression of CXCR4 and 

instead begin to highly express CXCR1 and CXCR2. The processes driving this switch are not 

fully understood, but are necessary to generate a fully functional, ñmatureò neutrophil, as 

knockout of Cxcr2 leads to defective neutrophil function163. This switch is an important 

regulatory element in neutrophil migration, since the reduction in CXCR4 lowers the signal for 

neutrophils to remain in the BM, and the increased CXCR1/2 signaling promotes their migration 

into the circulation164. 

 CXCR1 and CXCR2 share the ligands CXCL1, CXCL2, CXCL5 and CXCL8 (also 

known as IL-8, which is only present in humans)165. These ligands potently induce neutrophil 

mobilization out of the BM. For example, intravenously injecting mice with CXCL2 causes 

neutrophils to accumulate in the blood after only 15 minutes166. Many different cell types can 

express these ligands to induce neutrophil accumulation in the local area. The expression of both 

Cxcl1 and Cxcl2 is upregulated by IL-1 signaling, through nuclear factor kappa-light-chain-

enhancer of B cells (NF-kb)167. Thus, localized inflammatory signals trigger neutrophil 

recruitment by inducing the release of neutrophil chemokines. 
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Figure 6: Neutrophil migration is regulated by CXCR receptors. 

CXCR2 and CXCR4 reciprocally regulate neutrophil migration. Immature neutrophils in the 

bone marrow highly express Cxcr4, which promotes their retention due to high concentrations of 

CXCL12 within the marrow. As neutrophils mature, they upregulate their expression of Cxcr1 

and Cxcr2, which promote their migration out of the bone when exposed to the ligands 

CXCL1/2/5. 

 

1.5.2 Neutrophil signaling to the hematopoietic system 

The discovery that neutrophils play important regulatory roles in the BM niche happened 

recently, and thus literature on how exactly they regulate hematopoiesis is limited. One study 

showed that after myeloablative injury, neutrophils secrete TNF-a into the BM niche, which 

promotes regeneration of the vasculature that promotes HPSC regeneration168. This demonstrated 

an indirect way through which neutrophils can regulate hematopoiesis. Other studies have shown 

that during inflammatory conditions, such as DIO, aging or cancer, BM neutrophils secrete IL-1 

into the BM niche147,169,170. This IL-1 can interact with stromal cells or directly on HSPCs to 

drive increased myelopoiesis, shining light on another mechanism neutrophils use to regulate 

hematopoiesis. 
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 Neutrophils can also directly signal to HSCs independently of cytokines. Specifically, 

there is a subset of neutrophils in the BM that highly express Hdc, which encodes the enzyme 

histidine decarboxylase, the enzyme responsible for the rate-limiting step in endogenous 

histamine synthesis171. These Hdc+ neutrophils are located closely to HSCs, and constitutively 

secrete histamine in the BM niche, leading to a relatively high local histamine concentration. A 

subset of HSCs that expresses very low levels of Hdc also expresses the histamine 2 receptor 

(H2R), and these cells have innate bias towards generating myeloid progenitors. Histamine 

binding to H2R on these HSCs promotes their quiescence, which effectively blunts myelopoiesis. 

Ablation of Hdc+ neutrophils, genetic deletion of H2R, or knockout of Hdc in mice leads to 

increased myelopoiesis due to reduced histamine signaling on HSCs, allowing them to activate 

and differentiate into myeloid progenitors. Alternatively, treatment of mice with the H2R agonist 

dimaprit suppresses myelopoiesis, even in inflammatory states. This histamine axis represents a 

direct mechanism through which neutrophils regulate myelopoiesis. 
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Figure 7: Hdc+ neutrophils suppress myelopoiesis by secreting histamine. 

A subset of neutrophils in the bone marrow highly express histidine decarboxylase (Hdc), which 

allows them to secrete histamine. Histamine signals hematopoietic stem cells (HSCs) to remain 

quiescent. Experimentally ablating Hdc+ neutrophils, knocking out Hdc, or knocking out the 

histamine 2 receptor (H2R) promotes HSC activation, which increases the production of myeloid 

progenitors. The H2R agonist dimaprit suppresses HSC activation even in the absence of 

endogenous histamine. 

 

1.5.3 Neutrophil density as a regulator of hematopoiesis 

Neutrophils have important regulatory roles in the BM niche through secreted factors, and the 

main way neutrophils are regulated in through their migration. Combining the two concepts, it is 

logical to hypothesize that neutrophil density in the BM may have some effect on hematopoiesis. 

The first hypothesis of a neutrophil ñdensity-dependentò mechanism of hematopoietic regulation 
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arose from a 2010 paper, where authors showed that infecting mice with various bacteria causes 

neutrophils to migrate out of the BM, and that is correlated to increased HSC activation172. 

Another paper showed that depletion of BM neutrophils, either by inducing their mobilization 

out of the BM via alum injection or anti-Gr-1 antibody treatment, leads to increased proliferation 

of HSPCs173. Neutrophil depletion in the BM leads to increased GM-CSF production, which 

induces myeloid-biased HSPC proliferation and differentiation. Similarly, another group showed 

that short-term depletion of neutrophils using an anti-Ly6G antibody led to formation of GMP 

clusters, indicative of EM being activated140. Finally, a more recent publication reported that 

treating mice with anti-Ly6G and anti-rat kappa light chain antibodies depletes neutrophils more 

robustly than other methods, and this method leads to increased BM production of neutrophils 

specifically174. 

 Together, these findings suggest that the BM can somehow sense the density of 

neutrophils in it and upregulates granulopoiesis when its neutrophil stores are depleted. How 

exactly the BM can sense its neutrophil content, however, is still unclear. Potentially, the 

concentration of a neutrophil-derived factor, such as histamine, plays an important role. 

Although the data is limited, this density-dependent regulation of myelopoiesis could be 

implicated in driving myelopoiesis during states of chronic inflammation, where neutrophils are 

consistently being recruited out of the BM, like obesity. 

1.5.4 Neutrophils as Regulators of the Intestinal Stem Cell Niche 

Note: content from this subchapter is taken from a manuscript I am co-first author on published 

in Cellular and Molecular Gastroenterology and Hepatology in 2024175. Since the findings from 

this paper are tangential to the rest of my dissertation, I have decided to summarize them here 

rather than including them in the results section.  
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The hypothesis that neutrophils may act as regulators of the BM niche is supported by the 

findings that neutrophils regulate other stem cell niches. Specifically, in my previously published 

work, I describe the role of neutrophils in regulating the intestinal stem cell (ISC) niche during 

intestinal regeneration. 

 Similarly to the BM, epithelial tissues such as the skin or intestine undergo constant 

stress and injury and must continuously regenerate to maintain proper barrier function. 

Compromise of the intestinal barrier leads to penetration of numerous microbial products from 

commensal bacteria, such as LPS, which affects tissues locally and systemically. LPS exposure 

generally is considered harmful, so regeneration of the epithelium is tightly regulated to limit 

endotoxin exposure and maintain proper healing after injury without excessive growth176. In the 

intestine, epithelial regeneration relies on complex crosstalk between intestinal stem cells (ISCs), 

and surrounding niche cells, including endothelial cells, fibroblasts, and immune cells177. These 

niche cells produce several signals, including R-spondins, wingless-related integration site 

factors (Wnts), and epidermal growth factor (EGF) family ligands, that are essential for ISC 

maintenance and epithelial regeneration. 

 Myeloid cells have been shown to play essential roles in intestinal homeostasis and 

regeneration178. During injury, Ly6C+ monocytes accumulate rapidly in the intestine and 

integrate signals coming from gut microbes to the injured epithelium through TLR signaling. 

Infiltrating monocytes are an important source of Wnts that directly promote the proliferation of 

ISCs and other niche cells179. In addition to Wnt signaling, myeloid cells in the intestine also 

express Ptgs2 (the gene encoding the cyclooxygenase-2 [COX-2] enzyme), which catalyzes the 

rate-limiting step in producing prostaglandin E2 (PGE2)180. PGE2 is a bioactive lipid that 

mediates inflammatory signals through several different types of receptors, including the E-type 
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prostanoid receptors (EP). PGE2 promotes intestinal epithelium repair by expanding the pool of 

regenerative progenitor cells through prostaglandin E2 receptor 4 (EP4)-receptor signaling181.  

 Hdc+ neutrophils, while absent from the healthy intestine, play a vital role in regenerating 

the intestine after injury. After damage to the intestinal barrier, lymphatic vessels are exposed to 

microbial-derived signals from the gut lumen, which trigger their up-regulation of the chemokine 

Cxcl1. This in turn recruits Hdc+ neutrophils into the intestine in a CXCR2-dependent manner. 

Within the intestine, Hdc+ neutrophils support mucosal regeneration by secreting PGE2, which 

promotes regeneration of ISCs and activates lymphatic endothelial cells through EP4 and 

promotes their up-regulation of pro-regenerative factors175. 

 Given my previous findings in the intestine that neutrophils can act as regulators of stem 

cell niches, it is possible that they also play a role in the BM HSC niche, and their function may 

be disturbed by the inflammatory processes of obesity. 

 

 

Figure 8: Neutrophils regulate the intestinal stem cell niche during regeneration. 

After injury to the intestinal epithelium, commensal microbes and their products that reside in 

the lumen translocate into the submucosa. Lymphatic endothelial cells (LECs) sense microbial 
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signals and recruit Hdc+ neutrophils by secreting CXCL1. In the intestine, Hdc+ neutrophils 

secrete prostaglandin E2 (PGE2), which promotes regeneration of the epithelium by signaling 

LECs to secrete pro-regenerative factors. 

 

1.6 Summary and Remaining Questions 

 In summary, obesity is associated with chronic, systemic inflammation that drives the 

development of comorbid conditions such as cardiovascular disease and type 2 diabetes. One of 

the characteristics of this inflammation is an overabundance of myeloid cells, which accumulate 

in tissues and interfere with their normal function. The BM becomes dysregulated during obesity 

and increases its production of myeloid cells, which likely drives systemic inflammation. 

Obesity-associated inflammation and BM dysfunction are resistant to weight loss, which may 

contribute to difficulties in losing weight and eventual weight regain. Neutrophils may be key 

regulators of the BM HSC niche, and given that they accumulate outside of the BM during 

obesity, they may be dysregulated and drive obesity-associated myelopoiesis. 

 The goal of this dissertation is to connect these observations. For example, is increased 

myelopoiesis during obesity linked to increased inflammation? And, if so, can BM dysfunction 

be targeted to treat obesity-associated inflammation? Finally, do these changes to the BM last 

through weight loss, and can this contribute to sustained inflammation? Since neutrophils play an 

important role in driving inflammation and regulating BM myelopoiesis, investigating their 

movement during obesity may provide insight to these questions. 
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Chapter 2: Obesity Promotes Myelopoiesis Through Increased 

Neutrophil Recruitment Out of the Bone Marrow 
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The study presented here was originally designed and developed by me and Timothy C. Wang 

(T.C.W.). We received conceptual guidance from Anthony Ferrante (A.F.), Rudolph Leibel 

(R.L.), Oakley C. Olson (O.C.O.), and Emmanuelle Passegué (E.P.). The experiments were all 

performed by me, with assistance from O.C.O. and Hualong Zheng (H.Z.). H.Z. performed the 

fat pad transplantation procedures. I performed the analysis and created the figures. This chapter 

is part of a manuscript that I wrote with assistance and review from T.C.W., A.F., E.P., O.C.O., 

and R.L. The manuscript is currently in press at the Journal of Experimental Medicine. 
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2.1 Abstract 

Obesity is associated with an increase in the frequency of myeloid cells in the circulation, which 

infiltrate into metabolic tissues and drive inflammation. Obesity alters the bone marrow (BM) to 

promote myelopoiesis, which fuels the systemic accumulation of myeloid cells. Adipose tissue 

macrophages (ATMs) play an important role in promoting myelopoiesis during obesity, as 

depleting them leads to reduced BM myeloid output. However, how obesity affects 

hematopoietic stem and progenitor cells (HSPCs) to promote myelopoiesis remains unclear. 

Here, we present an in-depth overview of the changes to HSPCs during obesity. First, we show 

that diet-induced obesity (DIO) causes widespread transcriptional changes to HSPCs via single-

cell RNA sequencing (scRNA-seq). We then use both DIO and genetic obesity models to show 

that neutrophil density in the BM is a key regulator of myelopoiesis that is disrupted by obesity. 

These effects are driven by ATMs, which sense endotoxemia that is induced by obesogenic 

stimuli, then recruit neutrophils out of the bone marrow and into the white adipose tissue (WAT). 

These results provide a new insight into how obesity affects the BM to drive myelopoiesis. 
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2.2 Introduction  

 Obesity is associated with chronic inflammation that drives the development of 

comorbidities such as type 2 diabetes, cardiovascular disease, and cancer7. This inflammation is 

associated with increased myeloid cells in the blood142,182. Metabolic organs, such as the AT, 

become infiltrated with myeloid cells that promote localized inflammation and interfere with 

metabolism18,75,183. In the visceral AT (VAT), BM-derived monocytes accumulate and mature 

into inflammatory ATMs31,53 that secrete proinflammatory cytokines and promote 

fibrosis33,184,185. Neutrophils also accumulate in obese VAT, where they contribute to local 

inflammation19,66,67,186,187, but the processes that drive their recruitment are unclear. 

The BM hematopoietic system is responsible for generating all blood cells and can adjust 

its output to a wide range of stimuli124. A subset of hematopoietic stem cells (HSCs), marked by 

histidine decarboxylase (Hdc), is maintained in the quiescent state by histamine signaling 

through the histamine H2 receptor (H2R)171. Hdc+ HSCs are quiescent during homeostasis, but 

become activated during inflammation, favoring the production of myeloid cells. Hdc-expressing 

neutrophils are the main source of histamine in the BM and promote the quiescence of Hdc+ 

HSCs by constitutively secreting histamine. Acute inflammation leads to depletion of BM 

neutrophils through recruitment into the circulation, leading to increased activation of Hdc+ 

HSCs and subsequent myelopoiesis171. However, how this regulatory axis is affected by obesity 

and whether it contributes to inflammatory comorbidities is not well understood. 

During obesity, the BM adapts to favor myelopoiesis, which results in the accumulation 

of myeloid cells in the periphery141-147. Experimental evidence suggests that VAT inflammation 

drives myelopoiesis during obesity142, but studies connecting systemic inflammation to 

dysregulation of hematopoiesis remain limited. Here, we show that the density of neutrophils in 
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the BM is a key regulator of myelopoiesis and is disrupted during obesity. We show that 

obesogenic stimuli promote VAT ATMs to chronically recruit neutrophils out of the BM. The 

lowered density of neutrophils in the BM lowers the local concentration of histamine, which 

leads to activation of HSCs that favor the production of myeloid-biased progenitors. 

 

2.3 Results 

2.3.1 Hematopoietic progenitor cells become myeloid biased during obesity  

To define the changes to hematopoietic stem and progenitor cells (HSPCs) caused by obesity, we 

fed male mice a low-fat diet (LFD) or high-fat diet (HFD) for 24 weeks to model diet-induced 

obesity (DIO) (Fig. 9a-b). We then performed single-cell RNA sequencing (scRNA-seq) on 

Lineage-, Sca-1+, c-Kit+ (LSK) cells sorted from the bone marrow (BM). LSK cells consist of stem 

and progenitor subsets including HSCs and multipotent progenitors (MPPs)119. Unsupervised 

clustering of the data resulted in seven clusters, and we annotated the clusters based on established 

lineage-associated markers (Fig. 9c-d). We validated our lineage marker-based annotations using 

published gene signatures (Fig. 9e)125,188. We next analyzed the distribution of LSK clusters in 

LFD and HFD fed mice using a down-sampled density plot (Fig. 9f). In HFD mice, the HSC cluster 

was depleted, and the myeloid-biased MPP3 cluster was enriched, agreeing with previous 

reports141,142. We confirmed this by quantifying the relative abundance of each cluster (Fig. 9g). 

In line with our computational analyses, flow cytometric analysis of LSK populations showed a 

reduction in the frequency of long-term HSCs (LT-HSCs) and erythroid-biased MPP2s, and an 

increased frequency of short-term HSCs (ST-HSCs) and myeloid-biased MPP3s in HFD mice 

(Fig. 10a-b) 119. These results indicate that during DIO, HSCs are activated, and the frequency of 

myeloid-primed progenitors increases. 
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Figure 9: Single-cell transcriptomic characteristics of HSPCs from lean and obese 

mice. 
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a, Experimental design of 24-week feeding study. Littermate, male HdcGFP mice were randomly 

assigned to LFD or HFD group at 6 weeks of age, then were weighed weekly for 24 weeks (n=8 

mice per diet, pool of 2 experiments). b, Plot of weekly mass of mice on LFD or HFD. c, 

Uniform manifold approximation and projection (UMAP) of scRNA-seq data merged from 

30,000 sorted LSK cells of 2 LFD and 2 HFD mice from 2 independent experiments. d, Heatmap 

showing normalized expression of the top 6 variable genes for each cluster. e, UMAP showing 

the expression of HSC, MPP2, MPP3, MPP4, cycling, and ErP gene signatures from Gerber-

Ferder et al., 2023 and Tusi et al., 2018. f, Cell number-normalized density plots showing the cell 

repartition along the UMAP for each diet, with 1.0 representing the highest relative density. g, 

Quantification of the frequency of LFD and HFD-derived cells in each cluster. 

 

We then analyzed differentially expressed genes (DEGs) across the entire LSK 

compartment (Fig. 10c). Many HSC-related genes (Mllt3, Slamf1 and Pdzk1ip1) were 

downregulated in LSKs isolated from HFD mice. Notably, one of the genes downregulated in 

LSKs from HFD mice was Apoe, which has been shown to restrict HSC proliferation and myeloid 

differentiation189. Conversely, genes related to HSC activation (Cd34, Flt3 and Myc), stress 

response (Ramp1 and Hspa8), and myeloid differentiation (Elane, S100a9 and Csf3r) were 

upregulated in HFD LSKs. This indicates that LSK cells from HFD mice are primed towards 

activation and myeloid differentiation. We established a óDIO-associated signatureô comprising 

1,197 genes that were significantly upregulated in LSK cells from HFD mice. This gene signature 

was enriched in the MPP3 cluster, supporting the conclusion that genes upregulated in LSK cells 

from HFD mice are enriched in myeloid-lineage genes (Fig. 10d). 

When we compared the DEGs in HSCs from HFD mice to those of LFD mice, we found 

that they were enriched for genes involved in DNA damage response, positive regulation of cell 

cycling, and myeloid cell development (Fig. 10e). We hypothesized that HSCs from HFD mice 

divide more frequently. We confirmed this via flow cytometric analysis of nuclear gH2AX, 
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which marks DNA double-stranded breaks and is a readout for replication-associated DNA 

damage 190. LT-HSCs from HFD mice had increased gH2AX intensity compared to LT-HSCs 

from LFD mice, indicating a higher rate of DNA damage (Fig. 10f). To assess HSC activity, we 

used tetramethylrhodamine (TMRE), a fluorescent probe that marks active HSCs191. Flow 

cytometry showed that HFD mice had an increased frequency of TMREhi active LT-HSCs 

compared to LFD mice, confirming the increase in HSC activation during DIO (Fig. 10g). 
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Figure 10: HSPCs are transcriptionally biased towards activation and myeloid production 

during DIO.   

a, Representative FACS plots showing the gating strategy to define LSK subsets. b, Frequency 

of BM HSPC subsets among LSK cells by flow cytometry. c, Volcano plot showing DEGs 

between LFD and HFD LSK cells. d, UMAP showing the HFD gene signature in LSK cells. e, 

Selected gene ontology (GO) pathways that are enriched in HFD HSCs. f, Representative FACS 
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plots of LT-HSC nuclear g-H2AX staining (left) and quantification of the mean fluorescence 

intensity (MFI) (right). g, Representative FACS plots of LT-HSC TMRE staining, assessing 

mitochondrial membrane potential (left) and quantification of the percent of LT-HSCs that are 

TMRElo (quiescent) and TMREhi (active). Lines indicate mean value ± SEM. All P values are 

depicted and were obtained using a two-tailed Welchôs t-test (f and g) corrected for multiple 

comparison using the Benjamini, Krieger, and Yekutieli method (b). 

 

To confirm that the enrichment in myeloid lineage-related genes in HSCs from HFD-fed 

mice we observed was associated with increased myeloid potential, we sorted LT-HSCs from 

LFD and HFD mice and then cultured them in a media designed to promote myeloid 

differentiation (Fig. 11a) 188. After 7 days of culture, LT-HSCs from HFD mice expanded more 

than LT-HSCs from LFD mice (Fig. 11b). In addition, LT-HSCs from HFD mice produced a 

higher frequency and number of CD11b+/Ly6G+ neutrophils (Fig. 11c). Thus, taken together, 

these data indicate that LT-HSCs from DIO mice are primed towards increased activation and 

myeloid differentiation. 

 

 

Figure 11: LT -HSCs from DIO mice have heightened myeloid potential in vitro. 

a, Experimental design of in vitro LT-HSC myeloid differentiation experiment. A total of 1,000 

LT-HSCs were sorted from the BM of mice that ate LFD or HFD for 24 weeks, then were 

cultured for 7 days in serum-free expansion medium (SFEM) containing 25 ng ml-1 of stem cell 
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factor (SCF), IL-3, and granulocyte-macrophage colony-stimulating factor (GM-CSF). (n=8 

mice per diet, pool of 4 experiments). b, Quantification of the number of total live cells obtained 

after 7 days of LT-HSC differentiation. c, Frequency (left) and number (right) of CD11b+ Ly6G+ 

neutrophils after 7 days of LT-HSC differentiation. Each dot represents the average value 

obtained from 8-12 replicate wells containing cells from a single mouse. Lines indicate mean 

value ± SEM. All P values are depicted and were obtained using a two-tailed Welchôs t-test (b 

and c). 

 

2.3.2 Hematopoietic stem cells with myeloid potential expand during diet-induced obesity 

Since we observed changes that favor myeloid production in HSPCs from DIO mice, we 

hypothesized that DIO causes an expansion in HSCs that favor myelopoiesis. Hdc, the gene that 

encodes the enzyme histidine carboxylase, marks a population of HSCs that are highly quiescent 

under homeostasis, are activated during infection or aging, and generate mostly myeloid 

progenitors171. We placed HdcGFP reporter mice on LFD or HFD for 16 weeks to induce DIO (Fig. 

12a-b) and found that the frequency of HdcGFP+ HSCs (henceforth referred to as Hdc+ HSCs) was 

increased in DIO mice (Fig. 12c-d). Obese mice had reduced total BM cellularity, as previously 

reported (Fig. 12e)145. Despite this, HFD-fed mice still had an increased number of Hdc+ HSCs 

compared to LFD mice. There was an increased frequency of CD34+ Hdc+ HSCs in HFD mice, 

suggesting that the increase in Hdc+ HSC number in HFD mice is a consequence of their increased 

activation (Fig. 12f). We also found that Hdc+ HSCs from HFD mice had increased gH2AX 

intensity and ratio of TMREhi cells (Fig. 12g-h). 
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Figure 12: Myeloid-primed HSCs are activated during DIO.  

a, Experimental design of 16-week DIO study. Littermate, male HdcGFP mice were randomly 

assigned to LFD or HFD group at 6 weeks of age, then were weighed weekly for 16 weeks (n=16 
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mice per diet, pool of 4 experiments). b, Plot of weekly mass of mice on LFD or HFD. c, 

Representative FACS plots showing the gating strategy to define CD34+ (active) Hdc+ HSCs in 

the BM of LFD and HFD mice. d, FACS quantification of the frequency (left) and number 

(right) of Hdc+ HSCs isolated from the BM. e, FACS quantification of the total number of cells 

isolated from the femurs, tibiae, and pelvises of LFD and HFD mice. f, FACS quantification of 

the frequency of CD34+ (active) Hdc+ HSCs isolated from the BM. g, Representative FACS plot 

of Hdc+ HSC nuclear g-H2AX staining (left) and quantification of the mean fluorescence 

intensity (MFI) (right). h, Representative FACS plot of LT-HSC TMRE staining, assessing 

mitochondrial membrane potential (left) and quantification of the percent of HSCs that are 

TMRElo (quiescent) and TMREhi (active). Lines indicate mean value ± SEM. All P values are 

depicted and were obtained using a two-tailed Welchôs t-test (d-h). 

 

 In mice fed HFD, we found an increased frequency and number of granulocyte-monocyte 

progenitors (GMPs) in the BM, indicating increased myelopoiesis (Fig. 13a-b)140. HFD mice also 

had increased numbers of monocytes and neutrophils in the blood (Fig. 13c). To confirm that the 

increase in myeloid cells is due to the expansion of Hdc+ HSCs specifically, we performed lineage 

tracing using HdcCreERT; R26tdTomato reporter mice, which label progenies of Hdc+ HSCs (Fig. 

13d)192. Mice fed HFD had more tdTomato+ MPP3s, myeloid progenitors (MPs), and GMPs in the 

BM than LFD mice, confirming that differentiation of Hdc+ HSCs contributes to the increase in 

myelopoiesis during DIO (Fig. 13e). Additionally, we found that the number of tdTomato+ GMPs 

was increased in mice fed HFD compared to LFD mice, while the number of tdTomato- GMPs 

was comparable between the two groups (Fig. 13d). This suggests that the expansion of myeloid 

progenitors seen during obesity is primarily due to expansion of the Hdc+ myeloid lineage. During 

obesity, circulating BM-derived monocytes accumulate in metabolic tissues such as VAT, where 

they differentiate into ATMs that drive local inflammation and insulin resistance31. In HFD mice, 

we found that most circulating monocytes and CD11c+ BM-derived ATMs were tdTomato+, 
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indicating they originated from Hdc+ HSCs (Fig. 13g). These results indicate that the expansion 

of Hdc+ HSCs and their progeny drives increased myelopoiesis during obesity. 

 

Figure 13: The Hdc+ lineage of HSPCs drives myelopoiesis during DIO. 

a, Representative FACS plot showing the gating strategy to define myeloid progenitors in the 

BM. b, FACS quantification of the frequency (left) and number (right) of granulocyte-monocyte 

progenitors (GMPs) in the BM. c, FACS quantification of the number of monocytes (mono) and 

neutrophils (neu) in the blood. d, Experimental design of 16-week DIO lineage tracing study. 

Littermate, male HdcCreERT2 Rosa26tdTomato mice were randomly assigned to LFD or HFD group 

at 6 weeks of age, then gavaged with tamoxifen (TAM) at week 0 and week 4 (n=8 mice per 

diet, pool of 2 experiments). e, FACS quantification of the frequency of tdTomato+ cells out of 

BM myeloid progenitor subsets. f, FACS quantification of the number of tdTomato negative and 

positive GMPs in the BM. g, FACS quantification of the frequency of tdTomato+ cells out of 

blood cells. Lines indicate mean value ± SEM. All P values are depicted and were obtained using 

a two-tailed Welchôs t-test (b and c) corrected for multiple comparison using the Benjamini, 

Krieger, and Yekutieli method (e-g). 
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 The quiescence of Hdc+ HSCs is promoted by histamine binding to the histamine 2 receptor 

(H2R) on their cell membrane171. Most Hdc+ HSCs are positive for H2R, while most Hdc- HSCs 

are negative (Fig. 14a). HSC expression of Hrh2, which encodes H2R, was not affected by HFD 

feeding (Fig. 14b). Instead, we observed that mice fed a HFD had a reduced concentration of 

histamine in the BM compared to LFD mice (Fig. 14c). To confirm that activation of Hdc+ HSCs 

contributes to myelopoiesis during DIO, we treated DIO HdcGFP mice with the H2R agonist 

dimaprit (Fig. 14d). Hdc+ HSCs isolated from DIO mice treated with dimaprit showed reduced 

frequencies of TMREhi and CD34+ cells (Fig. 14e). This resulted in reduced GMPs in the BM (Fig. 

14f). Finally, dimaprit-treated DIO mice had fewer monocytes and neutrophils in the blood (Fig. 

14g). Together, these data show that activation of Hdc+ HSCs due to reduced BM histamine 

concentration during DIO promotes myelopoiesis. 

 

Figure 14: Reduced histamine signaling on Hdc+ HSCs drives myelopoiesis during 

DIO. 
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a, Representative FACS plots showing H2R staining of LT-HSCs from the BM. b, RT-qPCR 

analysis of the expression of Hrh2 in HSCs. c, ELISA quantification of the concentration of 

histamine in the BM supernatant. d, Experimental design of dimaprit study. Male HdcGFP mice 

that had been on HFD for 16 weeks were randomly assigned to receive vehicle or dimaprit 

intraperitoneally twice daily for 4 days (n=12 mice per group, pool of 3 experiments). e, FACS 

quantification of the frequency of TMREhi and CD34+ Hdc+ HSCs from the BM. f, FACS 

quantification of the number of GMPs in the BM. g, FACS quantification of the number of 

monocytes (mono) and neutrophils (neu) from the blood. Lines indicate the mean value ± SEM. 

All P values are depicted and were obtained using a two-tailed Welchôs t-test (b and c) corrected 

for multiple comparison using the Benjamini, Krieger and Yekutieli method (e-g). 

 

2.3.3 Neutrophil recruitment reduces the concentration of histamine in the bone marrow 

during obesity 

The major source of histamine in the BM niche is Hdc+ neutrophils, which highly express Hdc and 

constitutively secrete histamine171. Hdc+ neutrophils represent approximately 80% of the 

neutrophils in the BM and in the blood (Fig. 15a). 16 weeks of HFD feeding had no effect on the 

expression of Hdc by neutrophils in the BM (Fig. 15b). However, we found that mice fed HFD 

had decreased frequencies and numbers of Hdc+ neutrophils in the BM (Fig. 15c). Conversely, 

there was an increase in the frequency and number of Hdc+ neutrophils in the circulation, resulting 

in an increased concentration of histamine in the serum (Fig. 15d-e). We found that the abundance 

of Hdc- neutrophils was also decreased in the BM and increased in the circulation, suggesting that 

both populations are mobilized by obesity (Fig. 15f-g). Thus, during DIO, neutrophils are recruited 

out of the BM and into the circulation, reducing the local concentration of histamine in the BM, 

leading to the activation of Hdc+ HSCs and increased myelopoiesis.  
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Figure 15: Hdc+ neutrophils are depleted in the BM during DIO. 

a, Representative FACS plots showing the gating strategy for identifying Hdc+ neutrophils in the 

BM and blood from lean HdcGFP mice. b, RT-qPCR analysis of Hdc expression in BM Hdc+ 

neutrophils from mice on diet for 16 weeks. c, FACS quantification of the frequency (left) and 

number (right) of Hdc+ neutrophils in the BM of mice on diet for 16. d, FACS quantification of 

the number of Hdc+ neutrophils in the blood. e, ELISA quantification of the concentration of 

histamine in the serum. f, FACS quantification of the frequency (left) and number (right) of Hdc- 

neutrophils in the BM of mice on diet for 16 weeks. Lines indicate the mean value ± SEM. All P 

values are depicted and were obtained using a two-tailed Welchôs t-test (b-f). 
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2.3.4 Neutrophils are recruited by resident adipose tissue macrophages during early high-

fat diet feeding 

It has been reported that neutrophils accumulate in the white adipose tissue (WAT) during 

obesity19,66,67. We confirmed this and found that mice fed HFD had more Hdc+ neutrophils in the 

visceral gonadal WAT (gWAT) and subcutaneous inguinal WAT (iWAT) compared to LFD 

controls (Fig. 16a-b). In the gWAT, over 95% of neutrophils were HdcGFP+ (Fig. 16c). To 

determine how the gWAT recruits neutrophils during DIO, we analyzed previously published 

scRNA-seq data of the stromal vascular fraction (SVF) of gWAT from lean and DIO mice93. We 

found that the SVF from DIO mice had increased expression of the CXC motif chemokine ligand 

2 (Cxcl2), but not other genes related to neutrophil recruitment such as Cxcl1, Cxcl5, or Cxcl12 

(Fig. 16d). We also found that Cxcl2 is most highly expressed in ATMs, monocytes and 

neutrophils in the gWAT of DIO mice (Fig. 16e). We confirmed that the expression of Cxcl2 is 

increased in these cell types during DIO using quantitative PCR with reverse transcription (RT-

qPCR) (Fig. 16f). Additionally, we found that serum isolated from HFD mice had an increased 

concentration of CXCL2 (Fig. 16g). Finally, Hdc+ neutrophils isolated from the BM of HFD mice 

had increased expression of Cxcr1 and Cxcr2, which encode for the CXCL2 receptors CXCR1 and 

CXCR2, matching previous reports that BM neutrophils upregulate chemokine receptors during 

obesity (Fig. 16h)143.  
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Figure 16: Neutrophil recruitment into the gWAT is driven by ATM expression of 

Cxcl2. 

a, FACS quantification of the frequency number of Hdc+ neutrophils in the gonadal white 

adipose tissue (gWAT). b, FACS quantification of the number of Hdc+ neutrophils in the 

inguinal white adipose tissue (iWAT) of mice on diet for 16 weeks. c, Representative FACS plot 

showing the gating strategy for identifying Hdc+ neutrophils in the gWAT of HdcGFP mice. d 
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Reanalysis of scRNA-seq data from Cottam et al., 2022 dataset comprised of pooled stromal 

vascular cells isolated from the gWAT of lean and DIO mice. e, Reanalysis of scRNA-seq data 

from Cottam et al., 2022 dataset comprised of stromal vascular cells isolated from the gWAT of 

DIO mice. f, RT-qPCR analysis of relative expression in adipose tissue macrophages (ATM), 

monocytes (mono), mast cells (mast), and neutrophils (neu) in the gWAT stromal vascular 

fraction (SVF). g, ELISA quantification of serum CXCL2 concentration. h, RT-qPCR analysis of 

relative expression in BM Hdc+ neutrophils. Lines indicate the mean value ± SEM. All P values 

are depicted and were obtained using a two-tailed Welchôs t-test (a, b and g) corrected for 

multiple comparison using the Benjamini, Krieger and Yekutieli method (f and h). 

 

We then sought to determine when neutrophils begin to be recruited into the gWAT during 

HFD feeding. Hdc+ neutrophil number in the BM drops quickly within 4 weeks of starting a HFD, 

then continues to fall throughout 24 weeks of feeding (Fig 17a). Thus, we hypothesized that 

neutrophil recruitment out of the BM occurs quickly after starting HFD feeding. To test this, we 

fed male HdcGFP mice LFD or HFD for 14 days and then analyzed neutrophils at various time 

points (Fig. 17b). We found that Hdc+ neutrophils begin to accumulate in the gWAT within 12 

hours of beginning HFD feeding, and continue to accumulate until day 4, when their abundance 

begins to plateau (Fig. 17c-d). In the BM, the number of Hdc+ neutrophils begins to lower within 

4 days of HFD feeding, indicating that recruitment of these cells is initiated quickly (Fig. 17e).  At 

day 4, we observed fewer Hdc+ neutrophils in the BM and an increased percent of activated Hdc+ 

HSCs (Fig. 17f-g). Treating mice with the CXCR1 and CXCR2 (CXCR1/2) dual inhibitor SX-682 

during HFD feeding prevented neutrophil migration from the BM to the gWAT, and the activation 

of Hdc+ HSCs (Fig. 17c-g). In the gWAT, the expression of Cxcl2 from resident CD301+ 
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macrophages, but not monocytes, mast cells or neutrophils, was increased after 4 days of HFD 

feeding, supporting the role of resident ATMs in initiating this recruitment pathway (Fig. 17h).  

 

 

Figure 17: Hdc+ neutrophils are rapidly recruited into the gWAT upon exposure to 

HFD. 

a, FACS quantification of the kinetic number of Hdc+ neutrophils in the BM of HdcGFP mice 

fed LFD or HFD for 0/4/8/16/24 weeks. b, Experimental design of short-term feeding study. 

Littermate, male HdcGFP mice were randomly assigned to LFD, HFD, or HFD + SX682 group at 
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6 weeks of age for 4 days (n=12 mice per group, pool of 3 experiments). c, FACS quantification 

of the kinetic number of Hdc+ neutrophils in the gWAT of HdcGFP mice fed LFD or HFD for 

0/1/2/4/8/14 days. d, FACS quantification of the number of Hdc+ neutrophils in the gWAT at 

day 4. e, FACS quantification of the kinetic number of Hdc+ neutrophils in the BM of HdcGFP 

mice fed LFD or HFD for 0/1/2/4/8/14 days. f, FACS quantification of the number of Hdc+ 

neutrophils in the BM at day 4. g, FACS quantification of the frequency of CD34+ Hdc+ HSCs in 

the BM at day 4. h, RT-qPCR analysis of relative expression in immune cells in the gWAT. 

Lines indicate the mean value ± SEM. * denotes P value of less than 0.5 compared to LFD 

group. All P values are depicted and were obtained using a two-tailed Welchôs t-test corrected 

for multiple comparison using the Benjamini, Krieger and Yekutieli method (a and h), or a 

Brown-Forsythe and Welch ANOVA test with Dunnettôs T3 multiple comparisons (c-g). 

 

We next wanted to confirm the role of ATMs in recruiting neutrophils during HFD feeding. 

In support of this, previous studies have shown that depleting ATMs in obese mice results in 

neutropenia193. To test this ourselves, we depleted gWAT ATMs using clodronate liposomes 

(CLO) injected intraperitoneally, then fed the mice LFD or HFD (Fig. 18a). Intraperitoneal CLO 

treatment reduced gWAT ATM content for mice fed LFD or HFD (Fig. 18b). Mice that were 

pretreated with CLO then fed HFD had fewer Hdc+ neutrophils in the gWAT compared to PBS-

treated mice fed HFD, indicating that ATMs are necessary for neutrophil recruitment during HFD 

feeding (Fig. 18c). CLO-treated mice fed a HFD also had increased BM Hdc+ neutrophils, which 

was associated with reduced activation of Hdc+ HSCs (Fig. 18d-e).  

Although peritoneal delivery of CLO has high specificity for peritoneal 

macrophages194,195, we wanted to confirm that gWAT ATMs specifically are responsible for 

recruiting neutrophils. To test this, we first treated mice that were fed with LFD or HFD for 16 

weeks with CLO or PBS, then transplanted their gWAT into lean HdcGFP recipients (Fig. 18f). 

When we transplanted PBS-treated obese gWAT into lean recipients, we observed a higher 
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number of Hdc+ neutrophils infiltrating into the tissue compared to mice transplanted with lean 

gWAT (Fig. 18g). This was associated with more Hdc+ neutrophils in the blood and less in the 

BM, which led to increased Hdc+ HSC activation, GMP accumulation, and monocyte production 

(Fig. 18h-l). However, obese gWAT that was pretreated with CLO failed to recruit Hdc+ 

neutrophils in the lean recipient. This led to more Hdc+ neutrophils in the BM and reduced 

myelopoiesis (Fig. 18g-l). Collectively, these results indicate that upon initiating HFD feeding, 

ATMs begin to recruit BM neutrophils through CXCL2 secretion, which consequently leads to 

the activation of Hdc+ HSCs and increased myelopoiesis. 
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Figure 18: ATMs are necessary for recruitment of neutrophils into the gWAT 

during HFD feeding and DIO. 
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a, Experimental design of clodronate (CLO) study. Littermate, male HdcGFP mice were randomly 

assigned to receive an intraperitoneal injection of PBS or CLO, then 5 days later were fed LFD 

or HFD for 4 days. (n=8 mice per group, pool of 2 experiments). Relates to panels b-e. b, FACS 

quantification of the number of ATMs in the gWAT. c, FACS quantification of the number of 

Hdc+ neutrophils in the gWAT. d, FACS quantification of the number of Hdc+ neutrophils in the 

BM. e, FACS quantification of the frequency of CD34+ Hdc+ HSCs in the BM. f, Experimental 

design of fat pad transplantation (FPT) study. Male wildtype mice that had eaten LFD or HFD 

for 16 weeks were randomly assigned to receive an intraperitoneal injection of PBS or CLO, then 

5 days later their gWAT was isolated. The gWAT was then transplanted into lean HdcGFP 

recipients, that were fed chow for 14 days. (n=4 mice per group, pool of 2 experiments). Relates 

to panels g-l. g, FACS quantification of the number of Hdc+ neutrophils in the transplanted 

gWAT tissue 14 days after being transplanted into the recipient. h, FACS quantification of the 

number of Hdc+ neutrophils in the blood of the recipients. i, FACS quantification of the number 

of Hdc+ neutrophils in the BM of the recipients. j, FACS quantification of the frequency of 

CD34+ Hdc+ HSCs in the BM of the recipients. k, FACS quantification of the number of GMPs 

in the BM of the recipients. l, FACS quantification of the number of monocytes in the blood of 

the recipients. Lines indicate the mean value ± SEM. All P values are depicted and were 

obtained using a Brown-Forsythe and Welch ANOVA test with Dunnettôs T3 multiple 

comparisons (b, c, d, e, g, h, i, j, k and l). 

 

2.3.5 Endotoxemia promotes neutrophil recruitment into the WAT during HFD feeding 

We then wanted to determine how HFD triggers increased CXCL2 secretion by ATMs. 

Endotoxemia has been reported in both mice and humans with obesity23,196-198. In mice, HFD 

feeding causes accumulation of bacterial products, such as lipopolysaccharides (LPS), in the 

gWAT within 5 days of starting the diet67. LPS can act upon ATMs through the Toll-Like Receptor 

4 (TLR4) to promote their secretion of cytokines such as IL-10199, and cultured human adipose 

tissue organoids treated with LPS show increased expression of IL8 and CXCL267. To confirm this, 

we generated resident ATM-containing gWAT organoids from lean mice (Fig. 19a)200. Treating 



67 

 

these organoids with LPS, but not palmitic acid (PA) resulted in a higher concentration of CXCL2 

in the supernatant (Fig 19b). Organoids co-treated with LPS from Rhodobacter sphaeroides (LPS-

RS), which inhibits TLR4201, had reduced CXCL2 concentration in the supernatant, confirming 

that LPS-TLR4 interactions promote CXCL2 secretion by ATMs. Similarly, treatment of the 

organoids with serum isolated from mice fed a HFD for 16 weeks led to a higher concentration of 

CXCL2 in the supernatant compared to controls, but LPS-RS blocked this (Fig. 19c). 

In mice fed HFD for 4 days, we found an increased concentration of LPS Binding Protein 

(LBP) in the serum, indicating increased serum LPS compared to mice fed LFD (Fig. 19d). To 

test if gut microbial signals are important for triggering neutrophil recruitment into the gWAT 

during early HFD feeding, we treated mice with antibiotics to reduce their gut microbiota content 

prior to beginning the HFD (Fig. 19e-f). Antibiotic-treated mice fed a HFD had a lower serum 

LBP concentration compared to HFD controls after 4 days of feeding (Fig. 19g). This 

corresponded with reduced gWAT SVF Cxcl2 expression, fewer neutrophils in the gWAT, and 

more neutrophils in the BM (Fig. 19h-j ).  

Finally, we treated DIO mice with antibiotics to test if microbial signals are necessary for 

sustaining neutrophil recruitment into the gWAT during established obesity (Fig. 19k). Treating 

DIO mice with antibiotics for 4 days reduced the concentration of LBP in the serum (Fig. 19l). 

DIO mice treated with antibiotics also had reduced gWAT SVF expression of Cxcl2, fewer 

neutrophils in the gWAT, and more neutrophils in the BM than vehicle-treated DIO mice, which 

corresponded to a reduced percentage of activated Hdc+ HSCs (Fig. 19m-o). However, antibiotic 

treatment for 4 days was not sufficient to fully resolve any of these outcomes to that of a lean 

mouse. A longer antibiotic treatment may lead to full resolution, but it is also possible that other 

inflammatory signals that develop during obesity in the gWAT also promote ATM expression of 
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Cxcl2. For instance, IL-1b is abundant in obese AT and directly promotes Cxcl2 expression in 

macrophages 202,203. These results suggest that microbial signals promote initiation and, to a 

degree, sustainment of neutrophil recruitment during DIO. 
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Figure 19: Endotoxemia initiates neutrophil recruitment into the gWAT during 

HFD feeding. 

a, Experimental design of gWAT organoid study. The gWAT SVF was isolated from lean 

wildtype mice then differentiated into organoids. Formed organoids were then treated with 

vehicle, LPS, palmitic acid (PA) or serum ± TLR4i for 12 hours, then the supernatant was 

harvested (n=7 mice, each dot represents mean value of 12-20 technical replicates from 1 

mouse). Relates to panels b-c. b, ELISA quantification of the concentration of CXCL2 in the 

isolated supernatant. c, ELISA quantification of the concentration of CXCL2 in the isolated 

supernatant. d, ELISA quantification of serum LPS binding protein (LBP) in mice fed LFD or 

HFD for 4 days (n=12 mice per diet, pool of 3 experiments). e, Experimental design of short-

term antibiotic (ABX) treatment study (n=8 mice per diet, pool of 2 experiments). Relates to 

panels f-j . f, Quantification of fecal bacterial load. g, ELISA quantification of serum LBP. h, 

RT-qPCR analysis of relative expression of Cxcl2 in the stromal vascular fraction (SVF) isolated 

from the gWAT. i, FACS quantification of the number of Hdc+ neutrophils in the gWAT. j, 

FACS quantification of the number of Hdc+ neutrophils in the BM. k, Experimental design of 

antibiotic treatment on DIO mice study. Mice that had eaten LFD or HFD for 16 weeks were 

randomly selected to the vehicle or antibiotic (ABX) group (n=4 mice per group, pool of 2 

experiments). Relates to panels l-o. l, ELISA quantification of the concentration of LBP in the 

serum. m, RT-qPCR analysis of gWAT SVF expression of Cxcl2. n, FACS quantification of the 

number of Hdc+ neutrophils in the gWAT. o, FACS quantification of the number of Hdc+ 

neutrophils in the BM. Lines indicate the mean value ± SEM. All P values are depicted and were 

obtained using a Brown-Forsythe and Welch ANOVA test with Dunnettôs T3 multiple 

comparisons (b, c, f, g, h, i, j, l, m, n and o), or a two-tailed Welchôs t-test (d). 

 

2.4 Discussion 

We investigated the changes to the hematopoietic system caused by DIO, then explored 

how neutrophils contribute to these changes. Our analyses revealed that DIO alters the 

hematopoietic system to favor the production of myeloid progenitors, which leads to increased 

myeloid cell accumulation systemically. The recruitment of Hdc+ neutrophils plays a central role 



71 

 

in promoting a myeloid-favored environment in the BM, as their recruitment out of the BM niche 

promotes activation of HSCs that produce myeloid progenitors. We found that ATMs quickly 

recruit Hdc+ neutrophils when they are exposed to bacterial signals that increase in abundance 

shortly after exposure to HFD. Together, these results support an adipose-BM axis during obesity, 

wherein the adipose tissue senses endotoxins and signals the BM to mount an inflammatory 

response through myelopoiesis. 

2.4.1 DIO alters the frequency of hematopoietic stem and progenitor cells by altering their 

transcriptional landscape 

Previous publications have described a pronounced increase of myeloid progenitors in the BM in 

mouse models of obesity141,142,145, but the field lacked a detailed analysis of how obesity changes 

the hematopoietic system. We confirmed this observation in our model of DIO through scRNA-

seq and flow cytometry, and found that obese mice had reduced frequencies of long-term HSCs 

and erythroid-biased progenitors, along with increased frequencies of short-term HSCs and 

myeloid-biased progenitors. These findings mirror what is seen in emergency myelopoiesis, as 

the hematopoietic system increases its myeloid output at the expense of other lineages124. 

Exploring our scRNA-seq dataset further, we then analyzed how HSPCs from DIO mice differ 

from those from a lean mouse transcriptionally. We found that in DIO HSPCs, many genes 

related to HSC function were downregulated. This parallels previous findings that HSCs from 

obese mice have altered ability to properly cycle and maintain quiescence145,148. One notable 

gene that we found to be downregulated in DIO HSPCs is Apoe, which is involved in lipid 

transporting and metabolism. ApoE protein is abundant on the surface of HSPCs, and 

knockdown of Apoe causes increased myelopoiesis independently of diet189. This suggests that 
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one way HFD feeding disrupts hematopoiesis is by altering lipid metabolism on HSPCs, though 

we did not study this further here. 

Conversely, several genes related to HSC activation were upregulated in HSPCs isolated 

from DIO mice. This matches our observation that DIO mice had increased frequencies of short-

term, activated HSCs. Along with that, we found increased expression of stress response genes, 

indicative of increased activation and proliferation. Finally, we found increased expression of 

genes related to the myeloid lineage. This suggests that DIO transcriptionally rewires HSPCs to 

favor the myeloid lineage, which explains the increased frequency of myeloid progenitors. 

When we analyzed pathways upregulated in DIO HSPCs, one top hits was DNA damage 

response. DNA damage is an indicator of cell division, particularly in cells that are proliferating 

quickly or over a prolonged amount of time204. Nuclear staining for gH2AX confirmed that HSCs 

in particular have more DNA damage when isolated from DIO mice, further supporting the idea 

that DIO causes increased activation and replication of stem cells. 

2.4.2 DIO causes expansion of a myeloid-specific hematopoietic lineage marked by Hdc 

Given our observations that DIO mice had increased myeloid biasing in all HSPCs, and 

increased frequencies of myeloid progenitors, we hypothesized that DIO causes an expansion in 

specific HSCs that favor myelopoiesis. Our group had previously described a small population of 

HSCs that express Hdc. These Hdc+ HSCs cycle very slowly during homeostasis, but are 

activated by inflammatory signaling and produce almost exclusively myeloid progenitors171. We 

had previously shown that this lineage expands rapidly under acute forms of inflammation such 

as LPS challenge, but it was unknown how it responds to chronic inflammation like in obesity. 

We found that the Hdc+ lineage expanded greatly in DIO mice, and most myeloid progenitors in 

the BM were Hdc+. Accordingly, when we analyzed mature myeloid cells in the circulation and 
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peripheral tissues of DIO mice, most were also Hdc+, indicating that the expansion of the Hdc+ 

lineage in the BM gives rise to systemic myeloid burden during obesity. 

2.4.3 Neutrophil migration controls the expansion of the Hdc+ myeloid lineage 

We next asked what causes the Hdc+ lineage to expand during obesity. Our previous data 

suggested that Hdc+ neutrophils are a key regulator of Hdc+ HSCs and thus the Hdc+ lineage. 

This is because Hdc+ neutrophils highly express Hdc, far more than any other cell in the BM, and 

constitutively secrete histamine into the local area. Hdc+ HSCs express the histamine 2 receptor 

(H2R), and binding of histamine to H2R promotes the quiescence of the cell171. Thus, histamine 

coming from neutrophils suppresses the production of new neutrophils, creating a ñdensity-

dependentò model of regulation, wherein the density of neutrophils in the BM regulates the 

production of new neutrophils. 

We are not the only group who has reported data in support of a density dependent model 

of myelopoiesis. Antibody-mediated depletion of neutrophils induces the generation of myeloid 

progenitors independently of other inflammatory signals, supporting the central role of 

neutrophils in controlling myelopoeisis173,174. We had previously shown that specific deletion of 

Hdc+ neutrophils induces myelopoiesis as well171. Notably, though, evidence of this density 

dependent model was limited to experimental models of neutrophil ablation. Here, we show 

evidence that the physiological recruitment of neutrophils out of the BM has a direct effect on 

HSCs and myelopoiesis. We also confirm it in preclinical models of obesity and weight loss, 

demonstrating its implications in a disease of myeloid-driven chronic inflammation. Importantly, 

we show that the generation of monocytes is also tethered to neutrophil density in the BM, 

indicating that neutrophil recruitment is a central sensor of the BM for myelopoietic regulation. 
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2.4.4 The visceral fat triggers myelopoiesis by chronically recruiting neutrophils 

Here, we show that obesity causes a chronic state of neutrophil depletion in the BM, which then 

causes increased myelopoiesis. This is due to chronic recruitment of neutrophils by the adipose 

tissue, specifically the visceral adipose tissue. It has long been understood that the VAT becomes 

inflamed during obesity and accumulates myeloid cells at high numbers31. ATMs specifically 

have been well studied for their central role in driving obesity-associated inflammation, as 

depletion of ATMs leads to reduced metabolic inflammation in obese mice56. And, ATMs have 

also been shown to be necessary for increased myelopoiesis during obesity142.  

Our results support those previous findings but show a new mechanism through which 

ATMs drive inflammation during obesity: by recruiting neutrophils. ATMs recruit neutrophils 

into the fat rapidly after the mouse begins eating a HFD by secreting CXCL2, which makes 

sense given that neutrophils are often the first immune cell to be recruited to sites of 

inflammation. Other groups have already reported the quick recruitment of neutrophils into the 

fat during HFD feeding19,66,67. Once in the AT, neutrophils secrete a variety of different factors, 

including extracellular matrix remodeling proteases and inflammatory cytokines, contributing to 

the localized inflammation. Our data show that ATMs continuously recruit neutrophils from the 

onset of HFD feeding through chronic obesity, leading to consequences for both the local AT but 

also the BM. 

2.4.5 Endotoxemia triggers neutrophil recruitment into the fat 

Our data suggest that bacterial signals trigger ATMs to secrete CXCL2 to recruit neutrophils. 

Endotoxemia is a known hallmark of obesity, and potentially plays a role in the pathogenesis of 

obesity-associated comorbidities, though the evidence of a direct mechanism is limited22. How 

endotoxemia is developed during obesity is unclear. There are several studies showing that 
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exposure to a HFD causes endotoxemia in both humans and mice, possibly because dietary fat 

promotes the translocation of bacterial products through the intestinal barrier23,25,26,197. This may 

explain why we detected increased LBP in mice fed a HFD for only 4 days. However, we and 

others observed endotoxemia in db mice eating LFD205. This suggests that high dietary fat is not 

necessary to develop endotoxemia. Possibly, gut inflammation caused by obesity compromises the 

barrier function of the intestine. This is supported by studies showing that HFD feeding lowers the 

expression of tight junction proteins in the intestinal epithelium in mice and rats24,27. However, 

when human women with obesity were compared to lean controls, there was no difference in 

markers of gut integrity at baseline or after a high-fat meal206. Although endotoxemia is a well-

established effect of obesity, and is central to the mechanism we describe here, more work needs 

to be done to fully understand its development and significance for the pathology of obesity. 

2.4.6 Limitations of study 

Much of the work presented here is specifically on the Hdc+ lineage of HSPCs, which we show 

expands greatly during obesity and produces most of the mature myeloid cells in the circulation 

and peripheral tissues. It is important to note, though, that the Hdc- lineage must also be 

contributing to the pool of mature myeloid cells, because we also observed an expansion of Hdc- 

myeloid cells. How exactly the two lineages differ is unclear at this point. Hdc+ HSCs express 

H2R and are therefore responsive to histamine, while Hdc- HSCs do not, meaning that this 

specific regulatory loop we describe is exclusive to the Hdc+ lineage. Therefore, other 

mechanisms must be at play that govern the activation and expansion of the Hdc- lineage during 

obesity. Additionally, we show that virtually all (>95%) of the neutrophils that are recruited into 

the AT are Hdc+. This indicates that there is some preferential recruitment of the Hdc+ 

neutrophils into the fat, while Hdc- neutrophils are likely recruited elsewhere, but why this 
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happens is unknown since both populations express Cxcr1 and Cxcr2. More work needs to be 

done to better understand the divergent regulation of both lineages, and the significance of why 

certain myeloid progenitors express Hdc while others do not. 

2.4.7 Summary and future questions 

By analyzing HSPCs and neutrophils in the BM and VAT, we uncovered mechanisms through 

which obesity alters the hematopoietic system. HSPCs are changed transcriptionally by obesity, 

which alters their normal function and causes them to favor the myeloid lineage. Associated with 

that is the expansion of the Hdc+ lineage, which is myeloid biased and produces mature myeloid 

cells that accumulate in the circulation. Hdc+ neutrophils regulate this process, and they are 

continuously recruited out of the BM by VAT ATMs that sense endotoxins and secrete CXCL1. 

This VAT/BM axis is established early on in HFD feeding, prior to the development of obesity, 

and persists throughout chronic obesity. 

Future work will seek to further flesh out how endotoxemia is established by HFD 

feeding and/or obesity itself. Currently, there is limited mechanistic evidence connecting obesity 

to endotoxemia, although the two are observationally linked. Since endotoxemia appears to be 

the triggering step in the pathway we describe here, better understanding how it happens will 

increase our understanding of neutrophil movements induced by diet and metabolism. 

Additionally, further work will seek to better understand the differences between the Hdc+ and 

Hdc- lineages, for both BM progenitor and mature cells. As of now, our understanding of these 

two lineages is based purely on their expression of Hdc, but there must be other differences since 

the two respond differently to obesity. Understanding the molecular distinctions between the two 

may lead to more sophisticated ways of targeting specific cells for therapeutic purposes in 

obesity. 
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Chapter 3: Weight Loss Does Not Resolve Obesity-Induced 

Neutrophil Recruitment or Myelopoiesis 
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3.1 Abstract 

Weight loss is the primary treatment for obesity because it reduces the risk of developing 

comorbid chronic diseases. However, maintaining weight loss is difficult for many patients, and 

weight regain is common. There is evidence that adipose tissue (AT) inflammation, which is 

driven by dysregulation of the bone marrow (BM) during obesity, persists after weight loss. This 

may contribute to weight regain, since the AT is a central regulator of energy balance. Here, we 

investigate how alterations to the BM induced by obesity are affected by weight loss. We use a 

variety of different murine models of weight loss to best represent the often-multimodal nature of 

weight loss in humans, and analyze blood samples from human patients with obesity before and 

after losing weight. In mice, weight loss is insufficient to resolve the alterations to the BM 

induced by obesity, leading to sustained BM dysfunction in previously obese mice. This 

continued BM dysfunction leads to sustained AT inflammation. In humans with obesity, plasma 

neutrophil chemokines are increased, correlate with increased insulin resistance, but do not 

decrease with weight loss. Our results show that changes to the BM induced by obesity are 

refractory to weight loss, and thus therapeutic approaches to resolve BM dysfunction may 

synergize with weight loss to better improve metabolic outcomes. 
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3.2 Introduction 

Individuals with obesity are at an increased risk for developing chronic conditions such 

as type 2 diabetes, cardiovascular diseases, and certain types of cancer7, which can greatly affect 

quality of life and mental health98. Losing weight is often the main goal of obesity care, as 

weight loss can improve overall health and reduce the chance of developing comorbidities207. 

Official guidelines recommend achieving weight loss of 5-10% to yield clinically significant 

improvements in health outcomes208. Weight loss can be achieved through a variety of different 

methods, including dieting, exercise, surgery, or drugs, with many people using a combination of 

methods. However, individuals with obesity often have difficulties maintaining weight loss, and 

up to 50% of the lost weight through lifestyle interventions is regained within one year209. In 

individuals that lost weight using glucagon-like peptide-1 (GLP-1) agonists, withdrawal of the 

drug lead to regain of most or all the weight210. 

Obesity is associated with alterations to the BM hematopoietic system that favor the production 

of inflammatory myeloid cells, or myelopoiesis141-147. These myeloid cells infiltrate into 

metabolic tissues such as the AT, where they interfere with metabolic processes to drive 

metabolic dysfunction. As described in Chapter 2, we have shown that neutrophil migration out 

of the BM and into the visceral AT (VAT) is a central driver of obesity-associated myelopoiesis 

and the resulting inflammation. Although weight loss is associated with improvements in insulin 

sensitivity211, there is evidence that AT inflammation persists after weight loss. In a clinical trial 

investigating the effects of moderate (approximately 5%) weight loss in humans with obesity, 

weight loss had no effect on markers of AT inflammation106. In mice, even after previously 

obese mice returned to normal weight after 8 weeks of weight loss through dieting, the content of 

adipose tissue macrophages (ATMs), a marker of AT inflammation, remained elevated113. 
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Additionally, sequencing of ATMs in mice that lost weight revealed that weight loss does not 

affect their expression of inflammatory cytokines93. 

The effects of weight loss on the BM are unclear. In a diet-induced obesity (DIO) mouse model, 

mice that lost weight through a low-fat diet (LFD) had fewer myeloid cells in the circulation 

compared to obese controls142, which would suggest resolution of obesity-associated 

myelopoiesis. However, in a similar model of weight loss in DIO mice, the frequency of myeloid 

progenitors in the BM remained elevated in mice that lost weight, which indicates that changes 

to the BM caused by obesity are resistant to weight loss141,145. How neutrophil migration changes 

with weight loss is unknown. Here, we investigate how a variety of different weight loss 

modalities affect obesity-associated myelopoiesis in mice, and how these effects alter 

inflammatory and metabolic markers. We show that different weight loss modalities have 

differing effects on the BM, but overall weight loss has minimal effects on resolving obesity-

associated myelopoiesis. We also analyze blood samples from humans with obesity before and 

after losing weight, and show that markers of neutrophil recruitment are resistant to weight loss. 

 

3.3 Results 

3.3.1 Models of murine weight loss 

Weight loss is the primary treatment for obesity because it reduces the risk of developing comorbid 

chronic diseases212. However, there is evidence that AT inflammation persists after weight loss in 

both mice and humans106,113. Placing DIO mice on LFD (diet switch) is a commonly used model 

to study weight loss. However, in humans, low-fat diets are rarely effective in achieving significant 

and sustained weight loss209,213. In addition, weight loss strategies in patients with obesity are often 

multi-modal. Bariatric surgery and weight loss drugs such as glucagon-like peptide 1 (GLP-1) 
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agonists are currently common weight loss methods for patients with obesity214,215, but their effects 

on the hematopoietic system are unknown. To explore this, we placed DIO mice on one of four 

weight loss interventions: diet switch (DS), semaglutide (sema), sleeve gastrectomy (SG), or 

caloric restriction (CR) (Fig. 20a). In all cases, the mice lost approximately 20-26% of their initial 

weight compared to their respective controls (Fig. 20b).  

 

 

Figure 20: Mouse models of weight loss. 

a, Experimental design of weight loss study. Littermate HdcGFP mice were fed HFD for 16 

weeks, then randomly assigned to a weight loss intervention or appropriate control (n=8 mice per 

diet, pool of 2 experiments). b, Table outlining the weight loss interventions, their controls, and 

their average weight loss compares to control (mean ± s.d.). 

 

3.3.2 Diet switching partially reverses the effects of DIO on the BM by resolving 

endotoxemia 

DS-treated mice had increased BM cellularity compared to controls, but mice that lost weight 

through other means did not (Fig. 21a). Mice that lost weight via DS had more Hdc+ neutrophils 

in the BM compared to controls, which corresponded to an increase in BM histamine (Fig. 21b-

c). This was associated with a reduced percent of activated Hdc+ HSCs and number of GMPs in 
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the BM (Fig. 21d-e). Additionally, fewer Hdc+ HSCs from DS mice were TMREhi (Fig. 21f). DS 

mice also showed reduced Hdc+ neutrophils and monocytes in the blood, as well as reduced 

neutrophil and ATM content in the gWAT (Fig. 21a-d). Within the gWAT ATMs of DS mice, 

there was a reduced percentage of BM-derived ATMs compared to controls, and the SVF 

expression of the monocyte recruitment chemokine Ccl2 was decreased (Fig. 21e-f). We found 

that DS mice also had lowered Cxcl2 expression by the gWAT and reduced concentration of LBP 

in the serum (Fig. 21g-h). These data show that in the DIO model, removal of the obesogenic diet 

causes partial reversal of neutrophil recruitment into the gWAT and resulting myelopoiesis. 

 

Figure 21: Modality of weight loss induces varying effects on the BM. 

a, FACS quantification of the total number of cells isolated from the femurs, tibiae, and pelvises. 

b, FACS quantification of the number of Hdc+ neutrophils in the BM. c, ELISA quantification of 

the concentration of histamine in the BM. d, FACS quantification of the frequency of CD34+ 

Hdc+ HSCs in the BM. e, FACS quantification of the number of GMPs in the BM. f, FACS 
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quantification of the frequency of TMREhi (active) Hdc+ HSCs. Lines indicate the mean value ± 

SEM. All P values are depicted and were obtained using a two-tailed Welchôs t-test comparing 

weight loss intervention to its control (a-f). 

 

3.3.3 Weight loss via semaglutide, sleeve gastrectomy, or caloric restriction has no effect on 

BM myelopoiesis 

Mice that lost weight via semaglutide, SG, or CR had no change to the number of Hdc+ neutrophils, 

BM histamine, percent of activated Hdc+ HSCs, or number of GMPs in the BM compared to their 

respective controls (Fig. 20a-e). These mice also had no change to percent of Hdc+ HSCs that were 

TMREhi (Fig. 20f). Similarly, there were no differences in the number of Hdc+ neutrophils in the 

blood and gWAT of semaglutide, SG or CR mice compared to their respective controls, due to no 

reduction in the concentration of LBP, as well as gWAT expression of Cxcl2 (Fig. 21a, c, g-h). 

Interestingly, semaglutide, SG, and CR-treated mice did have reduced numbers of monocytes in 

the blood and ATMs in the gWAT (Fig. 21b, d). However, there was no difference in the 

percentage of ATMs that were BM-derived compared to controls, and the gWAT SVF expression 

of Ccl2 was not changed (Fig. 21e-f). These findings indicate that weight loss alone is not 

sufficient in resolving the increased myelopoiesis induced by neutrophil recruitment during 

obesity, and different weight loss modalities have divergent effects on this pathway. 
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Figure 22: Modality of weight loss induces varying effects on circulating myeloid 

cells and gWAT inflammation. 

a, FACS quantification of the number of Hdc+ neutrophils in the blood. b, FACS quantification 

of the number of monocytes in the blood. c, FACS quantification of the number of Hdc+ 

neutrophils in the gWAT. d, FACS quantification of the number of total ATMs in the gWAT. e, 

FACS quantification of the frequency of CD11c+ ATMs out of all ATMs in the gWAT. f, RT-

qPCR analysis of Ccl2 expression in the gWAT SVF. g, RT-qPCR analysis of Cxcl2 expression 

in the gWAT SVF. h, ELISA quantification of the concentration of LBP in the serum. Lines 

indicate the mean value ± SEM. All P values are depicted and were obtained using a two-tailed 

Welchôs t-test comparing weight loss intervention to its control (a-h). 
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3.3.4 Neutrophil chemokines correlate with insulin resistance in humans and do not 

decrease with weight loss 

It has previously been shown that the concentration of CXCL2 and IL-8 is elevated in the serum 

of humans with obesity68,216, and neutrophil counts are elevated in the blood186. We confirmed the 

elevated concentrations of CXCL2 and IL-8 in the plasma of patients with obesity and found that 

there was an increased circulating concentration of histamine compared to lean controls, 

suggesting an increase in Hdc+ neutrophils in the blood (Fig. 22a-c). When we compared the 

plasma concentration of these biomarkers to the subjectsô homeostatic model assessment for 

insulin resistance (HOMA-IR), we found that it was elevated in the patients with obesity compared 

to controls (1.0 ± .61 in lean vs 5.03 ± 3.47 in obese). We found significant positive correlations 

between HOMA-IR and plasma concentrations of CXCL2 and IL-8 (Fig. 22d-f). These data 

suggest neutrophil recruitment may contribute to insulin resistance in people with obesity. 

We then measured the levels of these biomarkers in patients with obesity who lost approximately 

15% of their body weight through 12 weeks of a low-calorie diet (LCD) intervention. Only some 

patients had reduced plasma concentrations of CXCL2, IL-8 and histamine, with others having 

unchanged or even increased concentrations (Fig 22g-i). This mirrors previous findings showing 

variability in blood IL-8 concentrations in humans who lost weight71,111,217,218. We then compared 

changes in blood CXCL2 and IL-8 concentrations to changes in weight in these patients and found 

no correlation (Fig. 22j -k). These results show that in human patients, neutrophil recruitment 

chemokines are correlated with insulin resistance, and weight loss through a LCD is not sufficient 

to reduce them. 
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Figure 23: Human obesity is associated with increased neutrophil chemokines in the 

blood, and weight loss does not lower them. 

a, ELISA quantification of the concentration of CXCL2 in the plasma of lean controls (BMI<25 

kg/m2) and patients with obesity (BMIÓ30 kg/m2) (n=12 lean, 14 obese). b, ELISA 

quantification of the concentration of IL-8 in the plasma (n=12 lean, 14 obese). c, ELISA 

quantification of the concentration of histamine in the plasma. d, Simple linear regression 
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comparing Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) values and 

plasma CXCL2 concentrations of patients with obesity (n=14). e, Simple linear regression 

comparing HOMA-IR values and plasma IL-8 concentrations of patients with obesity (n=14). f, 

Simple linear regression comparing HOMA-IR values and plasma histamine concentrations of 

patients with obesity (n=14). g, ELISA quantification of plasma CXCL2 concentrations in 

patients with obesity before and after weight loss via 12 weeks of low-calorie diet (LCD) (n=12). 

h, ELISA quantification of plasma IL-8 concentrations in patients with obesity before and after 

weight loss (n=12). i, ELISA quantification of plasma histamine concentrations in patients with 

obesity before and after weight loss (n=12). j, Simple linear regression comparing percent 

weight loss and percent change in plasma CXCL2 concentration in patients with obesity after 

weight loss (n=12). k, Simple linear regression comparing percent weight loss and percent 

change in plasma IL-8 concentration in patients with obesity after weight loss (n=12). Lines 

indicate the mean value ± s.d. All P values are depicted and were obtained using a two-tailed 

Welchôs t-test comparing lean controls to patients with obesity (a, b and c), or a paired t-test (g, 

h and i), or a simple linear regression (d, e, f, j and k). 

 

3.4 Discussion 

We investigated a variety of different murine weight loss models to survey their effects 

on obesity-associated myelopoiesis. We found that diet switching had an observable effect on the 

BM and resulting inflammatory readouts, while semaglutide, sleeve gastrectomy, and calorie 

restriction did not. Following up on our results from Chapter 2, we investigated neutrophil 

migration in these weight loss models, and found that only diet switching resolved obesity-

induced neutrophil recruitment into the VAT. This was because diet switching alone lowered 

serum endotoxins, which caused ATMs to lower their expression of Cxcl2, thus abrogating the 

migration of neutrophils out of the BM. This data supports the conclusions made in Chapter 2 

about neutrophil migration being induced by endotoxemia and leading to increased myelopoiesis 

in the BM. Additionally, it suggests that the reason why AT inflammation persists after weight 
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loss is due to continued neutrophil recruitment by ATMs. This conclusion is supported by our 

human data, where we show that serum markers related to neutrophil recruitment are increased 

in patients with obesity and are not lowered by weight loss. 

3.4.1 Limitations of murine models of weight loss 

Human weight loss, much like obesity itself, is complex and difficult to model using animals. 

The DS method is commonly used to study weight loss in DIO mice, because it is simple to 

execute and produces predictable weight loss. However, the applicability of this method to 

human weight loss is limited. Firstly, dieting is often not an effective long-term weight loss 

method in humans, as it requires a high amount of effort to sustain and can be unpleasant to cope 

with219, and eventually leads to plateaued weight loss103. This points to a fundamental limitation 

of modeling obesity in mice, where we cannot fully emulate the complex, multifactorial nature of 

human obesity in an animal model. Since the DIO model depends on the presence of a high-fat, 

high-calorie diet to generate obesity, removal of that diet unsurprisingly leads to resolution of 

obesity-associated complications since it essentially resolves obesity. 

Thus, we chose to also investigate several other models of weight loss that attempt to recapitulate 

other aspects of human weight loss. Semaglutide, a GLP-1 receptor agonist, is now commonly 

prescribed to patients with obesity to lose weight. Most patients can achieve Ó10% weight loss 

using this drug for 20 or more weeks215. In DIO mice, Ó20% weight loss is observed within just 4 

weeks of using the drug220, indicating an increased responsiveness to this treatment. Although 

this difference may be in part due to different dosage amounts and frequencies, this again points 

to a limitation of modeling human obesity in mice. 

Bariatric surgery is also regularly performed on patients with obesity to induce weight loss, with 

SG as the most common method221. SG produces effective and sustained weight loss in humans, 
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with most patients losing 20-30% weight over the long term222. DIO mice that receive SG also 

lose a similar amount of weight; however, they begin to regain weight within 4-8 weeks after the 

procedure, a notable difference from humans223. The reason for this rapid regain in mice is 

unknown, but may be due to differences in technique that are required to adapt the procedure to 

the smaller stomach of a mouse. 

 Finally, CR is another diet-based method of weight loss commonly used in obese mice. This 

method keeps the food composition the same while reducing the daily caloric intake, which 

emulates the dieting strategy of portion control in humans. CR induces less weight loss than DS, 

and the miceôs weights eventually plateau, similarly to humans224. This model of weight loss is 

again limited by its reliance on a high-fat, high-calorie diet, as humans that undergo calorie 

restriction to lose weight often also choose to alter the composition of their diet as well103. 

3.4.2 Divergent effects of weight loss modalities on neutrophil recruitment and myelopoiesis 

Since no murine model of weight loss fully recapitulates human weight loss, we investigated 

several models for their effects on obesity-associated neutrophil recruitment and myelopoiesis. 

DS was the only weight loss modality to produce observable effects on BM myelopoiesis. This 

may explain why previous groups saw a resolution of monocytosis in DIO mice that lost weight 

via DS142. DS was associated with reduced serum LBP concentrations and ATM Cxcl2 

expression, which likely explains the reduction in neutrophil recruitment into the VAT. It is 

likely that cessation of the HFD in the DS method reduces endotoxemia, thus reducing the signal 

for ATMs to recruit neutrophils.  

The other weight loss methods did not lead to reduction in serum LBP concentrations or 

ATM Cxcl2 expression, which explains why they did not resolve BM myelopoiesis despite the 

mice losing weight. These models all continued to eat HFD throughout their weight loss, which 
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may explain why endotoxemia was not resolved. Possibly, the differences in diet between the 

different weight loss regiments may explain the differing effects on the bone marrow. This 

further emphasizes the potential role of dietary fat in triggering myelopoiesis by inducing 

endotoxin accumulation, though more work will need to be done to better understand the 

mechanisms connecting these observations. 

3.4.3 Weight loss does not resolve adipose tissue inflammation 

The findings presented here mirror what has previously been reported in both mice and humans: 

after weight loss, the AT remains inflamed94,106,113. Here, we present evidence that this sustained 

inflammation is due to persistent myelopoiesis in the BM. Even the DS mice, which had partial 

recovery of the obesity-associated BM phenotype after weight loss, had elevated frequencies of 

myeloid cells in the gWAT compared to lean controls. This suggests that AT inflammation is 

refractory to weight loss, and this is associated with persistent changes to the BM induced by 

obesity. It is possible that if we allowed the mice to maintain their lowered weights for long 

enough, we may see resolution of AT inflammation. In fact, ATM content fluctuates during 

weight loss, due to dynamic responses to lipolysis95. However, this weight loss would need to be 

sustained for over 8 weeks, as others have shown that 8 weeks of weight loss still does not 

resolve AT myeloid content106. 

3.4.4 Neutrophil recruitment markers remain elevated in humans with obesity that lose 

weight 

Data on how obesity affects the BM of humans with obesity is limited. It has been well 

established that the frequency of myeloid cells in the blood of patients with obesity is elevated182, 

which suggests increased myelopoiesis by the BM. This was confirmed by one study that 

performed scRNA-seq on HSPCs isolated from lean and obese humans and found an increased 
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frequency of myeloid progenitors225. However, due to the limitations of isolating BM from 

patients, there has been no other quantification of hematopoietic cells from patients with obesity. 

Given our findings in Chapter 2 that neutrophil migration is a key driver of hematopoietic 

dysfunction in obesity, we sought to investigate markers of neutrophil recruitment in humans 

with obesity as a proxy to study the BM. We found that markers of neutrophil recruitment are 

elevated in patients with obesity, and do not go down after Ó10% weight loss. This mirrors our 

findings we in mice, suggesting that neutrophil recruitment could be driving myelopoiesis in 

humans with obesity as well, even after weight loss. This may explain why markers of AT 

inflammation do not go down in humans that lose weight, similarly to mice, pointing at 

neutrophil recruitment as a potential therapeutic axis to treat obesity-associated inflammation. 

3.4.5 Summary and future questions 

By investigating a variety of murine models of weight loss and samples from humans that lost 

weight, we found that neutrophil recruitment induced by obesity is not resolved by weight loss. 

This is because weight loss alone does not resolve endotoxemia that is associated with obesity, 

therefore ATMs continue to recruit neutrophils out of the BM even after weight is lost. Since the 

BM is still in an obesogenic phenotype, it continues to output inflammatory myeloid cells that 

accumulate in the VAT and drive inflammation. This may contribute to the difficulties in losing 

and keeping off weight, as VAT inflammation promotes metabolic dysfunction. 

Future studies will investigate how the different key regulatory processes of this axis can be 

targeted for therapeutic purposes. Possibly, reducing BM myelopoiesis during obesity or weight 

loss could alleviate VAT inflammation, leading to improved inflammatory and metabolic 

outcomes. As a part of this, it would be important to understand the temporal response of the BM 

to weight loss. A study that looks at various timepoints throughout weight loss to see the 
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dynamics of neutrophil recruitment would be important to identify the best window for 

therapeutic treatment during weight loss for maximum response. 
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Chapter 4: Inhibiting Neutrophil Migration Reduces Inflammation 

During Obesity and Weight Loss by Inhibiting Myelopoiesis 
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The study presented here was originally designed and developed by me and Timothy C. Wang 

(T.C.W.). We received conceptual guidance from Anthony Ferrante (A.F.), Rudolph Leibel 

(R.L.), and Emmanuelle Passegué (E.P.). The experiments were all performed by me. I 

performed the analysis and created the figures. This chapter is part of a manuscript that I wrote 

with assistance and review from T.C.W., A.F., E.P., and R.L. The manuscript is currently in 

press at the Journal of Experimental Medicine. 
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4.1 Abstract 

Obesity causes a series of adaptations in the bone marrow (BM) hematopoietic system that 

causes it to increase output of mature myeloid cells at the expense of other lineages. This leads to 

a systemic accumulation of myeloid cells, which begin to accumulate in metabolic tissues such at 

the adipose tissue (AT) and contribute to metabolic dysfunction. Neutrophil migration is a key 

regulator of BM myelopoiesis and is activated by ATMs early in the development of obesity. 

Weight loss, the primary goal for obesity care, does not resolve obesity-associated neutrophil 

migration or myelopoiesis. Here, we show that inhibiting neutrophil recruitment during obesity 

or weight loss improves metabolic and inflammatory markers by inhibiting myelopoiesis. 

Administration of the CXCR1/CXCR2 dual inhibitor SX-682 during obesity reduces BM 

myelopoiesis, therefore alleviating systemic myeloid burden. This reduces the accumulation of 

myeloid cells in the AT, leading to reduced localized inflammation and improved glucose 

tolerance. CXCR1/2 inhibition synergizes with weight loss to resolve sustained BM dysfunction 

and AT inflammation, leading to better metabolic outcomes in mice that have lost weight. These 

results show preclinical support for the usage of neutrophil inhibitors in the treatment of obesity. 
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4.2 Introduction 

 The BM hematopoietic system continuously replenishes blood cells in a dynamic process 

that is highly responsive to stimuli. The demand for different blood cell types is variable 

depending on the state of the body, and thus the hematopoietic system must be able to rapidly 

shift its output. This flexibility requires an array of different activation and suppression 

mechanisms that govern the cycling and differentiation of hematopoietic stem and progenitor 

cells (HSPCs)124. For example, HSPCs express several different receptors which recognize 

pathogens, and can halt or accelerate production of immune cells depending on the signals they 

receive226. Demand-adapted responses by HSPCs allow for tailored immunological responses to 

the various challenges met by the body to maintain homeostasis. 

During states of persistent and unresolved inflammation, the hematopoietic system may 

become dysregulated and eventually begin to contribute to disease progression. For example, 

inflammatory arthritis causes the hematopoietic system to increase its output of myeloid cells 

due to high concentrations of inflammatory cytokines secreted by inflamed joints227. The 

increased abundance of myeloid cells in the circulation causes accumulation of the cells in the 

joints, which exacerbate inflammation therein. Neutralization of inflammatory cytokines reduced 

BM output of myeloid cells, leading to improvement in join inflammation. 

Obesity is another state of chronic sterile inflammation that causes the hematopoietic 

system to skew its output towards myelopoiesis, which causes an accumulation of myeloid cells 

systemically141-147. Chapter 2 outlines a mechanism through which obesity dysregulates the BM 

chronically, driven by the migration of neutrophils out of the BM and into the visceral AT 

(VAT). Here, we show that inhibition of neutrophil migration using a CXCR1/CXCR2 inhibitor 

reduces myelopoiesis during obesity. By stopping BM production of myeloid cells, VAT 
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inflammation is alleviated, leading to improved metabolic function. This strategy synergizes with 

weight loss, and the combined treatment leads to improved metabolic and inflammatory 

outcomes. 

 

4.3 Results 

4.3.1 Inhibiting neutrophil migration during DIO reduces myelopoiesis 

To address whether neutrophil recruitment out of the BM is necessary for increased myelopoiesis 

in obesity, we fed HdcGFP mice HFD for 16 weeks to induce DIO, and then switched them to HFD 

containing the CXCR1/CXCR2 dual inhibitor SX-682 (herein referred to as SX-HFD) or 

continued them on HFD for 4 more weeks (Fig. 24a). Switching mice from HFD to SX-HFD did 

not change their food intake, and they still consumed the same amount of food as HFD-fed controls 

(Fig. 24b-c). There was no significant difference in the average weights of mice fed SX-HFD 

compared to controls, and MRI analysis revealed no changes in the volume of fat or lean mass 

(Fig. 24d-f). These findings indicate that feeding DIO mice SX-HFD does not alter their adiposity. 

 



99 

 

 

Figure 24: SX-HFD feeding does not alter the weight or body composition of DIO 

mice. 

a, Experimental design of SX-682 treatment on DIO mice. Littermate HdcGFP mice were 

randomly assigned to LFD or HFD group for 16 weeks, then half of the HFD group were 

randomly assigned to be switched to SX-HFD for a remaining 4 weeks (n=16 mice per diet, pool 

of 4 experiments). b, Weekly mass of food eaten by SX-HFD mice before and after being 

switched from HFD to SX-HFD. c, Weekly mass of food eaten by HFD or SX-HFD mice after 

SX-HFD mice were switched to SX-HFD. d, Plot of weekly mass of mice on LFD, HFD, or SX-

HFD. e, Representative MRI images of HFD and SX-HFD mice. f, Volume of fat and lean mass 

from MRI scans. monocytes in the blood (n=8 mice per group, pool of 2 experiments). Lines 

indicate the mean value ± SEM. All P values are depicted and were obtained using a two-tailed 

Welchôs t-test  (b and c), corrected for multiple comparison using the Benjamini, Krieger and 

Yekutieli method (f). 
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Mice fed SX-HFD had an increased number of Hdc+ neutrophils in the BM and a reduced 

number in the blood and gWAT compared to HFD controls (Fig. 25a-c). Inhibiting neutrophil 

migration increased the concentration of histamine in the BM, which decreased the percent of 

activated Hdc+ HSCs and number of GMPs (Fig. 25d-f). Mice fed SX-HFD also had fewer 

monocytes in the blood, indicative of reduced BM myelopoiesis and monocyte production, since 

monocytes do not express CXCR1 or CXCR2 and thus are not directly affected by SX-682 (Fig. 

25g). Together, these data indicate that neutrophil density in the BM is a key regulator of 

myelopoiesis during obesity that controls the output of both granulocytic and monocytic 

lineages. Thus, inhibiting neutrophil recruitment out of the BM during obesity reduces the 

activation of HSCs and subsequent generation of myeloid cells. 

 

 

Figure 25: SX-HFD inhibits neutrophil egress from the BM and reduces 

myelopoiesis. 
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a, FACS quantification of the number of Hdc+ neutrophils in the BM. b, FACS quantification of 

the number of Hdc+ neutrophils in the blood. c, FACS quantification of the number of Hdc+ 

neutrophils in the gWAT. d, ELISA quantification of the concentration of histamine in the BM. 

e, FACS quantification of the number of GMPs in the BM. f, FACS quantification of the 

frequency of CD34+ Hdc+ HSCs in the BM. g, FACS quantification of the number of monocytes 

in the blood. Lines indicate the mean value ± s.d. All P values are depicted and were obtained 

using a Brown-Forsythe and Welch ANOVA test with Dunnettôs T3 multiple comparisons (a-g). 

 

4.3.2 Inhibiting neutrophil migration during DIO reduces adipose tissue inflammation, 

fibrosis, and insulin resistance  

We found that DIO mice fed SX-HFD had fewer overall ATMs in the gWAT, and less of those 

ATMs were BM-derived CD11c+ ATMs compared to HFD controls (Fig. 26a-c)228. gWAT 

isolated from SX-treated mice also had less collagen content than HFD mice, indicating reduced 

fibrosis (Fig. 26d-e). Additionally, SX-HFD mice had reduced serum concentrations of the 

inflammatory chemokines IL-6 and MCP-1 (Fig. 26f-g), and reduced gWAT SVF expression of 

inflammatory genes such as Tnfa and Serpine1 (Fig. 26h), likely due to reduced ATM content 

and localized inflammation. SX-HFD mice also had higher concentrations of total adiponectin in 

the serum, and a higher percentage of that was high molecular weight (HMW), indicating 

improved insulin sensitivity (Fig. 26i). Finally, we found that SX-HFD mice had improved 

glucose tolerance (Fig. 26j -k). These findings suggest that reduced myelopoiesis in SX-HFD 

mice lowered the availability of monocytes to be recruited into the gWAT, which reduced local 

inflammation and fibrosis, resulting in improved metabolic function. 
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Figure 26: Inhibiting neutrophil migration during DIO reduces gWAT 

inflammation and improves glucose tolerance. 


















































































